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Abstract

Rechargeable batteries have attracted a lot of attention owing to their wide applicability, such as
portable/consumer electronics, electric vehicles, and grid-scale applications. Over the past two decades,
significant advances have been made in battery technologies. However, advancement in various
technologies necessitates batteries that are more efficient because the current levels of performance are
inadequate. This has encouraged researchers to design and discover new battery materials to meet future
demands. In this context, a fundamental understanding of the polymorphism and charge storage
mechanism of battery materials can provide design principles and promote the discovery of novel
materials. To achieve this, the multiscale simulation method has been used to study physicochemical
phenomena or properties of different time and space scales. In this dissertation, we introduced
theoretical studies on polymorphism and charge storage mechanism of battery materials. Specifically,
we discussed three newly designed electrode materials, a conventional binder material, and a separator

material.

In Chapter 1, we provide an overview and the challenges of rechargeable batteries. We then present
a general background of the charge storage mechanism and polymorphism phenomenon and their
importance in the study and design of rechargeable battery materials. Finally, we describe the modern
multiscale computational techniques for rechargeable battery materials such as the density functional
theory calculation, density functional tight binding calculation, molecular dynamics simulation, and

Monte Carlo simulation.

In Chapter 2, we present a theoretical study on the polymorphism and charge storage mechanism
of contorted hexabenzocoronene (c-HBC) as a new type of anode material for Li-ion batteries. In this
study, the packing polymorphism was demonstrated by disclosing the crystal structure of polymorph
II’, which is the metastable R3 crystal phase, using computational polymorph prediction. It was also
revealed that polymorph II was not a polymorph of ¢c-HBC; instead, it is the P3; (or P3>) crystal phase
of c-HBC with Pd atoms. Moreover, our investigation on the lithium storage mechanism showed that
the c-HBC anode exhibited a single-stage Li-ion insertion behavior without voltage penalty, which was

attributed to the 3D-ordered empty pores originating from the contorted structure of c-HBC.

In Chapter 3, we present a theoretical study on the polymorphism and charge storage mechanism
of fluorinated-contorted hexabenzocoronene (F-cHBC) as a potential electrochemical organic electrode
material. Based on Monte Carlo computational study, it was revealed that the crystal structure of

polymorph I was the energetically stable P2;/c crystal phase. Furthermore, theoretical investigation on



lithium/sodium storage mechanism showed that Li- and Na-ions could be stored in two distinct sites

surrounded by electronegative fluorine atoms and a negatively charged bent edge aromatic ring.

In Chapter 4, we present a theoretical study on the polymorphism and charge storage mechanism
of the redox-active covalent triazine framework (rCTF) as a promising organic anode material for Li-
ion batteries. The potential energy analysis suggested that the rCTF can potentially exhibit packing
polymorphism for two energy-minimum packing modes, namely, AB and slipped-parallel packing
modes. The most stable was the slipped-packing mode. Furthermore, we revealed that the rCTF
provided a theoretical capacity of up to 1200 mAh g! using quinone, triazine, and benzene rings as the
redox-active sites. The structural deformation of rCTF during activation allowed more redox-active

sites to be accessible, especially the benzene rings.

In Chapter 5, we present a theoretical study on poly(vinylidene fluoride) (PVDF), which is a
conventional polymeric binder material for rechargeable batteries. Although it is rarely considered in
the battery field, PVDF is a semicrystalline polymer with various polymorphs that have different
polarization characteristics. In this study, the effect of the crystal phases of PVDF, specifically a- and
B-PVDFs, on battery performance was investigated. We showed that compared to negligible
polarization of the paraelectric a-PVDF, the strong polarization generated by the ferroelectric f-PVDF
can effectively transport electrons and Li-ions, leading to reduction in the charge transfer resistance and

mitigation of the concentration polarization in the Li-ion battery system.

In Chapter 6, we present a theoretical study on polymorphism of chitin separator material and its
interaction with electrolyte. As a semicrystalline biopolymer, chitin can exist in two polymorphs, a- and
B-phase. These crystals have different molecular conformation and arrangement, resulting in different
polarization characteristics. Based on density functional theory calculations and molecular dynamics
simulations, we revealed that both polymorphs of chitin had excellent electrolyte-uptaking property and
high physicochemical affinity to Li-ions with binding reversibility.
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permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.

PDOS plots of lithiated rCTF in initial state, the end of stage 1, the end of stage 2 and
the end of stage 3. Benzene in the plots refers to the 6 carbon ring located between the
two triazine rings in rCTF. Reproduced from ref. 1 with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Chapter 5

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Schematic representation of a full-cell LIB containing semicrystalline PVDF binder that
can form various polymorphs depending on chain conformation and chain packing mode.

Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.

Crystal structure, chain conformation, chain packing, and polarization characteristic of
a- and B-PVDF. Carbon, fluorine, and hydrogen are grey, green, and white, respectively.

The brown arrows indicate the dipole direction of each chain.

The electrostatic potential map (left panel) and the total and layer-projected DOS (right
panel) of (a) a-PVDF and (b) B-PVDF slab models with F-terminated surfaces,

respectively. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.

The electrostatic potential map (left panel), the total and layer-projected DOS (right
panel) of (a) a-PVDF and (b) B-PVDF slab models with H-terminated surfaces,
respectively. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright
2016.

(a) The slab models of B-PVDF with different number of molecular layers (ML) from 1
to 16. Blue and red dashed circles depict F-terminated surface and H-terminated surfaces,
respectively. Carbon, fluorine, hydrogen, and fixed atoms are grey, cyan, white, and dark
grey colors, respectively. (b) Total DOS for all layers. Layer-projected DOS for (c) F-
terminated and (d) H-terminated surfaces, respectively. Reproduced from ref. 1 with

permission from Elsevier Ltd., copyright 2016.

Charge transfer in the slab models for (a) F-terminated a-PVDF surface, (b) F-terminated
B-PVDF surface, (c) H-terminated a-PVDF surface, and (d) H-terminated B-PVDF
surface. Carbon, fluorine, hydrogen, and fixed atoms are grey, cyan, white, and dark grey,

respectively. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.

Schematic diagram of charge transfer in (a) a-PVDF and (b) B-PVDF. Reproduced from
ref. 1 with permission from Elsevier Ltd., copyright 2016.

Profiles of xy-plane averaged electrostatic potential along the z-axis of slab models for
(a) F-terminated a-PVDF surface, (b) F-terminated B-PVDF surface, (¢) H-terminated o-
PVDF surface, and (d) H-terminated B-PVDF surface. W denotes the work function of
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Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

each surface. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.

(a) Adsorption energy of Li-ion on F-terminated a- and B-PVDF surfaces. (b) Adsorption
energy of Li-ion on H-terminated a- and B-PVDF surfaces. Carbon, fluorine, hydrogen,
lithium and fixed atoms are grey, cyan, white, purple and dark grey, respectively.

Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.

Schematic illustration of a LIB electrode using ferroelectric and paraelectric PVDF

binder. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.

MD simulation snapshots of a 35-mer PVDF chain on LFP (010) surface. Two different

polarization directions, which were vertical to the surface, were considered (upward (left)
and downward (right) directions). Purple arrow represents the direction of net dipole

moment of PVDF. Carbon, fluorine, hydrogen, lithium, iron, and oxygen atoms are grey,

cyan, white, dark blue, light pink, and red, respectively. Reproduced from ref. 1 with

permission from Elsevier Ltd., copyright 2016.

Interaction energy profile with respect to the rotation angle of a 5-mer PVDF chain on
the LFP (010) surface. Carbon, fluorine, hydrogen, lithium, iron, oxygen and fixed atoms
are grey, cyan, white, dark blue, light pink, red, and dark grey, respectively. Reproduced
from ref. 1 with permission from Elsevier Ltd., copyright 2016.
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Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Projection views along the [100] and [001] directions of the optimized crystal structures
of (a) a-chitin with O6A conformation, (b) a-chitin with O6B conformation, and (c) -
chitin. Magnified images show the molecular structure of p-(1,4)-N-acetyl-D-
glucosamine in each crystal structure. Orange and purple arrows indicate the polarization
direction of each chitin molecule along [001] and [001], respectively. The C, H, N, and
O atoms are colored gray, white, blue, and red, respectively. Reproduced from ref. 2 with

permission from Elsevier Ltd., copyright 2018.

Spontaneous polarization of B-chitin nanofibers. The arrow pointing from red to blue
represents the polarization direction. The positively and negatively charged atoms are
blue and red, respectively. Reproduced from ref. 2 with permission from Elsevier Ltd.,

copyright 2018.

MD snapshots showing the degree of physicochemical affinity to Li cation with
PP(Celgard), a-chitin, and B-chitin. Reproduced from ref. 1 with permission from

American Chemical Society, copyright 2017.

The atomic configuration of (a) (100) and (b) (010) planes of a-chitin fibers. The blue
dotted lines represent the hydrogen bonds inside the alpha chitin fibers and the red dotted
lines represent the dangling hydrogen bonds of the polar amid and hydroxyl groups
exposed on the chitin fiber surface. Carbon, hydrogen, nitrogen, and oxygen are gray,
white, blue, and red colors, respectively. Reproduced from ref. 1 with permission from

American Chemical Society, copyright 2017.

The RDFs of a-chitin, B-chitin, and PP with Li-ions. Reproduced from ref. 1 with

permission from American Chemical Society, copyright 2017.

The optimized geometries of (a) [Li(DME)»(PP)]*, (b) [Li(DME)x(chitin)]*, and (c)
[Li(DME);]" complexes with the calculated binding energies of Li* to surrounding
molecules. The polymer, DME molecule, and oxygen atom are dark gray, light gray and
red colors, respectively. Reproduced from ref. 1 with permission from American

Chemical Society, copyright 2017.
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Figure 6.7  The normalized adhesion energy of a-chitin and -chitin to PP in the electrolyte solution.
Reproduced from ref. 1 with permission from American Chemical Society, copyright
2017.
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Chapter 1. Introduction

1.1 Introduction of Rechargeable Batteries

With an ever-growing demand for electrical power sources, electrochemical energy storage
systems play an indispensable role in our society. The most representative electrochemical energy
storage device is a rechargeable battery (or a secondary battery), which can be designed with various
chemistries and materials. Particularly, rechargeable lithium-ion batteries have demonstrated
considerable potential owing to their high round-trip efficiency and long cycle life. They are widely
used for powering portable/consumer electronics, the electrification of the transportation sector, and the

integration of renewable energy sources into the electrical grid (Figure 1.1).!7

Innovative advances have been made in rechargeable battery technologies over the past two
decades.®® However, there is still a strong demand for improving battery performance to meet the
requirements of future electronics or electric vehicles, such as high energy density, high power density,
long lifetime, safety, and lower cost.”!?> Most of them are usually determined by the performance of the
constituting battery materials, such as cathode, anode, electrolyte, and separator. It is, therefore,
essential to discover or design new battery materials for next-generation rechargeable batteries, which

will outperform conventional materials.

Robotics

Internet of things (1oT)
Portable/consumer electronics

Electric vehicle {

Li-ion -
—* | battery .

Rechargeable battery

Figure 1.1 Various applications of rechargeable batteries.



1.2 Introduction of Charge Storage Mechanism

Understanding the underlying mechanisms of the electrochemical processes that occurs upon
charge storage is critical to design new battery materials required for the further development of high-
performance rechargeable batteries. For the Li-ion rechargeable battery, three typical charge storage
mechanisms, or more precisely, the reaction mechanism between electrode materials and Li-ion, are
well-known: the intercalation mechanism, conversion mechanism, and alloying mechanism (Figure

1.2).13-17

Intercalation Reaction | capacity (<400 mAh/g)
© Lithium ion Stable structure
@ Metal/semiconductor atom (MZ+Li*+e"—LiM Z)
@ Oxygen atom

Conversion Reaction Alloy Reaction

Figure 1.2 A schematic representation of three typical reaction mechanisms between lithium ion and
electrode materials.!” Reproduced from ref. 17 with permission from The Royal Society of Chemistry,

copyright 2015.



1.2.1 Intercalation Mechanism

The intercalation mechanism is defined as the electrochemical process where Li-ions are reversibly
inserted into and removed from a crystalline host lattice during charging and discharging.
Representative intercalation materials are metal chalcogenides, layered transition metal oxides, spinel
transition metal oxides, olivine polyanions, and tavorite polyanions for the cathode,'® and carbon-based
materials (graphite, graphene, and carbon nanotube),'® ! titanium oxide-based materials (TiO, and
Li4Ti5012),222 and orthorhombic Nb,Os (T-Nb,Os) for the anode.?* The intercalation and deintercalation
processes are generally accompanied by minimal structural changes, such as an increase in the interlayer
distance or in-plane movement of the layers, which results in a small volume change of less than 25%.
Moreover, intercalation materials provide fast reaction kinetics with an open framework (Li-ion
conductive 1D, 2D, or 3D channels) and a small difference between charging and discharging voltage.
However, the major drawback is that most intercalation materials have relatively low volumetric and

gravimetric capacities owing to finite accommodation sites for Li-ions per host atom.

1.2.2 Alloying Mechanism

Alloying materials react with lithium to form binary compounds via a reversible electrochemical

reaction during charging and discharging, as follows:**%¢

M+ a(Li* + e7) & LigM

Most alloying materials are metals and metalloids (semi-metals), such as Si,*” Ge,?® Sn, Al, and Ga.
Alloying materials can accommodate multiple lithium atoms per unit, thus delivering the highest
volumetric and gravimetric energy densities. However, because of densely packed structures, alloying
materials undergo significant structural changes, and thus, severe volume variations occur upon a
reaction with lithium, leading to the pulverization and amorphization of electrode materials with the

loss of electrical contact and capacity fading.



1.2.3 Conversion Mechanism

Conversion materials reversibly react with lithium during charging and discharging, according to

the following general equation:*
Mg X, + be(Lit + e7) & aM + bLi X

where M is transition metal, X denotes the anion, such as O, P, N, and F, and c is the formal oxidation
state of X. For example, metal oxides are converted to their metallic state along with the formation of
Li,O and reversibly returned to their initial state after delithiation. Representative conversion materials

31,32 chlorides, sulfides,** phosphides, and nitrides. Conversion materials

are metal oxides,*° fluorides,
exhibit relatively high theoretical capacities owing to the ability to transfer more than one electron per
metal atom during a redox reaction with lithium. However, a major concern of these materials is a
remarkably large voltage hysteresis of ~1 V, which is likely caused by the interconversion of multiple
solid phases and breaking of strong chemical bonds. Another issue is caused by the large volume

expansion during lithium uptake, as in the alloying materials.



1.3 Introduction of Polymorphism

1.3.1 General Introduction of Polymorphism

The term “polymorphism”, derived from the Greek words “poly” (many) and “morphe” (form),
has been used with different meanings in various scientific disciplines. In chemistry and materials
science, which are the focus of this thesis, polymorphism refers to the phenomenon in which a solid
compound with the same stoichiometry and chemical composition exists in various forms and/or crystal
structures (Figure 1.3).3* Polymorphism is an interesting phenomenon common to both organic,
inorganic, and organometallic compounds in the crystalline solid state. It is still challenging to predict
whether a compound will be polymorphic or not; however, according to the various crystallographic
databases, 37-66% of compounds exhibit polymorphism.*> 3¢ Most polymorphic compounds are
reported to have two polymorphs (89%), while some polymorphic compounds have three (9%), four,
or more (2%) polymorphs.

[ Active Molecule Material Properties I
/ﬁ Polymorph a / \ / \
Translated stacks Needles
CoTm RS e
Crystallisation W >p- EDTme S e ” ::f;d::;gr;;
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O . _ —
4 _ Molecule |Clusters > Nuclei Crystal Structures Crystallites x
Nucleation Growth Properties
_ -, * ®
D w3 ™ QP QN (e @ ™ e
Crystallisation P ~ :\ > Metastable at RT
Conditions Y [ B = @ @ \:\ ,/’\\\
\ Inverted stacks / \ ‘ / Chunks
Length scale. A A nm 100 nm-cm

Figure 1.3 Supramolecular assembly evolution of p-aminobenzoic acid (pABA) from a single molecule
into crystallites of two different polymorphs. The assembly occurs via two different routes (pink and
blue) as a consequence of two different types of crystallisation conditions (X and Y), which leads to
different early assembly, polymorphic structure, crystal shapes and material properties.*> Reproduced

from ref. 35 with permission from Springer Nature, copyright 2020.



The polymorphism was first recognized more than 200 years ago in history. In 1788, Klaproth
discovered the first compound with different crystal forms. He identified three different crystal forms
of calcium carbonate (CaCO3): calcite, vaterite, and aragonite.’’ The formal recognition of
polymorphism in inorganic compounds is generally attributed to the work of Mitscherlich in 1822, in
which differences in physical and chemical properties were observed in different crystals of arsenates
and phosphates.*® Polymorphism in organic compounds was first observed for benzamide by Liebig and
Wohler in 1832.3° Until the middle of the 20th century, polymorphism was rarely investigated because
of major difficulties regarding crystal structure determination at that time. Owing to the recognition of
its importance to the development of drugs and other products, its relevance to the high-profile patent
litigation, and the advances in structural analysis techniques, the renewed interest in polymorphism and

proliferation of studies have occurred since the 1990s (Figure 1.4).%¢
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Figure 1.4 Number of publications, citations to those and patents related to polymorphism. Landmark
contributions are indicated and commented further in the text. Inner graph corresponds to the citations
history of the McCrone & Haleblian, J. Pharm. Sci., 1969 review.’® Reproduced from ref. 36 with
permission from The Royal Society of Chemistry, copyright 2015.



Polymorphism is an important phenomenon that inspires the design of numerous functional
materials. The reason is that different polymorphs can have considerably different chemical, physical,
and biological properties. Specifically, polymorphism can lead to differences in chemical reactivity,
hardness, compression, thermal expansion, melting temperature, solubility, density, thermal/kinetic
stability, vibrational/electronic transitions, electronic conductivity, refractive index, and magnetism.
Moreover, polymorphism results in new functional properties such as magnetoelectricity and
multiferroicity. Therefore, different polymorphs can exhibit distinct inherent properties, although they
are still the same compound. In this context, polymorphism has significant implications in a wide range
of fields, including medical research, materials science, catalysis, electronics, pharmaceuticals,
agrochemical, pigments, dyestuffs, foods, and explosives. Controlling and exploiting polymorphism
provides an opportunity to obtain novel functional materials and access a much wider range of

properties without synthesizing new materials.*’



1.3.2 Classification of Polymorphism

Packing polymorphism refers to the polymorphism resulting from the differences in crystal
packing (Figure 1.5). For example, when molecules with the same chemical composition and
conformation are crystallized into different arrangements to form various polymorphs, the type of
polymorphism is named packing polymorphism. In this type of polymorphism, intermolecular
interactions play a vital role in determining different crystallographic structures. The intermolecular
interactions include van der Waals interactions, hydrogen bonding, halogen bonding, charge transfer

forces, and coulombic interactions, whose energy range is between 4 and 42 kJ mol™! or even wider.
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Figure 1.5 Packing polymorphism of benzamide. Form I (top left) with the parallel stacking of

.%@%#%d“%h%

hydrogen-bonded dimers, form III (top right) with a herringbone stacking motif and the hypothetical
form from the crystal structure prediction (bottom). All structures are composed of identical layers
stacked horizontally. The layers highlighted with green carbon atoms have identical orientation, and the
layers with purple carbon atoms are rotated by 180°. The two types of layer interfaces are annotated A
and B.*' Reproduced from ref. 41 with permission from American Chemical Society,

https://doi.org/10.1021/acs.cgd.5b01495, copyright 2016.


https://doi.org/10.1021/acs.cgd.5b01495

The conformation polymorphism denotes the polymorphism resulting from the existence of
different conformers of the same molecule (Figure 1.6).? It is worth distinguishing definitions of
conformation and conformers. Conformations refer to the structures generated through a variation in

any torsion angle in a molecule. Conformers only indicate the conformations in a potential energy well.
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Figure 1.6 Two conformational polymeric forms of the crystalline cadmium(Il) coordination trimer
with pyridine-4-propanamide (4-propy), [CdsCls(H20)4(4-propy)s](CH;CH2COO),. A view of the
crystal packings of two polymorphic forms with identical building units in Polymorph-I (blue) and
differently colored building units of alternating handedness in Polymorph-II (blue and yellow).*

Reproduced from ref. 43 with permission from American Chemical Society, copyright 2019.



1.3.3 Polymorphism in Battery Materials

Polymorphism can also be found in solid-state battery materials such as electrode active materials,
separators, binders, solid-state electrolytes. For example, MnO,, which has been widely used as a
cathode material owing to its low cost, eco-friendliness, and excellent safety features, can form various
polymorphs, such as hollandite (), pyrolusite (B), intergrowth (y), birnessite (or layered) (), spinel (A),
and ramsdellite (R) phases (Figure 1.7).**® TiO, anode material also exists in different polymorphic
structures, such as rutile, anatase, brookite, bronze (B), Columbite (II), Hollandite (H), and Ramsdellite
(R).20-21:49-50 Other examples of polymorphic transition metal oxides include Fe,Os, CoO, and VO,.%!
In addition, polymorphic behaviors have been observed in organic electrode materials and semi-
crystalline polymeric materials for binder or separator.>*>* Different polymorphs have different channel
structures for lithium diffusion, structural stability, lithium accommodation sites, and free energy,
directly related to the performance of the battery, including capacity, cyclability, and fast charging. In
this context, polymorphism is of particular importance for its potential application as the rechargeable

Li-ion battery, providing a library of plentiful attractive structures as the host for the insertion of cations.

9 Mn 34 [MnOg]

e O @ Cation (A)

" L-T transition

Layer-to-Tunnel
Transition

B-MnO, Todorokite (t)-MnO,

Figure 1.7 Various polymorphs of MnO,.* Reproduced from ref. 45 with permission from Elsevier Inc.,

copyright 2019.
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1.4 Introduction of Computer Simulation

1.4.1 Importance of Computer Simulation

With the extraordinary advances in computing power, parallel computation, algorithm, and
software, computer simulation has attracted considerable attention in various scientific disciplines. The
enhanced compatibilities of computational techniques and the development of various theories have
enabled the simulation of increasingly complex and realistic systems. Currently, as a virtual experiment,
computer simulation plays a central role in the scientific discovery and understanding of observed
phenomena or properties of materials. Moreover, it progressively plays an important active role in
predicting new functional materials with targeted properties and providing guidance for experiments in
different applications. In this context, computer simulation has been considered as a necessary bridge
between experiments and theory (Figure 1.8). In this dissertation, we investigated the charge storage
mechanism and polymorphism using computer simulation to provide information that is challenging to

obtain experimentally.

Scientific

understanding

Figure 1.8 Complementary relationship of theory, experiment, and simulation.
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1.4.2 Multiscale Computational Approach

Multiscale simulation is an effective computational approach that uses computational methods to
observe important features at different scales of time and space. Therefore, multi-scale simulations play
a central role in understanding and interpreting complex physicochemical phenomena or properties
from the atomic level to the nano level (Figure 1.9). Various computational methods relevant for this
dissertation are density functional theory calculation, density functional tight binding calculation,

molecular dynamics simulation, and Monte Carlo simulation (Table 1.1).

Time

Length

Figure 1.9 Multiscale computational approach for different time and length scales; density functional
theory (DFT) calculation, density functional tight binding (DFTB) calculation, molecular dynamics
(MD) simulation, Monte Carlo (MC) simulation.
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Table 1.1 Multiscale simulation methods and simulation programs.

Computational methods Simulation program
Density functional theory DMol?, CASTEP, VASP, Gaussian, Quantum Espresso
Density functional tight binding DFTB+
Molecular dynamics FORCITE, LAMMPS, GROMACS
Monte Carlo Adsorption Locator, Sorption, RASPA

Density functional theory is a quantum mechanics-based computational method developed by
Hohenberg, Kohn, and Sham.>> 3¢ In this theory, the ground-state solution to the Schrodinger equation
is reformulated as a problem of minimizing energy as a functional of the electron density, which is

expressed as the Kohn-Sham equation:

Elp]l = Tlp] + Vextlp] + Vulpl + Viclp]

where 7p] is the kinetic energy, Veu[p] is the nucleus electron potential energy, Vulp] is the classical
electron-electron repulsion energy, and E[p] is the exchange and correlation energy. This method has
been widely used in chemistry, physics, and materials science to investigate ground-state properties of
many-body systems (e.g., atoms, molecules, and condensed matters). It has been commonly utilized in
energy storage applications in particular to provide or predict material properties, such as electronic
structure, equilibrium cell voltage, voltage profile, ionic mobility, diffusion barrier, and
thermal/electrochemical stability. However, because of the high computational cost that increases
significantly with the number of electrons, this method is generally used to investigate systems on the

time scale of fs ~ ps and length scale of A ~ nm.

Density functional tight binding method is based on a second-order expansion of the Kohn-Sham
total energy in density functional theory with respect to charge density and spin density fluctuations.’’
This method is a useful technique to investigate structural, electronic, and dynamic properties of
relatively large and complex materials (more than hundreds of atoms), compared to density functional

theory.

13



Molecular dynamics is a useful method to investigate the physical behaviors of atoms or molecules.
In this method, trajectories of atoms are traced by integrating Newton’s equations of motion for a system
of interacting particles. For a given time step, forces and potentials between atoms are calculated based
on interatomic potential, commonly referred to as a forcefield. The representative classical forcefield
includes the COMPASS,** % OPLS-AA,** AMBER,*! and CHARMM.®? Generally, the potential energy
of a system is expressed as a sum of valence term (Evaience), Cross-coupling term (Ecross-coupling), and

nonbond interaction term (Enonbond),

Etotal = Evalence + Ecross—coupling + Enonbond

The valence term is expressed as a sum of energy terms for internal coordinates of bond (Evond), angle

(Eangle), torsion angle (Eiorsion), and out-of-plane (Eoop),

Evalence = Ebond + Eangle + Etorsion + Eoop

The cross-coupling term is expressed as a sum of energy terms, including combinations of two or more
internal coordinates, which is important for predicting vibrational frequencies or conformational
changes. The nonbond term is expressed as a sum of energy terms for van der Waals (Evqw) and

electrostatic (Ecoulomb) interactions,

Enonbond = Evaw t Ecoulomb

The specific functional forms for each energy term depend on the forcefield. Molecular dynamics

simulations can reach a time scale of microsecond and a length scale of a micrometer.

Monte Carlo is a statistical-mechanical method that randomly samples configurations in an
ensemble by generating a chain of configurations. Two well-known methods are the Metropolis Monte
Carlo method and Configurational bias Monte Carlo method. The latter allows the consideration of a
torsional degree of freedom. The Monte Carlo method with the canonical ensemble or simulated
annealing algorithm is widely used to simulate the insertion of guest ions or molecules into a host
material, to identify possible adsorption configurations and to determine low energy adsorption sites.
In addition, this method is also used to predict potential stable or metastable crystal structures of a given
compound by generating possible packing arrangements in all reasonable space groups to determine

low-lying minima in the lattice energy surface.
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Chapter 2. Polymorphism and Lithium Storage Mechanism of Contorted

Hexabenzocoronene Electrode Material

This chapter includes the following contents:
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S. K.*;  Ahn, S.*; Kang, S. J.*, Contorted polycyclic aromatic hydrocarbon: promising Li insertion
organic anode. Journal of Materials Chemistry A 2018, 6 (26), 12589-12597. (+: equally contributed).
Reproduced with permission from The Royal Society of Chemistry, copyright 2018.*

2.1 Introduction

Graphite anode materials are of considerable interest in the field of Li-ion battery (LIB) research,
not only because of their highly reversible discharge—charge performance based on intercalation and
de-intercalation processes, but also because of their compatibility with conventional carbonate aprotic
electrolytes.” * Since the first successful demonstration of a graphite anode in an LIB system,*
considerable effort has been devoted to improving anode performance in terms of its energy density,
cycle life, and rate capability with high-voltage cathode materials. Although previous works have
clearly suggested that carbon is an important anode material that can be combined readily with a number
of cathode candidates in a LIB, the recognition of its limited theoretical capacity of 372 mA h g™! has
inspired the search to find alternatives that could satisfy the demands of future high-capacity cathode

materials or alkali-metal-based rechargeable batteries.>®

Various possible anode materials have been demonstrated successfully during the past decade with
many exhibiting high-capacity characteristics.”!” Among the many innovate anode material candidates,
inorganic based anodes, including conversion materials (Fe203, Co30s, NiO, and Mn;0.)'%"? and alloy
reaction anodes (Si, Sb, Bi, and Sn)'*!” have been shown promising as replacements for graphite anodes
because of their enormous energy density range of approximately 600-4200 mA h g'. Although a
number of papers have discussed the potential of such anodes as next-generation LIB electrodes, certain
technological issues such as large potential hysteresis, phase transformation, and huge volume
expansion remain to be addressed in order to achieve ideal operational electrochemical performance.'”
'8 In addition various new carbon-based anode materials such as low-dimensional carbon allotropes
(graphene, CNT, and fullerenes) have been considered candidates for next-generation anodes.> % 2

Several important features of such materials, including a large surface area, short diffusion length of
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alkali ions, and reversible discharge—charge process, offer a unique surface storage mechanism that can
enhance capacity to 740 mA h g! which could be increased further by dopant materials.?!>> However,
complicated synthesis procedures and uneconomic mass production techniques prevent practical

implementation.?!> 2% 26

Organic anode materials have been expected and developed to solve the problems in inorganic and
carbon-based electrodes. Considering eco-friendly chemical compositions such as carbon, oxygen,
nitrogen, and hydrogen, simple redox processes and facile mass production, organic anode materials
such as organic salts, conjugated polymers and compounds with carbonyl groups have been extensively
studied. The important characteristics of these materials are the flexible structure modification and
decent electrochemical performance. The multi-electron redox reaction mechanism makes it possible
to satisfy the energy density and the current rate in LIBs.?’? However, because insufficient conducting
property and poor cycling stability due to dissolvable structures in electrolytes limit the performance,

the new type of organic materials are still demands for LIB anode materials.?’

This article presents a new type of organic anode material designed to achieve stable cycling
performance, superior electrochemical performance, and reversible Li insertion/de-insertion by large d-
spacing and storage space of anode materials at molecular level. We used a contorted polycyclic
aromatic hydrocarbon molecule, contorted hexabenzocoronene (c-HBC), which is known to form
molecular wires through m—m interaction providing sufficient charge transport in various electronic
devices.*® This molecular wire structure from the doubly concave ¢-HBC is expected to provide
sufficient conductivity and a large d-spacing with nanopore channels which enable to easily access Li-
ions into the anode materials with superior storage stability. In addition, the conjugated aromatic
structure serves to render it insoluble in electrolytes. Our electrochemical results and in-depth
theoretical studies verified that the large interspacing of the contorted molecule represents a viable
structure for an organic-based LIB anode material. The well-developed crystalline trigonal R3 phase
(previously polymorph II')** of ¢-HBC exhibits a single peak at 0.21 V in the dQ dV! plot suggesting
that our c-HBC anode exhibits unique Li insertion mechanism without voltage penalty. Following the
fundamental crystalline phase and Li insertion studies based on the electrochemical performance, we
finally validate that the contorted aromatic molecules provide the optimized crystalline structure for Li-

ion access and storage, potentially providing a new design concept for organic anode materials in LIBs.
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2.2 Computational Methods

2.2.1 Crystal Structure Prediction

A detailed crystallographic and theoretical polymorphism study of c-HBC was undertaken using
the Polymorph module of Materials Studio 2017 R2.3” The molecular structure of c-HBC, optimized by
the density functional theory calculation, was used as the starting geometry for the polymorph
prediction. The crystal structure prediction was performed sequentially in six steps: packing, clustering,
geometry optimization, clustering, geometry optimization, and clustering. The entire procedure was
repeated three times. In the packing step, Monte Carlo simulated annealing was performed for sampling
of the crystal structures within a specific space group. The crystal structure prediction procedures were
performed for 10 space groups including P2,/c, P1, P2,2:21, C2/c, P2, Pbca, Pna2;, Cc, Pben, and C2.
In order to achieve sufficiently wide sampling, we set the maximum temperature to 1.5 x 10° K,
minimum temperature to 300 K, maximum number of steps to 5.0 x 10°, number of steps to accept
before cooling to 100, minimum move factor to 1.0 x 107, and heating factor to 0.025. In the geometry
optimization step, the lattice parameters and atomic positions were relaxed under crystallographic
symmetry. In the first geometry optimization step, the c-HBC molecules were treated as rigid bodies.
The maximum number of steps was set to 1.0 x 10* and the convergence criteria were set to 2.0 x 107
kcal mol™ for energy, 0.001 kcal mol™" A for force, 0.001 GPa for stress, and 1.0 x 10> A for
displacement. In the clustering step, the clusters of many similar structures were determined, and the
lowest energy structure representing each cluster was filtered. The criterion of crystal similarity measure
was set to 0.11, which was calculated based on a comparison of radial distribution functions with a
cutoff distance of 7 A and 140 bins. After the final clustering step, the space group symmetry of the
predicted crystal structures was reanalyzed. The interatomic interactions for the energy calculation and
the geometry optimization were described by COMPASS 11 force field.*® Short-range van der Waals
interaction was calculated between pairs of atoms within a cutoff distance of 18.5 A. Long-range

electrostatic interaction was calculated using the Ewald summation method.*" 4°

2.2.2 Monte Carlo Simulation

To explore the Li-ion insertion sites of c-HBC, Monte Carlo (MC) simulations were performed
using the Sorption module of Material Studio 2017 R2.>” Based on the metropolis algorithm, the Monte
Carlo simulations were performed independently 10 times with 1.0 x 10° maximum loading steps, 1.0

x 10° production steps, and 4 annealing cycles. The interatomic interactions were described by
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COMPASS 1I force field with Mulliken charges obtained by density functional theory calculations.*®

41-43

2.2.3 Density Functional Theory Calculation

Density functional theory (DFT) calculations were performed using the Cambridge Serial Total
Energy Package (CASTEP) in Materials Studio 2017 R2.3”-* The generalized gradient approximation
with the Perdew—Burke—Ernzerhof (GGA-PBE) functional was used to describe the exchange
correlation potential of the electrons.* The interactions between ions and electrons were described by
on-the-fly generated ultrasoft pseudopotentials. The plane-wave basis set with a cutoff energy of 600
eV was employed to expand the wave functions. The van der Waals interactions were corrected by
Grimme’s method.*® The convergence criterion for self-consistent field calculation was set to 5.0 x 1077
eV atom!. Lattice parameters and atomic positions were fully relaxed. The convergence criteria for
geometry optimization were set to 5.0 x 107° eV atom™! for the maximum energy change, 0.01 eV A™!
for the maximum force, 0.02 GPa for the maximum stress, and 5.0 x 10™* A for the maximum
displacement. The Brillouin zone was integrated using a 1 x 1 x 1 k-point grid with the Monkhorst—
Pack scheme for all calculations.*’” The formation energy (Ey) of the Li-ion inserted structure as a

function of Li-ion content was calculated as follows:
Ef = ELi,—c-uBc — Ec—nBc — NEYL

where Ep;i _c_ypc 1 the total energy of the ¢c-HBC crystal with inserted Li-ions, n is the number of
inserted Li-ions, E._gpc is the total energy of the R3 crystal phase of c-HBC, and Ej; is the total
energy per atom of bce bulk Li. The voltage profile (V) as a function of Li-ion content was calculated

as follows:

Evi, —c—uBc — ELi,, —c—uBc — (N2 — nq)Ey4
2 1

Vim =~ q(ny —ny)

where ELinl—c—HBC and ELinz—c—HBC represent the total energy of the c-HBC crystal with inserted

Li-ions, n; and n, are the numbers of inserted Li-ions (72 > n1), Ep; is the total energy per atom of bee
bulk Li, and ¢ is the net charge of Li-ions (¢ = +1e). The formation energies and voltage profile were

calculated without dispersion correction.
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2.3 Results and Discussion

2.3.1 Polymorphism of c-HBC

A ¢c-HBC molecule, which consists of 13 aromatic rings, was experimentally synthesized using a
previously reported three-step method and subsequently purified by conventional column
chromatography.’* * The final product of yellow ¢-HBC exhibited a doubly concave molecular
structure with a distorted pentacene core, which produced a unique crystalline structure because of its
steric congestion during solidification (Figure 2.1a,b).3’ Our strategy was to adopt this semiconducting
c-HBC crystal as the Li host material in a LIB, where the contorted molecular structure could potentially
benefit Li-ion insertion and lead to improved conductivity. The schematic presented in Figure 2.1¢
shows the proposed Li-ion insertion mechanism in the c-HBC crystal. We hypothesize that the relatively
small aromatic molecules of the c-HBC crystal lower the energy barrier of Li-ion insertion at the edge

of the c-HBC crystal as well as reduce diffusion in the crystal interspace.

Face-on Edge-on b
V/U\a P %

. -

"‘\f‘\f"\a b}'\‘/u\'

Contorted hexabenzocoronene (c-HBC)

Figure 2.1 (a) Face-on (left) and edge-on (right) chemical structure of c-HBC. The structure of c-HBC
exhibits two concave surfaces. (b) Digital photograph of synthesized c-HBC powder. (c) Schematic of
proposed Li-ion insertion mechanism in c-HBC. Reproduced from ref. 1 with permission from The
Royal Society of Chemistry, copyright 2018.
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Successful development of polymorphic change in c-HBC material has been reported previously
by Hiszpanski et al., who found that the P2:/c point group of as-prepared c-HBC material could be
tuned readily by additional processes such as tetrahydrofuran (THF) solvent and high-temperature
(~170 °C) thermal annealing.>* The key finding behind their research was that the c-HBC crystal could
be transformed to new polymorph II and polymorph II' crystal phases by subsequent treatments.
Therefore, we employed solvent and thermal annealing treatments to facilitate polymorphic change in
our c-HBC anode, which we verified by performing high-flux synchrotron grazing incidence X-ray
diffraction (GIXD) measurements. As shown in Figure 2.2, the resulting diffraction pattern show the
different crystal structures based on the sample preparation procedure. For example, strong reflections
atg=1.04 and g = 1.15 A" are clearly visible in the samples of as-prepared and THF annealed c-HBC,
where the representative peaks are in accord with previously found new ¢-HBC polymorph II crystals.**
In contrast, the c-HBC sample subjected to subsequent thermal annealing (at 330 °C) shows the
signature of the polymorph II' phase without any observation of chemical structural change of c-HBC.
The enhanced reflections at ¢ = 0.95 A~ and decreased peaks at both ¢ = 1.04 and ¢ = 1.15 A reveal
the transformation of c-HBC from polymorph II and polymorph II'.

:é As-prepared
&
Pand
®
C .
o THF annealing
£

' THF-330°C annealing

04 0.8 1.2 1.6

Figure 2.2 1D diffraction traces for the sample series with as-prepared (black line), THF-annealed (red
line), and THF-330 °C annealed (blue line) c-HBC films. Significantly decreased peaks at both ¢, =
1.04 and ¢> = 1.15 A" indicate the phase transformation of c-HBC from polymorph II to polymorph II'.
Reproduced from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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Although we successfully developed polymorph II' in a ¢c-HBC anode via THF and thermal
annealing treatments, the exact space group of the polymorph II' phase remains elusive, mainly because
of the difficulty of growing single c-HBC crystals for X-ray diffraction (XRD) analysis. In order to
trace the space group of the polymorph II' phase, we performed an in-depth computational
polymorphism study using Monte Carlo simulated annealing combined with clustering and geometry
optimization. The XRD pattern analysis, in combination with in silico polymorph screening, revealed
that the experimental powder XRD pattern of the polymorph II' phase of c-HBC (Figure 2.3, black line)
exactly matched that of the R3 space group (Figure 2.3, blue line). The main diffraction peaks of the
experimental powder XRD pattern, located at 10.14°, 13.40°, 19.08°, 21.28°, 23.24°,23.98°, and 26.54°,
corresponding to a scattering vector g of 0.72, 0.95, 1.35, 1.51, 1.64, 1.69, and 1.87 A™!, were assigned
to the (101), (110), (003), (211), (113), (212), and (104) planes, respectively. The Rietveld refinement
result (Figure 2.3, red line) was found in good agreement with the experimental XRD pattern (Figure
2.3, black line), as evidenced by their negligible difference (Figure 2.3, green line) and the low final
residual factors (4.20% for R, and 6.74% for R.p). The Rietveld refinement suggests a trigonal crystal
system with lattice parameters of a = 13.24 A, 5 =13.24 A, and ¢ = 13.93 A and a = 90°, = 90°, and
y=120° for the unit cell with the R3 space group. The resulting GIXD and computational investigation
allowed us to conclude that the polymorph II' phase of the c-HBC anode belongs to the trigonal R3
space group, where c-HBC molecules have ABC stacking configuration, an interlayer distance of 4.64

A, and consistent molecular orientation (Figure 2.4).
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Figure 2.3 XRD patterns of c-HBC: experimental as-prepared (gray line), THF-330 °C annealed (black
line), Rietveld refined (red line), their difference (green line), and the R3 crystal phase (blue line).
Reproduced from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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Figure 2.4 Projection views of the R3 crystal phase along [001] and [100] directions, respectively. For
clarity, the c-HBC molecules in different layers are represented by yellow, light gray, and dark gray
colors. Reproduced from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.

The powder XRD and GIXD patterns of polymorph II showed enhanced reflections at g = 1.04
A 'and g=1.15 A" and a decreased peak at g = 0.95 A™!, compared with polymorph II’, the R3 crystal
phase. Except for the differences in the relative intensities of the three peaks, the powder XRD and
GIXD patterns between the polymorph II and R3 crystal phases were remarkably similar. Therefore,
we considered that polymorph II also belongs to the trigonal crystal system but with larger lattice
parameters and different intermolecular packing. The polymorph II crystal structure was solved using
the Reflex program. The parallel tempering algorithm was used with the close contact penalty. As shown
in Figure 2.5, the P3, and P3, crystal phases exhibit the greatest similarities in the XRD patterns, with
enhanced reflections at ¢ = 1.04 A™! while retaining the remaining major peaks. The crystal structures
of P3; and P3, are similar to R3 in that three c-HBC molecules are stacked in a hexagonal lattice
according to the ABC sequence and oriented in the same direction (Figure 2.6). The only difference is
that the c-HBC molecules of the P3, and P3; crystal phases are slightly shifted and rotated, which makes
the crystal structures metastable and transformed into the R3 crystal phase after geometry optimization.
Even though we confirmed that the different intermolecular stacking enhanced the reflection at q = 1.04
A" the crystal structure, which could accurately represent polymorph II, was not identified among the
crystal structures solved by the experimental powder XRD pattern and those obtained by polymorph

prediction.
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Figure 2.5 XRD patterns of polymorph II, P3;, and P3, crystal phases. Reproduced from ref. 1 with
permission from The Royal Society of Chemistry, copyright 2018.
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Figure 2.6 Projection views of P3; and P3, crystal phases along [100] directions. Reproduced from ref.
1 with permission from The Royal Society of Chemistry, copyright 2018.

28



In light of the above, we considered the residual Pd impurities, which can be originated from the
Pd-catalyzation reactions. Solving the experimental XRD patterns with additional Pd atoms clearly
disclosed that the experimental XRD pattern of the polymorph II phase of cHBC (Figure 2.7, black
line) matched exactly the XRD pattern of P3; and P3, with inserted Pd atoms (Figure 2.7, blue line).
The Rietveld refinement result (Figure 2.7, red line) was found in good agreement with the
experimental XRD pattern (Figure 2.7, black line), as reflected by the negligible differences (Figure
2.7, green line) and the low final residual factors (R, = 3.17% and Rw, =4.57% for P3y, and R, =3.35%
and Ry, = 4.73% for P3,). The results showed that the polymorph II crystal structure does not represent
pure c-HBC but rather c-HBC with Pd impurities, as shown in Figure 2.8.
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Figure 2.7 XRD patterns of polymorph II: experimental (black line), Rietveld refined (red line), their

difference (green line), and (a) P3; and (b) P3, crystal phases with Pd atoms (blue line). Reproduced
from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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Figure 2.8 Projection views of (a) P3; and (b) P3, crystal phases with Pd atoms along [001] and [100]
directions. Carbon, hydrogen, and palladium are colored yellow, white, and dark cyan, respectively.

Reproduced from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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2.3.2 Lithium Storage Mechanism of c-HBC

The doubly concave molecular structure with bent edge aromatic rings in the stacked c-HBC
molecules generates empty pores between the molecules, resulting in the 3D ordering of the pores in
the crystal structure (Figure 2.9). The free volume of the R3 crystal phase of c-HBC, estimated by the
Connolly surface using a Li-ion as a probe with a radius of 0.76 A, was 0.088 cm® g~!, whereas the free
volume of graphite was estimated as zero. In addition, the 3D ordered pores of c-HBC enable 3D
diffusion of Li-ions, contrary to the 2D diffusion channel of graphite. We hypothesize that the large free
volume together with the 3D diffusion channel in c-HBC facilitates the accommodation of Li-ions

during insertion.
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Figure 2.9 Projection views of (a) R3 crystal phase and (b) graphite with Connolly surface along [001]
and [100] directions. Carbon and hydrogen are colored yellow and white, respectively. Reproduced
from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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To explore the Li-ion insertion sites of ¢c-HBC, we performed Monte Carlo simulations in
combination with density functional theory calculations. The energetically favorable insertion sites of
Li-ions in the R3 c-HBC crystal phase was found to be the surface of empty pores. In particular, the
Li-inserted c-HBC was found to have the highest stability with the lowest formation energy of —5.8 eV,
when a Li-ion was inserted into a pore with a negative electrostatic potential between the bent edge
aromatic rings of the c-HBC molecules, as shown in Figure 2.10. In addition, we calculated the
formation energy of Li-inserted c-HBC and the voltage profile as a function of Li-ion content. Here, Li-
ions were inserted into the unit cell of the R3 crystal phase in multiples of three (3, 6, 9, and 18 Li-
ions), considering the most energetically favorable insertion sites and crystallographic symmetry, as
shown in Figure 2.11. Figure 2.12 shows the formation energies of Li-inserted c-HBC as a function of
Li-ion content, where the lowest formation energies for each of the contents of Li-ion form an energy
convex hull, as shown by the red line. The energy convex hull shows that the Li-inserted c-HBC starts
to become unstable when more than 18 Li-ions are inserted, indicating that the R3 crystal structure of
c-HBC could store up to 6 Li-ions per molecule. This result is in good agreement with the experimental
capacity of 267 mA h g!. Furthermore, the calculated voltage profile with an average value of 0.26 V
matches that observed experimentally in terms of both the single plateau and the energy involved in the
Li-ion insertion process, as shown in Figure 2.13. The overall simulation results suggest that lithium
insertion into c-HBC occurs in the single-stage process without voltage penalty mainly due to Li-ion
insertion into 3D ordered angstrom-scale pores generated by the contorted molecular structure of c-
HBC. This behavior is strikingly different from that of the typical multiple-staging effects of graphite

anodes and flat-HBC molecule.*>-!
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Figure 2.10 The optimized structure of Li-inserted c-HBC and the electrostatic potential maps of c-
HBC without Li-ion. The electrostatic potential is mapped onto the Connolly surface (top) and (001)
and (010) planes across the center of Li-ion (bottom left and right). Carbon, hydrogen, and lithium are
colored yellow, white, and purple, respectively. Reproduced from ref. 1 with permission from The Royal

Society of Chemistry, copyright 2018.
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Figure 2.11 Projection views of the optimized stable structures of 3, 6,9, and 18 Li-inserted R3 crystal
phase. Carbon, hydrogen, and lithium are colored yellow, white, and purple, respectively. Reproduced
from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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Figure 2.12 Formation energies of Li-inserted c-HBC as a function of the number of Li-ions. The
calculated convex hull is shown as a red line. Reproduced from ref. 1 with permission from The Royal
Society of Chemistry, copyright 2018.
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Figure 2.13 The experimental (black line) and calculated (red and blue lines) voltage profiles.
Reproduced from ref. 1 with permission from The Royal Society of Chemistry, copyright 2018.
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2.4 Conclusion

In summary, the present work demonstrated that a new type of contorted polycyclic aromatic
hydrocarbon molecule could find application as an emerging organic anode material for use in LIB
systems. The highly crystalline trigonal R3 phase of semiconducting c-HBC was confirmed by careful
analysis of computational polymorphism study. Moreover, DFT calculations on lithium storage
mechanism revealed that c-HBC anode exhibited single-step Li-ion insertion behavior without voltage
penalty, primarily because of the unique crystallography of the contorted molecules. These promising
results suggest that contorted anode materials could open up new opportunities in the field of next-

generation organic anodes.
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Chapter 3. Polymorphism and Lithium/Sodium Storage Mechanism of

Fluorinated-Contorted Hexabenzocoronene Electrode Material

This chapter includes the following contents:

Park,J."; Lee,C.W.'; Park,J.H."; Joo,S.H.; Kwak, S.K.*; Ahn,S.*;Kang, S.J.*, Capacitive

Organic Anode Based on Fluorinated-Contorted Hexabenzocoronene: Applicable to Lithium-lon and
Sodium-Ion Storage Cells. Advanced Science 2018, 5 (12), 1801365. (f: equally contributed).
Reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright
2018.!

3.1 Introduction

With the demand for high-performance electrochemical energy storage, storage cells with high
capacities and fast rate capabilities are being studied for next-generation energy-storage systems.¢
Although advanced rechargeable batteries have many advantages and are widely used in power
applications,*® the classic intercalation mechanism hinders the attainment of high specific capacities
during high rate discharge—charge processes, which has led researchers to pursue storage cells with new
Li-insertion mechanisms.”-8 Extreme rate performance has been achieved with supercapacitor-type cells,
where the unique electrostatic double-layer capacitor (EDLC) mechanism can fundamentally solve the
rate problems and exhibit millisecond discharge—charge times.> >1? Although the positive influence of
Helmholtz layers on the electrodes surface can decrease the Li-ion adsorption time, the inherent limited
capacities of supercapacitors negate the advantage of their ultrafast discharge—charge times, although

much effort have been devoted to alleviating this issue.!%!2

To satisfy the demand for high energy-storage capacities and discharge—charge rates,
pseudocapacitors have attracted interest in the field of electrochemical energy-storage cells.!*'¢ Fast
redox reactions near the electrode surfaces without bulk phase transformations allow cells to exhibit
higher capacitances and rate capabilities than conventional supercapacitors and batteries.'> After the
first observation of pseudocapacitance in RuO, anodes,'® various pseudocapacitive transition metal
oxides (e.g., MnO,, Fe,Os, a-MoO3, and Nb,Os) and nanostructured layered metal hydroxides (e.g.,
Ni(OH), and Co(OH),) have been proposed and meet the requirements for higher specific
capacitances.!”? However, several major obstacles, such as low conductivities, toxicities of materials,
14,23, 24

and high weights of metal oxide materials impede their use in pseudocapacitive electrodes.
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As a potential alternative, conjugated polymers are intriguing, as they possess high electrical
conductivities and form lightweight electrodes.”>’ Recently, various organic materials, such as
polydopamine-derived electrodes, thiophene-rich conjugated microporous polymers, and conjugated
ladder-structured oligomers, have been proposed and revealed their merits in Li- and Na-ion cells.?3°
In particular, the tunable bandgap between highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) accelerates the charge transfer kinetics.”> Nevertheless, poor
cycle ability due to swelling in aprotic solvents is a major limiting factor, requiring an additional process
to stabilize the conducting polymers by using recently developed methods, including the deposition of
a thin carbonaceous shell of a 3D hierarchical nanostructure of conductive polymer hydrogels (CPHs)
or of a Nafion coating.?®?"-31:32 As for the more stable conducting organic materials, our group recently
demonstrated that contorted hexabenzocoronene (cHBC) small molecules have potential uses as anode
materials for Li-ion batteries (LIBs).** A doubly concave conformation of cHBC can increase the d-
spacing and consequently enhance the discharge and charge rates and achieve superior cycling
capabilities in LIBs without significant alterations due to aprotic electrolytes. Furthermore, cHBC
shows great potential for achieving control of the HOMO and LUMO levels by doping the heteroatoms

in the cHBC.* However, capacitive electrodes based on small molecules have been rarely reported for

electrochemical energy-storage cells.

Herein, we report the strategic design of fluorinated cHBC (F-cHBC) molecules for possible use
as high-capacity and high-rate electrochemical capacitor electrodes. We have chosen the most
electronegative fluorine atom to coordinate the exterior aromatic rings to control the HOMO and LUMO
energy levels of cHBC. The decreased HOMO-LUMO energy levels of F-cHBC showed a highly
crystalline P2,/c phase, which permits the development of pseudocapacitor characteristics in half-cell
architectures, providing an excellent rate capability. In particular, simulation results indicated that the
negative charge of the fluorine atoms in the F-cHBC crystal promotes Li accessibility, which ultimately
increases the rate performance during the discharge—charge processes. Furthermore, F-cHBC exhibited
superior Na storage performance and long-term stability; these traits suggest that F-cHBC is a potential

electrochemical organic electrode for Li*- and Na*-ion storage cells.
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3.2 Computational Methods

3.2.1 Crystal Structure Prediction

The computational polymorphism study of F-cHBC was carried out using the Polymorph module
of the Materials Studio 2018.% Using the optimized structure of F-cHBC molecule as input, the ab initio
prediction of polymorphs was performed sequentially in six steps (i.e., packing, clustering, geometry
optimization, clustering, geometry optimization, and clustering). In the packing step, the crystal
structures belonging to a specific space group were sampled using Monte Carlo simulated annealing.
The packing procedure was performed for 10 different space groups: P2i/c, P1, P2,2:2;, C2/c, P2,
Pbca, Pna2,, Cc, Pben, and C2. To achieve sufficiently wide sampling, we set the maximum temperature
to 1.5 x 10° K, the minimum temperature to 300 K, the maximum number of steps to 5.0 x 10°, the
number of steps to accept before cooling to 100, the minimum move factor to 1.0 x 107, and the
heating factor to 0.025. In the geometry optimization step, the lattice parameters and atomic positions
were relaxed under crystallographic symmetry. The F-cHBC molecule was treated rigid body in the first
geometry optimization step, while it was fully relaxed in the second geometry optimization step. The
maximum number of steps was set to 1.0 x 10* and the convergence criteria were set to 2.0 x 107 kcal
mol ™! for the maximum energy change, 0.001 kcal mol ™' A™! for the maximum force, 0.001 GPa for the
maximum stress, and 1.0 x 107> A for the maximum displacement. In the clustering step, many similar
structures were grouped into clusters, and the lowest energy structure representing each cluster was
filtered. The criterion of crystal similarity measure was set to 0.11, which was calculated based on a
comparison of radial distribution functions with a cutoff distance of 7 A and 140 bins. After the final
clustering step, the space group symmetry of the predicted crystal structures was reanalyzed and the in-
silico screening was carried out on the basis of XRD comparison. The interatomic interactions were

described by COMPASS 11 force field and calculated using the Ewald summation method.?¢3

3.2.2 Monte Carlo Simulation

To figure out the specific adsorption sites of Li-ions in the crystal structure of F-cHBC, Monte
Carlo simulated annealing was performed using the Sorption module of Materials Studio 2018.%° Based
on the metropolis algorithm, the Monte Carlo simulated annealing was carried out with the maximum
number of loading steps of 1.0 x 10°, the maximum number of production steps of 1.0 x 108, and 40
annealing cycles. All simulations were repeated 5 times independently. The interatomic interactions
were described by COMPASS 11 force field with Mulliken charges obtained by DFT calculations.*® *
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3.2.3 Density Functional Theory Calculation

To estimate the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy levels of cHBC and F-cHBC molecules, spin-polarized density functional
theory (DFT) calculations were conducted using the DMol3 module of the Materials Studio 2018.3% 40
* The Becke’s three-parameter hybrid exchange functional combined with the Lee-Yang-Parr
correlation functional (B3LYP) was employed for describing the exchange-correlation potential of
electrons.*>** The DNP 4.4 basis set was used with a global orbital cutoff of 3.7 A. The core electrons
were explicitly treated as all electrons with relativistic effect. The long-range van der Waals interactions
were corrected using the Grimme’s method.* The self-consistent field calculation was performed with
the fixed orbital occupancy, until the convergence criterion of 1.0 x 10 was satisfied. The convergence
criteria for geometry optimization were set to 1.0 x 10-° Ha for the maximum energy change, 0.002 Ha

A-1 for the maximum force, and 0.005 A for the maximum displacement, respectively.

To study the lithium/sodium storage mechanism, DFT calculations were performed using the
CASTEP module of the Materials 2018.%° The generalized gradient approximation with the Perdew—
Burke-Ernzerhof (GGA-PBE) functional was used to describe the exchange correlation potential of the
electrons.® The interactions between ions and electrons were described by on-the-fly generated ultrasoft
pseudopotentials. The plane-wave basis set with a cutoff energy of 840 eV was employed to expand the
wave functions. The van der Waals interactions were corrected by Grimme’s method.* The convergence

criterion for self-consistent field calculation was set to 5.0 x 1077 eV atom™!

. Lattice parameters and
atomic positions were fully relaxed. The convergence criteria for geometry optimization were set to 5.0
x 107 eV atom™! for the maximum energy change, 0.01 eV A™! for the maximum force, 0.02 GPa for
the maximum stress, and 5.0 x 10™* A for the maximum displacement. The Brillouin zone was integrated
using a 1 x 1 x 1 k-point grid with the Monkhorst—Pack scheme for all calculations.*® The formation

energy (Er) of the Li-ion inserted structure as a function of Li-ion content was calculated as follows:
Ef = ELi,—r-cuBc — Er-cuBc — NELi

where Ey; _p_cupc is the total energy of the F-cHBC crystal with inserted Li-ions, 7 is the number of
inserted Li-ions, Er_cypc is the total energy of the P2;/c crystal phase of F-cHBC, and Ej; is the
total energy per atom of bce bulk Li. The voltage profile (7) as a function of Li-ion content was

calculated as follows:

Eis,,-F-cuBc — ELi, —F-cuBc — (N2 — n1)Ey;
q(nz —ny)
45

V(in) =-—




where ELinl—F—CHBC and E Lin,~F—cHBC Tepresent the total energy of the F-cHBC crystal with inserted

Li-ions, n; and n, are the numbers of inserted Li-ions (n2 > n1), Ep; is the total energy per atom of bce

bulk Li, and ¢ is the net charge of Li-ions (g = +1e).

46



3.3 Results and Discussion

3.3.1 Polymorphism of F-cHBC

The chemical structures of the cHBC and F-cHBC molecules are shown in Figure 3.1a. F-cHBC
contains four fluorine atoms at its ends that are thought to change the bandgap of the cHBC molecule.**
47 The HOMO and LUMO energy levels of F-cHBC estimated using density functional theory (DFT)
calculations confirmed that fluorine substitution causes two degenerate HOMO and LUMO energy
levels to split and decrease from —5.247 to —5.533 eV for the HOMO and —1.856 to —2.257 eV for the
LUMO (Figure 3.1b).

contorted hexabenzocoronene (c-HBC) Fluorinated cHBC (F-cHBC)

b cHBC  F-cHBC
LUMO — — ,

— \‘\\ B i 8
\%,/ 3.39 eV —— LUMO

>

o

0 3.28 eV

w HOMO 44~ 4~ :

= HOMO 'éﬂ

Figure 3.1 (a) Chemical structures and (b) DFT-calculated energy diagrams of the molecular orbitals
of contorted hexabenzocoronene (cHBC) and fluorinated cHBC (F-cHBC). Reproduced from ref. 1
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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To examine the crystal phase evolution of the F-cHBC anode on the current collector, in situ
grazing incidence wide-angle X-ray scattering (GIWAXS) measurement was experimentally performed
on the mixtures of F-cHBC/PVDF (ratio: 90/10 wt%) after the samples had been annealed at
temperatures from room temperature to 330 °C. The resulting 1D diffraction traces from the in situ
GIWAXS measurements showed a monotonic decrease in the peak at q = 0.67 A" and the formation of
a new peak at q = 0.49 A" as the temperature increased (Figure 3.2). These trends are attributed to a
change in the crystal phase of F-cHBC, because a previous report on fluorinated-cHBC derivatives
suggested that a phase change of F-cHBC from polymorph II to polymorph I through thermal treatment

is an efficient route for observing the polymorph I phase of polymorphic F-cHBC small molecule.*’
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Figure 3.2 1D GIWAX diffraction traces from in situ GIWAXS as a function of the annealing
temperature. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, copyright 2018.
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A Monte Carlo computational study with simulated annealing also suggested that polymorph I of
the F-cHBC crystal should develop. The in silico polymorph screening revealed that the experimental
X-ray diffraction (XRD) pattern of the polymorph I phase of F-cHBC matched well with the XRD
pattern of the P2,/c crystal phase (Figure 3.3). Prominent peaks at 7.04°, 12.68°, 14.06°, 14.50°, 16.66°,
18.08°, 18.86°,21.84°,22.18°, 23.24°, and 24.10° corresponded to the scattering vectors q of 0.50, 0.90,
1.00, 1.03, 1.18, 1.28, 1.34, 1.55, 1.57, 1.64, and 1.70 A" and were assigned to the (100), (011), (200),
(111), (012), (112), (211), (212), (020), (120), and (121) planes, respectively. Rietveld refinement
results suggested the presence of a P21/c crystal phase with lattice parameters of a = 12.62 A, b = 8.04
A, c=1422 A, 0 =90.00°, f=189.89°, and y = 90.00°. From these results, we can determine the phase
transformation processing route of F-cHBC. The produced P2i/c crystal phase (polymorph I) could be
obtained by thermal annealing but could not be reversibly converted to the polymorph II phase. We
believe that the obtained crystal phase may be beneficial for facilitating the Li-ion accessibility in
aprotic electrolytes because the previously studied cHBC anodes exhibited enhanced electrochemical

performances when the crystals had nanopores in the electrolyte.®
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Figure 3.3 XRD patterns of F-cHBC (left): experimental (black line), Rietveld refined (red line), their
difference (green line), and the P2,/c crystal phase (blue line) (Rwp = 13.21 %, R, =9.74 %). Projection
views of the P2,/c crystal structure along the [100] (right top) and [010] (right bottom) directions. Gray:
carbon, red: fluorine, white: hydrogen. Reproduced from ref. 1 with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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3.3.2 Lithium Storage Mechanism of F-cHBC

To identify the adsorption sites of Li ions in the P2,/c crystal phase of F-cHBC, we examined the
3D space within the crystal structure by using a probe with a radius of 0.76 A (i.e., the radius of Li ion)
to construct the Connolly surface (Figure 3.4). The P2,/c crystal structure of F-cHBC has empty spaces
with a negative electrostatic potential near the fluorine atoms; these spaces may be capable of

accommodating and storing Li ions.

Electrostatic
potential
(eV/electron)

+4.0

[100]

i) [001]

-4.0

Figure 3.4 The optimized structure and electrostatic potential maps of F-cHBC. The electrostatic
potential is mapped onto the Connolly surface. Carbon, hydrogen, and fluorine are colored grey, white,
and red, respectively. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, copyright 2018.

To determine whether the empty spaces are active sites that provide energy-storage capacity, we
combined Monte Carlo simulations and DFT calculations. The results suggested that these empty spaces
with negative electrostatic potentials are the most stable locations for the Li ions (Figure 3.5a). The
empty spaces have two distinct sites, denoted as sites [ and II. Crystallographic symmetry yields four
identical sites of both types in the unit cell of the P2,/c crystal phase. All sites I and II are surrounded
by electronegative fluorine atoms and a negatively charged bent edge aromatic ring of the F-cHBC
molecule (Figure 3.5b); the distances between the Li ion and fluorine atom are 2.1 A at sites I and II,
respectively. The distances between the Li ion and the centroid of the bent edge aromatic ring are 2.6 A

at site T and 1.9 A at site II.
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Figure 3.5 (a) Projection views of the optimized P2i/c crystal structure of Li-adsorbed F-cHBC along
the [100] (top) and [010] (bottom) directions. Gray: carbon, red: fluorine, white: hydrogen, yellow:
lithium at site I, purple: lithium at site II. (b) Magnified view of Li-ion at site I (top) and site II (bottom).
Black dotted arrow: distance between Li ion and fluorine or between Li ion and the centroid of the bent
edge aromatic ring. Orange line: interaction of adsorbed Li ion with negatively charged atoms.
Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2018.

For the eight total sites identified in the unit cell, we calculated the formation energy (£r) of F-
cHBC with n adsorbed Li ions (Li,-F-cHBC) as a function of n (Figure 3.6). The Er of Lis-F-cHBC
was the lowest (i.e., —2.82 eV) when all the Li ions were located at site I; this result suggests that the Li
ions are preferentially located at site I rather than site II (Figure 3.7). This may be because Li ions are
farther from each other at site I than at site II. Also, Li,-F-cHBC was most thermodynamically stable,
with the lowest Er of —4.45 eV, when sites I and II were fully occupied by eight Li ions (i.e., Lis-F-
cHBC). The lowest Er for each n form an energy convex hull (Figure 3.6, red line). The Li,-F-cHBC
begins to become unstable when n > 9; i.e., each F-cHBC molecule with four fluorine atoms can store
up to four Li ions. This result is in good agreement with the experimental capacity (i.e., <160 mA h g™
at a current density of 100 mA g'). Furthermore, the calculated voltage profile is consistent with the
experimentally observed continuous voltage drop during Li* storage (Figure 3.8); this similarity

supports the hypothesis that Li ions are adsorbed at sites I and II near the fluorine atoms.
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Figure 3.6 Formation energies of Li-adsorbed F-cHBC as a function of Li-ion content. Red line: convex

hull. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, copyright 2018.
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Figure 3.7 Projection views of the optimized P2,/c crystal phase and 4, 8 Li-adsorbed F-cHBC stable
structures along the [100] and [010] directions. Carbon, hydrogen, fluorine, and lithium are colored

grey, white, red and purple, respectively. Reproduced from ref. 1 with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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Figure 3.8 Experimental (black line) and calculated (red line) voltage profiles. Reproduced from ref. 1
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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3.3.3 Sodium Storage Mechanism of F-cHBC

In addition, the DFT calculation for the Na-ion cell revealed that the adsorption of Na ions at sites
I and 1II is energetically preferred, indicated by the negative EF of F-cHBC with the adsorbed Na ions
(Figure 3.9). As in the Li-ion case, the Na ions were preferentially located at site I rather than site II.
The calculated voltage profile dropped continuously as Na ions were adsorbed; this observation is

consistent with the experimental results (Figure 3.10).
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Figure 3.9 Projection views along the [100] and [010] directions of the F-cHBC structures with 4 and
8 Na-ions adsorbed and their corresponding formation energies. Carbon, hydrogen, fluorine and sodium
are colored grey, white, red and orange, respectively. Reproduced from ref. 1 with permission from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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Figure 3.10 Experimental (black line) and the calculated (red line) voltage profiles. Reproduced from
ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.
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3.4 Conclusion

By fluorinating the cHBC molecule, we achieved capacitive characteristics in a small organic
molecule for Li- and Na-ion storage cells. The F-cHBC anode with a controlled crystal phase in the Li-
ion cell provided an adequate specific capacity at a high current density. DFT calculations showed that
adsorption of Li and Na ions is energetically favorable in the empty space between the fluorine atom of
the F-cHBC molecule and the negatively charged bent aromatic ring. Furthermore, F-cHBC electrodes
can also be used in Na-ion storage cells. This may result from the capacitive behavior of the F-cHBC
anode in the Na-ion cell. More importantly, there are a few materials that can be used in both Li- and
Na-ion storage cells. Thus, this unique electrochemical behavior of F-cHBC can provide a new way to

develop electrochemical organic capacitive electrodes for alkali-ion storage cells.
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Chapter 4. Polymorphism and Lithium Storage Mechanism of Redox-Active

Covalent Triazine Framework Electrode Material

This chapter includes the following contents:
Buyukcakir, O.*; Ryu, J.T; Joo, S. H.; Kang, J.; Yuksel, R.; Lee, J.; Jiang, Y.; Choi, S;
Lee, S. H.; Kwak, S. K.*; Park, S.*; Ruoff, R. S.*, Lithium Accommodation in a Redox-Active

Covalent Triazine Framework for High Areal Capacity and Fast-Charging Lithium-Ion Batteries.
Advanced Functional Materials 2020, 30 (36), 2003761. (+: equally contributed) Reproduced with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.!

4.1 Introduction

Rechargeable lithium-ion batteries (LIBs) are used to power various consumer electronics and
electric vehicles (EVs), and have grid-scale applications as efficient energy storage platforms. 3
Although they have already shown significant advances,* * state-of-the-art LIBs have nearly reached
their limit and are unable to meet certain needs for higher energy/power density, faster charging, and
longer-cycle life, particularly for the commercialization of cost-effective portable electronics or high-
performance EVs.®” Thus, designing and making new electrode materials that outperform conventional

inorganic intercalation or alloying type materials is crucial for next-generation rechargeable batteries.®
10

Organic electrode materials with redox-active sites for charge storage have great potential to
improve current LIBs by controlling the redox potentials through molecular design, and this has led to
the exploration of various types of organic compounds.''"'* The “active site” for the organic electrode
materials can be an atom, molecule, or region that can have a redox-reaction. However, their typical
high solubility in common electrolytes, both carbonate and ether-based, and their low electrical
conductivity pose a major challenge for use in real battery systems.'>!” On the other hand, porous
organic polymers made by the covalent assembly of functional organic molecules are insoluble 2D or

3D extended structures.'®2° Such porous polymers have served as functional materials in gas capture,®"

24, 25 26-31

22 catalysis,”® molecular separation, and, recently, energy storage systems.”®' As a subclass of
porous organic polymers, covalent organic frameworks (COFs) have recently emerged as electrode
materials in various electrochemical systems.**34 Changing the molecular level of these polymeric
frameworks by incorporating redox-active functional moieties, together with their regular porosity with
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open-pore channels and extended m-conjugated backbones, make them promising electrode materials

for LIBs.34?

As an alternative to COFs, covalent triazine frameworks (CTFs) provide increased
physicochemical stability because of the rigid triazine (C3N3) linking units with strong C=C and C=N
bonding and have been considered as promising materials for energy storage systems.* So far, few
CTFs have been reported as electrode materials for rechargeable LIBs and these have shown the
moderate specific capacity and rate capability.*** In one of the initial studies, Sakaushi et al. reported
an amorphous covalent triazine framework obtained from terephthalonitrile trimerization (amorphous
CTF-1) showing a bipolar state that supplied a reversible capacity of about 160 mAh g'.** Also, Lotsch
et al. have reported a series of CTFs prepared from different linkers at different temperatures to deliver
a specific capacity of up to 150 mAh g '.#’ Other triazine containing porous polymers have also been
tested as electrode materials in LIBs. Xin and co-workers have recently reported a porous polymer
containing anthraquinone and triazine units in its backbone as an anode material, reported to have a
specific capacity up to 1770 mAh g! at 200 mA g '.2° Very recently, the fluorinated CTF and its
exfoliated version have been investigated as an anode material in LIBs. While the pristine fluorinated
CTF was reported to have a specific capacity of 538 mAh g ! at a current density of 100 mA g, its
exfoliated products were stated to have higher lithium storage capacity up to 1035 mAh g™! at the same
current density.*” These reports support the promising picture of CTFs as electrode material for the LIBs.
It is valuable to study other CTFs to more deeply understand the structure-property relations and also
to improve the electrochemical performance of CTFs in terms of specific capacity and rate performance,

to see if they can compete with their conventional inorganic analogs.

Most 2D COFs and CTFs adopt a totally eclipsed stacking motif due to the strong n—r interaction
between neighboring sheets which results in highly densely packed layers, making it difficult for lithium
ions to reach the active sites located inside the pore channels. The inefficient utilization of these redox
sites results in a low specific capacity and poor rate performance, particularly in fast-charging
conditions. In order to increase Li-ion diffusion and boost the electrochemical performance of these
polymeric frameworks, two common strategies have been used:*° i) exfoliation of the sheets into few-

37-39, 46 ;

layers either chemically or physically, ii) the growth of a limited number of polymer nanosheets

on conductive surfaces including metal foils, graphene, and carbon nanotubes.3® 40 45 48, 51. 52 The
exfoliation of the polymeric frameworks into few-layer sheets results in shortened Li-ion diffusion paths,
which enables access to more active sites.?” *® 46 However, the extremely low particle density of the
active materials reduces the energy density of the batteries and the harsh exfoliation procedures lead to

side reactions.*® 33 In addition to the exfoliation strategy, a bottom-up approach such as exploiting the
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limited growth of layer polymers on conductive surfaces not only produces a thin layer of COFs or
CTFs which affords more accessible active sites for lithium ions but also provides better electrical
conductivity and charge transfer efficiency for the materials compared to the pristine ones.*® 3! Although
this bottom-up strategy improves the specific capacity, the difficulty of controlling the thickness of such
films, non-uniform film formation, contamination of the layers with precipitated polymeric particles,

and, most importantly, low yields, limit its scalability and practical use.

In order to boost the electrochemical performance of CTFs, the integration of redox-active moieties
with the CTF skeleton seems a promising approach, but the harsh reaction conditions typically used for
their synthesis have, to date, limited this approach. lonothermal polymerization, in which zinc chloride
is used as both solvent and catalyst for the trimerization of aromatic nitriles at high-temperature (above
the melting point of zinc chloride), is the most common approach for the preparation of CTFs.* 3433
But at this temperature, some carbonization is unavoidable and contaminates the product.>®->® Compared
to reported alternative synthesis methods,>*! Tan et al. have recently reported a new synthesis method
using a condensation reaction of amidines and aldehydes under mild reaction conditions, which
facilitates the incorporation of some redox-active functionalities.> ® Due to these synthesis difficulties,

the preparation of CTFs with redox-active units, which may enable the tunability and improvement of

electrochemical performance, has not been fully explored.

Here we design a redox-active covalent triazine framework (rCTF) and suggest its use in lithium-
ion batteries as an anode material. Redox-active anthraquinone units were incorporated into the
framework through triazine linkages. The resultant polymeric framework had a large specific surface
area, along with high porosity and physicochemical stability. When used as a redox-active anode
material, a fully activated rCTF delivered about 1200 mAh g'. To the best of our knowledge, this rCTF
outperforms all COF-based anodes reported to date with such an areal capacity. According to our
theoretical calculations of the lithium storage mechanism, the lithiation/delithiation process of the
proposed rCTF structure involves up to a 23-electron redox process, which is consistent with the
experimental observations. In addition to the highly active quinone units, the efficient binding to triazine
and benzene rings in the electrochemical processes provides a large specific capacity for this rCTF. The
possible progressive structural deformation with repeated lithiation and delithiation during activation
may contribute to the larger number of accessible redox-active sites for lithium ions. In addition to the
highly conjugated polymeric skeleton, large porosity and small particle size of the rCTF, the possibly
increasing “disorder” contributes to fast charge and ion diffusion, providing outstanding rate
performance. These findings demonstrate the potential of this rCTF for electrical energy storage and

the importance of rational design to achieve the next-generation of high-performance batteries.
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4.2 Computational Methods

4.2.1 Density Functional Tight Binding Calculation

To predict the most energetically stable packing mode and the crystal structure of rCTF, we
performed density functional based tight binding (DFTB) calculations using the DFTB+ program.® The
30B Slater-Koster atomic parameters were adopted for the study of rCTF since 30B is appropriate for
organic molecules consisting of carbon, hydrogen, nitrogen, and oxygen.% Spin polarization and the
universal forcefield-based Lennard-Jones dispersion correction were taken into account in all
calculations. The wave function was integrated using the Monkhorst-Pack k-point grids: 1 x 1 x 8 k-
point grid for the unit cell of rCTF consisting of one rCTF plane with the AA packing mode and 1 x 1
x 4 k-point grid for the unit cell consisting of two rCTF planes with the other packing modes.® The
convergence criterion for the self-consistent charge was set to 1 x 10, The convergence criteria for
geometry optimization were set to 0.01 kcal mol™! for the maximum energy change, 0.05 kcal mol" A
! for the maximum force, 0.02 GPa for the maximum stress, and 5 x 10* A for the maximum

displacement. Periodic boundary condition was applied in three dimensions.

4.2.2 Density Functional Theory Calculation

Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP).®”> 8 The generalized gradient approximation with the Perdew-Burke-
Ernzerhof (GGA-PBE) functional was used to describe the exchange-correlation potential of the
electrons.® The interactions between ions and electrons were described by projector augmented wave
(PAW) method.” A plane-wave basis set with a cutoff energy of 650 eV was employed to expand the
wave functions. The van der Waals interactions were corrected using the Grimme’s DFT-D3 method.”!
The convergence criterion for the self-consistent field calculation was set to 107¢ eV atom™'. The
convergence criterion for geometry optimization was set to 0.01 eV A™! for force. The Brillouin zone
was integrated using a 1 x 1 x 2 k-point grid with the Monkhorst-Pack scheme for all calculations.®

The voltage profile (V) as a function of lithium content was calculated as follows:

ELinz—rCTF - ELinl—rCTF — (ny —ny)Ey

Vin)=- q(ny —ny)

where ELinl—rCTF and ELinz—rCTF represent the total energy of the lithium-inserted rCTF structure, n;
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and n, are the numbers of lithium atoms inserted (n2 > n1), Ey; is the total energy per atom of bee bulk
lithium, and ¢ is the net charge of a lithium ion (g = +1e).”* The theoretical specific capacity (Oieoretical)

of lithiated rCTF was calculated with Faraday’s law:

nz
Qtheoretical = 3600M,, X 1000
where 7 is the number of lithium atoms stored in rCTF, Z is the valence number (Z =1 for lithium),
is the Faraday constant (96485.3329 C mol™') and M,, is the weight of the rCTF (3087.02 g mol™!). For
calculating the maximum capacity of rCTF, we used the maximum number of lithium atoms stored in

the rCTF until the calculated voltage decreases to zero.

4.2.3 Monte Carlo Simulation

Monte Carlo (MC) simulations were performed using the Sorption program.®* Based on the
Metropolis algorithm, the MC simulated annealing was carried out with the maximum number of 1.0 x
10° loading steps, the maximum number of 1.0 x 107 production steps, and 40 annealing cycles. The
interatomic interactions were described by a COMPASS 11 force field with Bader charges obtained from
DFT calculation at the end of each geometry optimization step.”’* The van der Waals interactions were
calculated within the cutoff distance of 18.5 A and the long-range electrostatic interactions were treated

by the Ewald summation method.” "¢

4.2.4 Lithiation Simulation

To elucidate the lithium storage mechanism of the rCTF, the lithiation process was investigated
following a stepwise lithium insertion procedure by performing DFT calculations together with MC
simulations. This procedure consists of a lithium insertion step using an MC simulation and a geometry
optimization step using DFT calculations. In the lithium insertion step, MC simulated annealing was
performed to determine the stable adsorption sites of lithium in the crystal structure of rCTF. Here, six
lithium atoms per step were inserted to account for the effect of the rCTF deformation during lithiation.
In the geometry optimization step, the lattice parameters and atomic positions were relaxed. The
stepwise lithium insertion procedure was repeated until a total of 138 lithium atoms, corresponding to

~1200 mAh g, had been inserted.
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4.3 Results and Discussion

4.3.1 Packing Polymorphism of rCTF

The rCTF is a two-dimensionally extended structure (Figure 4.1), that is stacked in the out-of-
plane direction to form a crystal structure. The experimental powder X-ray diffraction (PXRD) showed
two relatively broad but intense distinct diffraction peaks at approximately 6.3° and 26.1° (Figure 4.2).
This diffraction pattern indicates poor crystallinity of the rCTF. The peak at 6.3° can be interpreted as
the in-plane reflection (110) and the peak located at 26.1° can be attributed to the stacking of layers
with a spacing of about 3.4 A. However, the broadness of the diffraction peaks makes it difficult to

make conclusions on the structure at the atomistic level.

Covalent organic framework

= |nsoluble 2D extended structure
=  Regular porosity with open-pore channels

= Extended pi-conjugated backbone

Anthraquinone

Redox active unit

Two C=0 groups per unit

Boosting electrochemical performance

Triazine ring (C;N,)

(&

Rigid linking units with strong C=C and C=N

= High physicochemical stability

® o ¢
oz IT O

Figure 4.1 Structure of the redox-active covalent triazine framework (rCTF). Reproduced from ref. 1
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Figure 4.2 The experimentally observed and theoretically calculated (simulated) XRD pattern of rCTF
from the optimized structure with slipped-parallel stacking. Optimized rCTF structure with slipped-
parallel stacking. Carbon, hydrogen, nitrogen, and oxygen are light gray, white, dark blue, and red,
respectively. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, copyright 2020.

Density-functional tight-binding (DFTB) calculation was carried out to obtain a repeating
monolayer structure and determine its crystal structure. To predict the crystal structure of the two-
dimensionally extended structure, the most stable packing mode should be explored first. To ascertain
the packing mode of the rCTF, we constructed the potential energy surface through single-point energy
calculations for structures with different ab-plane displacements between the top and bottom layers,
starting from the AA packing mode. The two different 17 x 17 grids of ab-plane displacements were
used for sampling structures, each consisting of 289 different unit cells (Figure 4.3). The potential
energy surface was then generated by interpolating the DFTB total energies over a 1000 x 1000 fine
grid using the bicubic spline method (Figure 4.4). The energy at the global minimum of the potential
energy surface was set to be zero. The potential energy surface shows two local minima corresponding
to AB and slipped-parallel packing modes, suggesting that rCTF can potentially exhibit packing
polymorphism. Among possible packing modes, the slipped-parallel packing mode is the energetically
favored stacking configuration, where the top layer is shifted by =3/32th of a cell edge along the b
direction relative to the bottom layer (Figure 4.5). The simulated PXRD pattern from this model is in
good agreement with the observed experimental PXRD pattern (Figure 4.2). Thus, the PXRD and
DFTB data show an extended 2D hexagonal lattice with slipped-parallel packing mode with calculated
unit cell parameters of a =b=29.9 A, c=6.8 A, a==90. 0°, and y = 120.0°.
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Figure 4.3 Two grids were used to sample structures with different ab-plane displacements between top
and bottom layers for generating potential energy surface. The grid is represented in fractional
coordinates. The top layer is colored by blue. Reproduced from ref. 1 with permission from WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Figure 4.4 The potential energy surface generated by interpolating the DFTB total energies.
Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2020.
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Slipped-parallel packing mode

Figure 4.5 Optimized rCTF structure with slipped-parallel stacking. Carbon, hydrogen, nitrogen, and
oxygen are light gray, white, dark blue, and red, respectively. Reproduced from ref. 1 with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.

69



4.3.2 Lithium Storage Mechanism of rCTF

In an attempt to understand the multi-electron redox reaction and the activation of the rCTF at the
molecular level, we theoretically studied the lithium storage mechanism by focusing on the redox-active
sites and the structural changes by performing density functional theory (DFT) calculations with Monte
Carlo (MC) simulations. We predicted that lithiation of the rCTF can be divided into three distinct stages
(Figure 4.6 and Figures 4.7—4.9 for the magnified views). In stage 1, lithium begins to be stored
preferentially adjacent to the C=O of the quinone exposed at the surface of the pore channels (Figure
4.7). The redox reaction of the quinone was indicated by an increase in the C=0 bond length, while the
bond lengths of the other redox-active sites were unchanged (Figure 4.10). At this stage, the rCTF
layers slip relative to the adjacent layers, providing more accessible sites for lithium. After reaching the
theoretical specific capacity of quinone (104 mAh g!, 1 Li per C=0), lithium started to participate in
the redox reaction with the triazine ring in stage 2 (Figure 4.8). Lithium was mainly stored in the
vicinity of the N atom of the triazine ring, while some of the lithium interacted with the benzene rings
at the same time. The redox reactions gradually increased the C=N and C=C bond lengths but not the
C=0 bond length (Figure 4.10). The rCTF lost its original structure due to large deformation, but more
redox-active sites were exposed. After the triazine ring had stored more than 1 lithium-ion (=260 mAh
g 1) exceeding the specific capacity based on the quinone and triazine ring (1 Li per C=0 and 1 Li per
triazine ring), most of the redox-active sites (anthraquinone, triazine rings, and benzene rings)
participated in the redox reaction with lithium in stage 3 (Figure 4.9). Notably, in stage 3, some of the
benzene rings, or fused carbon rings, were transformed into an sp*-like structure interacting with lithium.
The reduction of the redox-active sites is indicated by the gradual increases in C=0, C=N, and C=C

bond lengths (Figure 4.10).
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Figure 4.6 The lithium storage mechanism of rCTF. Top view of the lithium-inserted rCTF structures
during the three-stages of the lithiation of rCTF. Carbon, hydrogen, nitrogen, and oxygen are light gray,
white, blue, and red, respectively. The atoms in the bottom layer are shown in darker colors for clarity.
The magenta-colored sphere represents lithium interacting with at least more than one C=0 group of
anthraquinone (AQ) including the lithium interacting simultaneously with the AQ and triazine (T), or
simultaneously with the AQ and benzene (B). The orange-colored sphere represents lithium interacting
with T or interacting simultaneously with T and B. The lithium interacting with benzene only is
represented by the green-colored sphere. Reproduced from ref. 1 with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.

71



Capacity

Lithiation

mAh/g

104
mAh/g

—— B ééa-—'é?'cwf i
e O P 0@ —

Figure 4.7 Magnified views of the lithium-inserted rCTF structures at stage 1. The black arrows indicate
rCTF layer translation. The magenta spheres represent lithium interacting with at least more than one

C=0 group of anthraquinone (AQ). Reproduced from ref. 1 with permission from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim, copyright 2020.

Capacity

Lithiation

Figure 4.8 Magnified views of the lithium-inserted rCTF structures at stage 2. The magenta spheres
represent lithium interacting with at least more than one C=0O group of anthraquinone (AQ) including
the lithium interacting simultaneously with AQ and triazine (T). The orange spheres represent lithium
interacting with T or interacting simultaneously with T and benzene (B). Reproduced from ref. 1 with

permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Figure 4.9 Magnified views of the lithium-inserted rCTF structures at stage 3. The magenta spheres
represent lithium interacting with at least more than one C=0O group of anthraquinone (AQ) including
the lithium interacting simultaneously with AQ and triazine (T), or simultaneously with AQ and benzene
(B). The orange spheres represent lithium interacting with T or interacting simultaneously with T and
B. The lithium interacting with only benzene is represented by green spheres. Reproduced from ref. 1
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.

1.60 — /
—@— Triazine (C-N)

155 @ Anthraquinone (C-O)
Y7 —e— Benzene (C-C)

1.50 -

< Stage Stage Stage
.\C/ 1 2 3
o 1.451 e
C
2 s G R
T 1404 o e )
o g iy
o 1.35- 077—"("7“‘0_7_"0_,. '} L ]

1.30- /"—O—o,_",,.»r-o'

o I | | //
100 200 300 1200

Capacity (mAh g™)

Figure 4.10 Averaged bond length profile of the functional groups in rCTF. Reproduced from ref. 1
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Consequently, in the fully lithiated state, a total of 138 lithium atoms are stored in our model system
consisting of six rCTF repeating units (23 lithium atoms per rCTF unit) (Figure 4.11). The number of
lithium atoms in close contact with only one functional group is 32 lithium atoms. The rest of the lithium
atoms are shared between two or more functional groups. The number of lithium atoms stored in each
functional group was estimated by assuming that (for those that are bound to more than one functional
group) they are shared equally to each functional group. For example, if a lithium atom simultaneously
interacts with a benzene ring and a triazine ring, it is assumed that half of the lithium atom is stored in
each functional group. As aresult, in the fully lithiated state, per our model C=O groups store 3.9 lithium
atoms (2.0 lithium atoms per C=0), triazine rings store 6.7 lithium atoms (3.4 lithium atoms per triazine

ring), and benzene rings store ~12.4 lithium atoms (3.1 lithium atoms per benzene ring) (Figure 4.12).

Li interacting with 1 functional group
Li interacting with 2 functional groups

Li interacting with 3 functional groups

@000

Li interacting with 4 functional groups

Figure 4.11 Top and front views of the fully lithiated rCTF structures (specific capacity = 1198 mAh g~
). Carbon, hydrogen, nitrogen, and oxygen are light gray, white, blue, and red, respectively. Lithium
is represented in different colors depending on the number of functional groups in close contact with
the lithium. The criterion distance for close contact between two atoms was set to 89% of the sum of
their van der Waals radii. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim, copyright 2020.
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Figure 4.12 The number of lithium atoms stored in each functional group per rCTF unit, per the model
used here. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, copyright 2020.

The calculated voltage profile shows that lithium ions are infiltrated into the rCTF to produce an
energy density of up to 1198 mAh g ! in the electrochemical potential range above the lithium
plating/stripping potential, which is consistent with the experimental (saturated) capacity of <1200 mAh
¢! at a current density of 0.5C (Figure 4.13). This calculated result also agrees well with the
experimental CV analysis with respect to the multiple redox reactions. The multiple reductions at above
the 0.5 V can be ascribed to the redox reaction of the quinone and triazine groups in stages 1 and 2,
respectively, from matching our calculations with the experimental CV analysis. The sloping region
below 0.5 V corresponds to stage 3, where the benzene groups become activated, contributing to a large
fraction of the capacity together with the quinone and triazine rings. During the overall lithiation steps,
we note from the calculation that the gradual deformation of the pore network structure causes more
redox-active sites to be accessible for lithium atoms, for example fused carbon rings, which were
originally “concealed” because of the original stacked structure (Figure 4.14). This deformed structure,
which remains stable even after delithiation (Figure 4.15), is expected to retain the activated accessible
sites contributing to the increased specific capacity. To investigate the volume change of rCTF, we also
calculated the volume of the rCTF before and after lithiation, based on the model systems obtained from
the simulation of lithiation. The volume change was calculated to be negligibly small (AV/V, x 100 =
—0.2%). This may be attributed to the porous structure of the rCTF with large free volume; lithium
atoms are mainly stored at the surface of the pore channels and also the deformation of the rCTF
structure induced by lithiation occurs toward the large pore. This makes the change of the total volume

negligible.
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Figure 4.13 Calculated voltage profile of the rCTF lithiation process. Reproduced from ref. 1 with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Figure 4.14 Schematic of the rCTF lithiation process. The gray arrows indicate the rCTF layer
translation. Carbon, hydrogen, nitrogen, and oxygen are light gray, white, blue, and red, respectively.
Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2020.
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Figure 4.15 Relaxed structure of rCTF after lithiation and delithiation. Reproduced from ref. 1 with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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4.3.3 Electronic Structure of rCTF

To understand the intrinsic electronic structure of rCTF and the effect of extrinsic perturbation due
to charge transport during lithiation, we performed density functional theory calculations and analyzed
the projected density of states (PDOS) according to the state-of-charge (Figure 4.16). From the PDOS
plots, we examined the electronic states near the Fermi level, especially the unoccupied states; The
“unoccupied states” are filled with electrons transferred from lithium when the rCTF is reduced during
lithiation. In the pristine rCTF, the unoccupied states near the conduction band minimum (CBM) are
mainly contributed by the anthraquinone (Figure 4.16a). At the energy level above those states, one
finds the unoccupied states of the triazine ring and the benzene ring. Thus, per this analysis, during
lithiation the anthraquinone is reduced first, followed by the triazine ring and then the benzene ring.
Indeed, in stage 1 of the lithiation process, electrons are filled in the unoccupied states of anthraquinone
(Figure 4.16b). In stage 2, electrons are primarily filled in the unoccupied states of the triazine ring
(Figure 4.16¢). In stage 3, electrons are filled in the unoccupied states of anthraquinone, triazine ring
and benzene ring; the energy levels of those states are not clearly separated (Figure 4.16d). Our DFT
results indicate that the electronic structure of rCTF is consistent with the experimentally observed
mechanism of lithium storage. We note that the lithiation results in a transition from semiconductor to
metal: The pristine rCTF is a semiconductor with a band gap of 1.44 eV. As lithiation progresses, the
Fermi level is shifted upward and crosses the conduction bands, indicative of metallic character. This

transition is expected to improve electronic conductivity and thus minimize the resistance.
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Figure 4.16 PDOS plots of lithiated rCTF in initial state, the end of stage 1, the end of stage 2 and the

end of stage 3. Benzene in the plots refers to the 6 carbon ring located between the two triazine rings in

rCTF. Reproduced from ref. 1 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim, copyright 2020.
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4.4 Conclusion

We have demonstrated the new rCTF as a promising anode material for Li-ion batteries. The strong
triazine linkages of rCTF provide not only a stable polymeric framework with significant
electrochemical stability but also contribute to the conductivity and charge transport by the formation
of a conjugated framework. According to theoretical calculations, the progressive structural
deformation of rCTF during activation provides more accessible redox-active sites. The utilization of
quinone, triazine, and especially benzene rings as redox-active sites provides a large specific capacity
of up to =1200 mAh g'. The open channels and small particles and possible molecular deformation and
decreased crystallinity that allows access to additional binding sites during/after activation, significantly
improves the lithium-ion diffusion and electrolyte infiltration, which provides a remarkable rate
capability without sacrificing the specific capacity. These findings demonstrate the potential of using
polymeric frameworks as high-performance electrode materials for lithium-ion batteries and also pave
the way for perhaps achieving a fundamental understanding of the mechanism and provide a possibility

for the rational “chemical design” of energy storage systems.
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Chapter 5. Polymorphism of Poly(vinylidene fluoride) Binder Material

This chapter includes the following contents:

Song, W.-1.";  Joo, S. H.; Kim, D. H.f; Hwang, C.; Jung, G.Y.; Bae, S.; Son,Y.; Cho,]J;

Song, H.-K.; Kwak, S. K.*; Park, S.*; Kang, S. J.*, Significance of ferroelectric polarization in poly
(vinylidene difluoride) binder for high-rate Li-ion diffusion. Nano Energy 2017, 32, 255-262. (}:
equally contributed). Reproduced with permission from Elsevier Ltd., copyright 2016.!

5.1 Introduction

High-rate, high-capacity rechargeable batteries have great potential for direct applications in the
exponentially growing battery powered transportation system.”* Compared with the classic combustion
engine, electric motors offer several technical and environmental advantages such as quiet, vibration
free, and eco-friendly performance, which can open up a rapid growth electric vehicle (EV) market and
lead the way for a large mega trend in personal electric transportation devices.* > However, electric
motor-based EVs rely strongly upon a secondary battery system, more precisely, a Li-ion battery (LIB)
of which the range and charging speed are usually set by the performance of the active electrode
materials.®® Although recent LIB technology gives an approximate 100-mile range with overnight
charging speed, there is a strong need for improving battery performance, particularly for capacity and
rate of charging. Consequently, significant efforts have been devoted to improving high-performance
LIBs by obtaining new LIB materials such as cathodes, anodes, electrolytes and separators as well as
controlling the Li-ion and electron diffusion properties during the charging and discharging process.’ !

For example, various innovative cathode and anode materials, which include newly developed

13-15 19-21

nanostructures, electrode surface modifications,'®!'® hybrid-composites, and unique electrode
architectures,’??* have been successfully formed in last decade, from many different research groups,
that show excellent properties; however, the proposed ideas and smart materials exhibit decreased
capacity at high current rates, which is, in general, an undesirable property for high-rate LIBs. One of
the vexing problems is that lack of Li-ion concentration inevitably occurs at high current rates mainly
owing to the concentration difference in the consumed and supplied Li-ions on the active material
surface.” Recently, Xia et al. successfully demonstrated the new strategy for high-rate LIBs with lower
Li-ion diffusion resistance by using surface-amorphized TiO, nanocrystals.?® The key mechanism
behind this research is that amorphized TiO» nanocrystals effectively generate a built-in potential in the
vicinity of the electrode, enabling a reduction in the Li-ion resistance (lithium charge transfer resistance)
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during the discharge and charge process. This result also suggests that suitable surface polarization on

the active material is another key parameter for making high-performance LIBs.

Considering surface polarization, fluorine-containing organic polymers such as poly(vinylidene
fluoride) (PVDF) and its derivatives have been commonly used for binder materials in commercial LIBs
because of their inertness to organic solvents and good physical/chemical stability at high operating
voltages.?” Although they have only been used for binding nano- or micrometer-scale active electrode
materials in LIBs, major applications for PVDF and its derivatives are functional dielectric materials
for capacitor and field effect transistor devices owing to the permanent dipole between fluorine and
hydrogen atoms in the chain backbone.?®3 Although it is rarely considered in the battery field, PVDF
is a semicrystalline polymer exhibiting polymorphism and is known to form at least four different
polymorphs, referred to as a, B, v, 3, depending on its chain conformation and chain packing in a crystal
(Figure 5.1).332 Specifically, it has been observed that there are three chain conformations as a
combination of trans (f) form with torsion angle of 180° and gauche (g+) form with torsion angle of
+120° and two chain packing modes: ft, tg'tg, and fttg'ttitg- conformations, and parallel and
antiparallel packing modes. Different polymorphs exhibit different strength of polarization, and thus
different behaviors such as ferroelectric or paraelectric properties. Although the ferroelectric property
can be similarly utilized by the built-in potential in the LIB field, controlling the phase of the PVDF

binder is rarely demonstrated.

In this contribution, we investigated the effect of the crystalline phase of the PVDF binder in the
anode and cathode electrodes, particularly for two abundant polymorphs o- and [B-phases. The
ferroelectric PVDEF, known in the B-phase, binder is developed by an appropriate thermal annealing
process that allows us to apply it to various active battery electrode materials without changing the ratio
of the binder content. The active electrodes containing the ferroelectric PVDF binder exhibit greatly
improved capacity performance at high current rates in both half- and full-cell architectures. To
understand the origin of this promising battery performance, we theoretically studied the ferroelectric
contribution of PVDF binder in the battery system by using density functional theory (DFT) calculations.
The results imply that surface polarization can effectively reduce resistance during battery operation,
suggesting that the polarization characteristics of binder material are a viable design strategy to enhance

the battery performance.

89



Semi-crystalline

Anode

Separator

Super P

LFP
Cathode

Polymorphism of PVDF binder

/= Chain conformation

t t ftit
Trans (f)
] L L
t t
U 49 gty
Gauche (g) )
v t t
t g t "
i dt tttg*titg~
¢g
= Chain packing
[3 phase O-phase
Parallel
i, \/ o .!|! w|r
a-phase y-phase

v v
Antiparallel  ~ m“ L;lg LI * ¢ ! v
v w 1

Figure 5.1 Schematic representation of a full-cell LIB containing semicrystalline PVDF binder that can

form various polymorphs depending on chain conformation and chain packing mode. Reproduced from
ref. 1 with permission from Elsevier Ltd., copyright 2016.
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5.2 Computational Methods

5.2.1 Density Functional Theory Calculations

Density functional theory (DFT) calculations were performed using CASTEP in Materials Studio
2016.%*34 Generalized gradient approximation parameterized by Perdew-Burke-Ernzerhof (GGA-PBE)
was used to describe the exchange-correlation energy of electrons.’® On-the-fly generation ultrasoft
pseudopotential was used to describe the interaction between electron and ion. Semi-empirical
dispersion-correction using Tkatchenko and Scheffler’s scheme and spin polarization were taken into
account in all calculations.’® The electronic wavefunctions were expanded in terms of a plane-wave
basis set with energy cutoff of 600.0 eV. With Monkhorst-Pack scheme,?” k-point separations less than
0.07 A" and 0.04 A"! in reciprocal space were employed for geometry optimization and calculation of
electronic properties, respectively. The convergence criterion for self-consistent field calculation was
set to 5.0 x 1077 eV/atom. The convergence criteria for geometry optimization were set to 5.0 x 10
eV/atom for the maximum energy change, 0.01 eV/A for the maximum force, 0.02 GPa for the
maximum stress, and 5.0 x 10 A for the maximum displacement. Smearing was introduced with the
value of 0.1 eV and self-consistent dipole correction was applied along z-axis. The atomic charges of

PVDF were estimated using Mulliken population analysis.3*40

The crystal structures of a-PVDF unit cell and 2 x 1 x 1 supercell of B-PVDF were optimized by
relaxing both the cell parameters and atomic positions. Using the optimized crystal structures, PVDF
surface was modeled as a periodic slab consisting of 8 molecular layers of PVDF. For B-PVDF, slab
models consisting of 1, 2, 4, 8, and 16 molecular layers were also constructed. For both a- and B-PVDF
surfaces, two types of termination are possible along the direction of the electric dipole moment: F-
terminated and H-terminated surfaces. Considering the crystal structures and surface terminations, four
different types of slab models were constructed for F-terminated and H-terminated surfaces of a- and
B-PVDF. It is noteworthy that a-PVDF slab models have same terminations at top and bottom surfaces,
while B-PVDF slab models have both F-terminated and H-terminated surfaces. In each model, the
atomic positions of bottom 4 molecular layers were fixed to describe bulk-like structure. To minimize
the interactions between periodic slabs along z-axis, the cell parameter ¢ was adjusted to 40 A;

exceptionally, it is adjusted to 80 A for the slab model consisting of 16 molecular layers.

For PVDF surface, work function W, the energy needed to remove an electron from surface to
vacuum level, was calculated by the difference between the potential energy of an electron in the

vacuum and the Fermi level,
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W = —e¢ — Ep

where —e, ¢, and Er represent the charge of an electron, the electrostatic potential, and the Fermi level,

respectively.

The adsorption energy of Li on PVDF surface was calculated by following equation,

AEqqs = Epvpr+vi — Epvpr — ELi

where EpvprsLi, 1s the total energy of Li-adsorbed PVDF surface; Epypr and Er; are energies of bare

PVDF surface and Li atom in gas phase, respectively.

5.2.2 Molecular Dynamics Simulation

To find energetically preferable polarization orientation of ferroelectric f-PVDF on LiFePO, (LFP)
surface, molecular dynamics (MD) simulations were performed using Materials Studio 2016.%
Universal force field with Mulliken charges obtained from DFT calculations was used to describe the
interactions between the PVDF and LFP surface.*! Short-range van der Waals interactions were
calculated with cutoff distance of 12.5 A and long-range electrostatic interactions were evaluated by
Ewald summation method.*> * Newton’s equations of motion were integrated by velocity Verlet
algorithm with a time step of 1 fs.** MD simulations were performed under canonical ensemble. The
temperature was controlled by Berendsen thermostat with a decay constant of 0.1 ps.** Periodic
boundary conditions were applied in all three directions. For constructing model system, the 35-mer
PVDF chain with all-trans (¢t¢f) conformation and the 22 x 10 X 2 stoichiometric LFP (010) surface slab
were employed. To minimize the interactions between periodic images along z-direction, the height of
the simulation box was adjusted to 150 A. The PVDF chain was placed above the LFP (010) surface
with the initial polarization direction vertical to the substrate. Two different polarization directions
perpendicular to the substrate, namely upward and downward directions, were considered. The PVDF
chain was equilibrated at 298 K for 500 ps, while the atomic positions of the LFP were kept fixed. To
further investigate the origin of preferable orientation of the PVDF chain on the LFP surface, we
calculated the interaction energy profile with respect to the rotation angle between the polarization
direction and the surface normal vector. The 5-mer PVDF chain with ## conformation and the 5 x 2 X

2 stoichiometric LFP (010) surface slab were employed for the calculations.
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5.3 Results and Discussion

5.3.1 Crystal Structure of a- and B-PVDF

The crystal structures of a- and B-PVDF, two most abundant polymorphs of PVDF, are markedly
different in terms of chain conformation and chain packing (Figure 5.2). The a-PVDF consists of chains
with the 7g"tg” conformation in the antiparallel manner. Therefore, there is no net dipole moment in the
resulting crystal. On the other hand, the B-PVDF consists of chains with the #ftf conformation in the
parallel manner, which leads to the strong spontaneous polarization. To investigate the effect of these
differences, especially the difference in polarization characteristics, on battery performance, we
investigated the electronic properties of a- and B-PVDF and their interactions with Li-ion, which is

closely related to the electron and ion transport, respectively.
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Figure 5.2 Crystal structure, chain conformation, chain packing, and polarization characteristic of o-
and B-PVDF. Carbon, fluorine, and hydrogen are grey, green, and white, respectively. The brown arrows

indicate the dipole direction of each chain.
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5.3.2 Electronic Structure of a- and -PVDF

In order to investigate the effect of the ferroelectric polarization on the electronic properties, we
investigated the molecular layer-projected electronic density of states (DOS) for both paraelectric a-
PVDF and ferroelectric f-PVDF. Figure 5.3 shows the DOS of slab models for F-terminated a- and p-
PVDF surfaces. For the paraelectric a-PVDF, we observed no shift in local bands in the total DOS
(Figure 5.3a). For the ferroelectric f-PVDF, however, spontaneous polarization was generated in the
direction of the electronegative fluorine (—¢) to the electropositive hydrogen (+¢) and local bands of
each PVDF layer were downshifted along the polarization direction (Figure 5.3b). Resultingly, the
valence band of topmost layer in F-terminated surface and the conduction band of bottommost layer in
the H-terminated surface crossed the Fermi level, leading to the surface metallization and zero band gap
in the total DOS.* The same phenomenon was observed with the H-terminated surface. Figure 5.4
shows the DOS of slab models for H-terminated a- and -PVDF surfaces. Overall, for both a- and -
PVDF, the electronic properties of slab models for H-terminated surfaces were similar to those for F-
terminated surfaces. It is worth noting that as the f-PVDF slab model for H-terminated surface has the

upturned structure of that for F-terminated surface, the energy shifts of local bands occur in the opposite

direction.
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Figure 5.3 The clectrostatic potential map (left panel) and the total and layer-projected DOS (right
panel) of (a) a-PVDF and (b) B-PVDF slab models with F-terminated surfaces, respectively.

Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.
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The electronic properties of PVDF can be influenced by the thickness of PVDF molecular films.*’
To demonstrate the dependency of polarization effect and the electronic properties of B-PVDF on the
number of molecular layers, we analyzed the electronic DOS with increasing the number of molecular
layers up to 16 without any relaxation (Figure 5.5a). As shown in Figure 5.5b, the band gap of B-PVDF
becomes zero with increasing number of molecular layers. After the gap is closed when the number of
molecular layers is more than 4, the shape of total DOS becomes smooth without any dramatic change
near Fermi-level. Considering that the electronic states near Fermi-level are mainly contributed from
both outermost surfaces, the molecular layer-projected DOS of H- and F-terminated surfaces were also
analyzed (blue and red dashed circles in Figure 5.5a). As shown in Figure 5.5¢, the local bands of F-
terminated surface did not show any shift with increasing the number of molecular layers. On the other
hand, the local bands of H-terminated surface were shifted downward, resulting in the overlap of
conduction band and Fermi-level (Figure 5.5d). As the energy shifts of DOS are converged from the 4
molecular layers, PVDF consisting of more than 4 molecular layers is expected to show the similar
electronic properties as those of bulk system. In other words, the surface metallicity of the ferroelectric
B-PVDF phase began to appear over four molecular layers. The results imply that the surface metallicity,

driven by ferroelectric polarization of B-PVDF, plays a crucial role in reducing charge transfer resistance.
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Figure 5.5 (a) The slab models of B-PVDF with different number of molecular layers (ML) from 1 to
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respectively. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.
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5.3.3 Internal Electron Transfer of a- and -PVDF

More specifically, to explore the electron transfer mechanism seen in PVDF, we investigated
molecular layer-resolved electron transfer of a- and B-PVDF surfaces (Figure 5.6). The amount of
electron transfer between each layer in a-PVDF was negligible (Figure 5.6a,c), whereas that in B-PVDF
surface was significantly increased (Figure 5.6b,d). This phenomenon likely occurs because a portion
of states in the valence band of the topmost layer (i.e., the 8th layer), which exceeds the Fermi level,
helps electrons to transfer to the conduction band of the bottommost layer (i.e., the 1st layer) (Figure
5.7); electrons are depleted on the F-terminated surface but excessed on the H-terminated surface. Thus,

good charge transfer is expected to occur internally within f-PVDF along the polarization direction.
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Figure 5.6 Charge transfer in the slab models for (a) F-terminated o-PVDF surface, (b) F-terminated
B-PVDF surface, (c) H-terminated a-PVDF surface, and (d) H-terminated B-PVDF surface. Carbon,
fluorine, hydrogen, and fixed atoms are grey, cyan, white, and dark grey, respectively. Reproduced from

ref. 1 with permission from Elsevier Ltd., copyright 2016.
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5.3.4 Work Function of a- and -PVDF

Furthermore, in order to elucidate overall electron transfer mode through electronic channels
consisting of each layer, the work function (W), which allows predicting a degree of electron affinity
with external environment, was estimated by electrostatic potential calculations (Figure 5.8). For a-
PVDFs with F- and H-terminated surfaces, the constant levels of the electrostatic potentials for each
layer led to similar values of the work functions (Figure 5.8a,c¢). On the other hand, for B-PVDF, the
electrostatic potentials gradually varied along the polarization direction, resulting in the variation of
work function to a large extent. As a result, the work function is W = 8.3 eV for F-terminated surface
and W = 1.6 eV for H-terminated surface (Figure 5.8b,d). Thus, for B-PVDF, externally delivered

electrons preferably bind to the electron-depleted F-terminated surface and exit from the H-terminated

surface.
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Figure 5.8 Profiles of xy-plane averaged electrostatic potential along the z-axis of slab models for (a)
F-terminated a-PVDF surface, (b) F-terminated B-PVDF surface, (¢) H-terminated a-PVDF surface,
and (d) H-terminated B-PVDF surface. W denotes the work function of each surface. Reproduced from

ref. 1 with permission from Elsevier Ltd., copyright 2016.
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5.3.5 Li Binding Affinity of a- and p-PVDF

Also, the binding affinity of Li-ion was estimated by calculating its adsorption energy (AFEaqs) on
each PVDF surface (Figure 5.9). Overall, the adsorption energies on H-terminated surfaces were lower
than those on F-terminated surfaces for both a- and B-PVDEF. More importantly, AE.4's on B-PVDF
surfaces were larger than those on a-PVDF surfaces regardless of surface terminations. In particular,
the F-terminated B-PVDF surface (AEags = -3.04 eV) exhibited much higher binding affinity than the F-
terminated a-PVDF surface (AE.q¢s = -0.72 eV). Although the adsorption energy difference between a-
and B-PVDF for H-terminated surfaces was smaller than that for F-terminated surfaces, f-PVDF still
exhibited higher binding affinity to Li-ion than a-PVDF (AE.«s = -0 61 eV for a-PVDF and AFaqs = -
0.89 eV for B-PVDF). The result indicates that the ferroelectric polarization in B-PVDF, which enhances

the binding affinity of Li-ions, promotes the access to Li-ion toward the electrode surface (Figure 5.10).
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Figure 5.9 (a) Adsorption energy of Li-ion on F-terminated a- and B-PVDF surfaces. (b) Adsorption
energy of Li-ion on H-terminated a- and B-PVDF surfaces. Carbon, fluorine, hydrogen, lithium and

fixed atoms are grey, cyan, white, purple and dark grey, respectively. Reproduced from ref. 1 with
permission from Elsevier Ltd., copyright 2016.
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Figure 5.10 Schematic illustration of a LIB electrode using ferroelectric and paraelectric PVDF binder.

Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.
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5.3.6 Polarization Direction of B-PVDF on LFP

However, if the polarization direction is perpendicular to the substrate, one of the Li-ion transport
direction during the battery operation can be hindered by the repulsive force from PVDF dipoles. In
order to resolve this contradictory issue, we performed additional molecular dynamics (MD) simulation
with B-PVDF conformation on the active electrode as a function of rotation angle of PVDF chain back
bone. During the MD simulations, the PVDF chain changed its orientation so that the dipole moment
of each CF,-CH, repeat unit became parallel to the LFP surface as shown in Figure 5.11. The result
demonstrated that the interaction energy between PVDF and LFP surface became stronger only when
the polarization axis is parallel to the substrate (Figure 5.12). Thus, the parallel orientation is considered
thermodynamically favored and applicable for facilitating Li-ion transport for both discharge and

charge process.

Front Front
view view
Top Top

view view

Figure 5.11 MD simulation snapshots of a 35-mer PVDF chain on LFP (010) surface. Two different
polarization directions, which were vertical to the surface, were considered (upward (left) and
downward (right) directions). Purple arrow represents the direction of net dipole moment of PVDF.
Carbon, fluorine, hydrogen, lithium, iron, and oxygen atoms are grey, cyan, white, dark blue, light pink,

and red, respectively. Reproduced from ref. 1 with permission from Elsevier Ltd., copyright 2016.
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Figure 5.12 Interaction energy profile with respect to the rotation angle of a 5-mer PVDF chain on the
LFP (010) surface. Carbon, fluorine, hydrogen, lithium, iron, oxygen and fixed atoms are grey, cyan,
white, dark blue, light pink, red, and dark grey, respectively. Reproduced from ref. 1 with permission
from Elsevier Ltd., copyright 2016.
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5.4 Conclusion

In conclusion, we hypothesized and tested the idea that a ferroelectric B-PVDF binder can
effectively transport electrons and Li-ions in a LIB system. Our systematic theoretical study clearly
revealed that strong polarization on the active electrodes induced by a ferroelectric binder directly
affects diffusion of electron and Li-ion during battery operation. The ferroelectric polarization induced
surface metallization, internal electron transfer, and the variation of work function, which can expedite
electron diffusion and reduce charge transfer resistance. Moreover, the interaction between a polarized
B-PVDF surface and Li-ions was over four times higher than in a paraelectric a-PVDF binder, which
can facilitate Li-ion diffusion. The promotion of the access of Li-ions toward electrode surface reduces
charge transfer resistance by alleviating lack of Li-ion concentration, which inevitably occurs a high
current rate. Overall, B-PVDF is expected to result in greatly improved capacity with lower cell
resistance, compared to a paraelectric a-PVDF binder-containing cell. We believe that our results open

a new strategy for the design of binders for high-rate secondary batteries.
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Chapter 6. Polymorphism of Chitin Separator Material
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6.1 Introduction

Fibers derived from natural polymers are an indispensable class of material that has versatility for
a wide range of structural and functional applications.’ For example, cellulose (polysaccharide) and silk
(protein) have been key ingredients of fibers not only in the classic textile industry but also for state-of-
the-art biomedical uses, such as sutures and tissue scaffolds.*® Although these biogenic macromolecules
naturally occur as fibers that are as serviceable, their semisynthetic versions, i.e., regenerated fibers
(RFs), and the material technologies associated with the fiber spinning have led the successful
commercialization and elicited scientific interests as well. Viscose rayon and lyocell fibers are good
examples of regenerated cellulose fibers.” In addition, studies on RFs spun from silk fibroin have been

numerous as well,*!°

some of which are also in their commercialization stage.'"" > As such, it is of great
significance to produce advanced RFs from other natural polymers using simple fiber-spinning
processes, and the RFs can offer valuable material options for many engineering applications in diverse
fields.”*'® Herein, we introduce a hierarchical RFs made of chitin [poly(B-(1,4)-N-acetyl-d-
glucosamine)], the second most abundant natural polysaccharide only after cellulose,' and suggest its
usage as a nonwoven fiber separator for lithium (Li) metal rechargeable batteries (LMBs) through

exploiting both the strong affinity to Li-ions and the inertness to the aprotic electrolytes.?

The recent LMBs based on Li—S or Li—O, system are considered one of the promising next-

generation energy storage devices because of their unrivalled energy capacity (~3500 Wh/kg) in
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comparison to the present Li-ion batteries (LIBs).?"" 2> Nevertheless, LMBs have one common yet
crucial drawback that originates from using the bulk-metallic Li anode: the uncontrollable growth of Li
dendrites, which significantly limits the lifecycle of LMBs and causes serious safety issues due to the
internal short circuits.?*® These protruding Li dendrites arise from an inhomogeneous distribution of

Li-ions at the electrolyte—electrode interface, which inevitably occurs during battery operation.?’

A key idea to resolve this issue is alleviating the concentration gradient of Li-ions to mitigate the
growth of Li dendrites by, as examples, introducing separators with regular nanopore arrays or creating
micropatterns on the Li anode.?® 2832 Meanwhile, other technical strategies have been also intensively
developed over the last two decades, such as introducing solid electrolytes, chemical additives, and
barrier layers that chemically and physically restrain the dendrite growth.?-*® However, these methods
still present a difficulty of fabrication and mass synthesis. Thus, there is a strong demand for controlling

the Li metal in a more practical way.

Here, we report on the nonwoven mat-type separator of a regenerated chitin fiber (Chiber), which
is capable of effectively suppressing the growth of Li dendrites that occurs in typical LMBs and
improving their Li cycling efficiency (LCE). As a probing study, we perform density functional theory
(DFT) calculation and molecular dynamics (MD) simulation, which predict that chitin has a high level
of physicochemical affinity to Li cations. The computation result specifically confers an excellent
electrolyte-uptaking property on the Chiber separator, which works as one of the key requirements of
separators for LMBs. Following the investigations on the Chiber’s basic structural and functional
characteristics, we finally validate the performance of Chiber separator, which is introduced in a Li—-O;

battery cell.
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6.2 Computational Methods

6.2.1 Density Functional Theory Calculation

Density functional theory (DFT) calculations were performed using Dmol3 program.®”- *® The
generalized gradient approximation with Perdew—Burke—Ernzerhof (GGA-PBE) exchange—correlation
functional was used,* and the core electrons were treated as all electrons with relativistic effects. The
long-range van der Waals interactions were corrected using Tkatchenko—Scheffler’s method.*® Spin
polarization was taken into account in all calculations. The molecular orbitals were expanded by the
DNP 4.4 basis set with the global orbital cutoff of 5.1 A. The solvent environment was described using
conductor-like screening model (COSMO) method with the dielectric constant of 7.2 for
dimethoxyethane (DME).*' The convergence criterion for self-consistent calculation was set to 10°° Ha,
and the electron smearing of 0.005 Ha was used. The convergence criteria for geometry optimization
was set to 10~ Ha for energy, 0.002 Ha/A for force, and 0.005 A for displacement, respectively. To
calculate the binding energies of Li-ions, we modeled [Li(DME)»(PP)]*, [Li(DME)x(chitin)]*, and
[Li(DME);]" complexes, where chitin 2-mer and PP 10-mer were modeled for the calculations. The

binding energy of Li-ion to surrounding molecules was calculated as follows:
Ebinding = E[Li(surr)]"’ — Epi+ — Esurr

where E +, E ;+, and Eg,, are the energy of the complexes, Li-ion, and surrounding molecules,

[Li(surr)]

respectively.

6.2.2 Molecular Dynamics Simulation

All-atom molecular dynamics (MD) simulations were performed using the Forcite program. The
interactions between the nanofiber and the electrolyte solution were described by the COMPASSII force
field.*? The short-range van der Waals interactions were calculated within the cutoff distance of 12.5 A,
and the long-range electrostatic interactions were treated by the particle-particle particle-mesh (PPPM)
summation method.** To explore the behavior of Li-ions around the nanofiber, we constructed model
systems of electrolyte solution-soaked crystalline nanofiber, which consists of isotactic Polypropylene
(PP), a~chitin, or B-chitin. The crystalline nanofiber was modeled following a cylindrical shape with a
diameter of ~5 nm in a three-dimensional periodic simulation box, where the principal axis of the fiber

is along the y-direction. The self-interactions were avoided by adjusting the length of the simulation
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box to ~7 nm in the x- and z-directions. The solvent molecules and the dissociated ions constituting the
electrolyte solution (i.e., 1 M LiTFSI in DME) were then randomly packed into the vacuum space
around the nanofiber with a density of 1.08 g/cm?>. The information on each model system is summarized
in Table 6.1. The initial model systems were relaxed by performing geometry optimization until the
convergence criteria of 0.001 kcal/mol for energy and 0.5 kcal/mol/A for force were satisfied. After that,
the MD simulations were carried out for 10 ns at 298 K and 1 atm with the isothermal—isobaric ensemble
(i.e., NPT). The temperature and the pressure of each system were controlled by Berendsen thermostat
and barostat, respectively.* The Newton’s equations of motion were integrated using velocity Verlet
algorithm with the time step of 1 fs.* The radical distribution function (RDF) was analyzed with MD
trajectories of the last 100 ps, and the adhesion energy (E.q) between the nanofiber and the electrolyte

solution was calculated throughout the MD simulation using the following equation:

Ead = Etotal - Enanofiber - Esolution

where Eiotal, Enanofiber, and Fsolution are the energies of the total system, nanofiber, and electrolyte solution,

respectively.

Table 6.1 The information of the model systems. Nchains, Nome, N+, and Npggi- are the number of
chains constituting the nanofiber, DME molecules, Li ions, and TFSI ions contained in each model

system, respectively.

Box size
System X x Y x Z(nm) Nt Nove e resr
PP 7.0x4.0x7.1 44 736 76 76
a-chitin 7.0x42x%x7.0 37 772 80 80
[S-chitin 7.0%x42x7.0 37 779 81 81
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6.3 Results and Discussion

6.3.1 Polymorphism of Chitin

The biphasic structure of the regenerated chitin fiber (Chiber) was confirmed by experimental
analysis of the crystal structure. In nature, the chitin occurs as supramolecular semicrystalline and exists
in two major distinct polymorphs: a-chitin (orthorhombic) and B-chitin (monoclinic). These chitin
crystals have different molecular conformations with dissimilar hydrogen-bond densities. The a-chitin
is characterized by chitin molecules being arranged in the antiparallel manner whereby the
intramolecular C=0---HO hydrogen bonds are simultaneously engaged with the intersheet C=0---HN
hydrogen bonds (Figure 6.1a,b). Meanwhile, in B-chitin, chitin molecules are stacked in the parallel

arrangement and have intramolecular C=0---HO hydrogen bonds (Figure 6.1c).

Density functional theory calculations on the two polymorphs revealed that their structural
differences lead to different polarization characteristics.? Owing to the polar functional groups (i.e.,
amide, hydroxyl, and ether) and the 2, helical conformation, a chitin molecule exhibits strong uniaxial
polarization along the chain backbone. Therefore, the antiparallel arrangement of chitin molecules in
the a-chitin leads to the cancellation of electric dipole moments, resulting in almost zero polarization.
In contrast, the parallel arrangement of chitin molecules in the B-chitin leads to the strong uniaxial net-

polarization along the [001] direction, conferring excellent piezoelectricity (Figure 6.2).
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Figure 6.1 Projection views along the [100] and [001] directions of the optimized crystal structures of
(a) a-chitin with O6A conformation, (b) a-chitin with O6B conformation, and (c) B-chitin. Magnified
images show the molecular structure of B-(1,4)-N-acetyl-D-glucosamine in each crystal structure.
Orange and purple arrows indicate the polarization direction of each chitin molecule along [001] and

[001], respectively. The C, H, N, and O atoms are colored gray, white, blue, and red, respectively.

Reproduced from ref. 2 with permission from Elsevier Ltd., copyright 2018.
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Figure 6.2 Spontaneous polarization of B-chitin nanofibers. The arrow pointing from red to blue
represents the polarization direction. The positively and negatively charged atoms are blue and red,

respectively. Reproduced from ref. 2 with permission from Elsevier Ltd., copyright 2018.

115



6.3.2 Chitin-Electrolyte Interaction

To check the usage of chitin as a nonwoven fiber separator for Li metal batteries, we explored the
behavior of Li-ions around the chitin fiber and the chitin—electrolyte interactions by performing MD
simulations and DFT calculations. Figure 6.3 shows the MD snapshots of polypropylene (PP) (Celgard,
a conventional separator material), a-chitin, and B-chitin nanofibers immersed in the electrolyte solution
at 0 and 10 ns. While the PP nanofiber does not hold Li-ions at its surface, the chitin nanofiber of both
polymorphs exhibits a high affinity to Li-ions at the surface-exposed hydroxyl and acetylamino groups
(Figure 6.4). Statistically, it is also seen from the radial distribution function (RDF) between the
nanofibers and Li-ions (Figure 6.5), where the chitin nanofibers of both polymorphs show higher
intensities than the PP nanofiber and notably exhibit sharp peaks at » = ~2 A. We find that the peaks
represent the Li-ions coordinated to hydroxyl and amide functional groups of chitin molecule forming
a pocket-like structure (the inset of Figure 6.5). Thus, the functional groups of chitin molecule
significantly contribute to the high Li-ion affinity. Furthermore, we estimate the binding energy of Li-
ions in [Li(DME)x(PP)]", [Li(DME)x(chitin)]*, and [Li(DME);]" complexes. The binding strength of
Li-ions with chitin (i.e., Evinding = —3.49 €V) is found to be larger than that with PP (i.e., Evindine = —1.91
eV) but similar to that with DME molecules (i.e., Ebinding = —3.46 eV) (Figure 6.6). This binding
characteristic implies that Li-ions can be bound to chitin nanofiber reversibly. Consequently, the
functional groups of chitin molecule play a significant role in the high Li-ion affinity with reversible
binding, and thus a low charge transfer resistance of chitin separator is expected. Separately, we notify
that the adhesion energy of the a-chitin or B-chitin nanofiber to the electrolyte solution is estimated to
be approximately 3 times larger than that of the PP nanofiber from our MD simulation (Figure 6.7).
This strong adhesion energy of chitin nanofiber is a telltale signature for the high uptake of electrolyte

solution of Chiber separator.
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Figure 6.4 The atomic configuration of (a) (100) and (b) (010) planes of a-chitin fibers. The blue dotted
lines represent the hydrogen bonds inside the alpha chitin fibers and the red dotted lines represent the
dangling hydrogen bonds of the polar amid and hydroxyl groups exposed on the chitin fiber surface.
Carbon, hydrogen, nitrogen, and oxygen are gray, white, blue, and red colors, respectively. Reproduced

from ref. 1 with permission from American Chemical Society, copyright 2017.
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Figure 6.5 The RDFs of a-chitin, -chitin, and PP with Li-ions. Reproduced from ref. 1 with permission
from American Chemical Society, copyright 2017.
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Figure 6.6 The optimized geometries of (a) [Li(DME),(PP)]", (b) [Li(DME)x(chitin)]*, and (c)
[Li(DME);]* complexes with the calculated binding energies of Li" to surrounding molecules. The
polymer, DME molecule, and oxygen atom are dark gray, light gray and red colors, respectively.

Reproduced from ref. 1 with permission from American Chemical Society, copyright 2017.
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Figure 6.7 The normalized adhesion energy of a-chitin and B-chitin to PP in the electrolyte solution.

Reproduced from ref. 1 with permission from American Chemical Society, copyright 2017.
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6.4 Conclusion

In conclusion, we have successfully demonstrated a hierarchical regenerated chitin fiber (Chiber),
working as a nonwoven mat-type Chiber separator that is capable of effectively mitigating Li dendrites
in LMBs. Based on computational support and electrolyte uptake measurement, we found that the Chitin
molecule has a stronger Li-ion affinity than conventional battery separators due to unique coordinations
with functional groups. In particular, this Li-ion affinity arose from Chiber separators with the binding
reversibility allowed to exhibit greatly improved Columbic efficiency with Li metal mitigation not only

in the Li/Li symmetry cell but also in the realistic LMBs such as Li—O, and Na—O batteries.
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Chapter 7. Summary and Future Perspectives

7.1 Summary

In this dissertation, theoretical studies on battery materials were presented. Using the multiscale
simulations, the polymorphism and charge storage mechanism of three newly designed electrode

materials, a conventional binder material, and a separator material were studied.

In Chapter 1, a brief overview and the challenges of rechargeable batteries were discussed. We
then provided a general background of the charge storage mechanism and polymorphism. Finally, we
explained the importance of multiscale computational techniques including the density functional
theory calculation, density functional tight binding calculation, molecular dynamics simulation, and

Monte Carlo simulation.

In Chapter 2, we theoretically studied the polymorphism and charge storage mechanism of c-HBC,
as a new type of anode material for Li-ion batteries. The in-silico polymorph screening with the Monte
Carlo simulation revealed that the crystal structure of polymorph II’ was the metastable R3 crystal
phase, which was characterized by the c-HBC molecules being arranged in the ABC packing sequence
with consistent molecular orientation. The result indicated that c-HBC exhibited packing polymorphism
with forms of P2i/c and R3 crystal phases. On the other hand, the polymorph II was determined to be
the P3; (or P3;) crystal phase with Pd atoms, which was not a polymorph of c-HBC. Moreover,
theoretical investigation on the lithium storage mechanism of c-HBC revealed that the c-HBC anode
exhibited a single-stage Li-ion insertion behavior without voltage penalty due to the 3D-ordered empty

pores, which originated from the contorted structure of c-HBC.

In Chapter 3, we theoretically examined the polymorphism and charge storage mechanism of F-
cHBC as a potential electrochemical organic electrode material. The computational polymorph
screening revealed that the crystal structure of polymorph I was the energetically stable P2/c crystal
phase. Moreover, our investigation on lithium/sodium storage mechanism showed that Li- and Na-ions
could be stored in two distinct sites surrounded by electronegative fluorine atoms and a negatively

charged bent edge aromatic ring.

In Chapter 4, we theoretically investigated the polymorphism and charge storage mechanism of
the rCTF, as a promising organic anode material for Li-ion batteries. The potential energy analysis
clearly showed that rCTF can exhibit packing polymorphism for two energy-minimum packing modes:
AB and slipped-parallel packing modes. The most stable was the slipped-packing mode. Based on the
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density functional theory calculations and Monte Carlo simulations, it was also revealed that rCTF
provided a theoretical capacity of up to 1200 mAh g! using quinone, triazine, and benzene rings as the
redox-active sites. Moreover, it was found that the structural deformation of rCTF during activation

allowed more redox-active sites to be accessible, especially benzene rings.

In Chapter 5, we theoretically examined the effects of the crystal phases, particularly the a- and p-
phases, of the polymorphic PVDF binder material on the battery performance. Based on the density
functional theory calculations and molecular dynamics simulation, it was revealed that the strong
polarization generated by the ferroelectric f-PVDF can effectively transport electrons and Li-ions,
leading to a reduction in the charge transfer resistance and alleviation of the concentration polarization

in the Li-ion battery system.

In Chapter 6, we present a theoretical study on polymorphism of chitin separator material and its
interaction with electrolyte. As a semicrystalline biopolymer, chitin can exist in two polymorphs, a- and
B-phase. These crystals have different molecular conformation and arrangement, resulting in different
polarization characteristics. Based on density functional theory calculations and molecular dynamics
simulations, it was found that both polymorphs of chitin had excellent electrolyte-uptaking property
and high physicochemical affinity to Li-ions with binding reversibility.

In conclusion, we investigated the polymorphism and charge storage mechanism of various solid-
state battery materials such as polymer, molecular crystal, and two-dimensional covalent organic
framework for their application in rechargeable batteries using multiscale computational techniques.
We anticipate that our theoretical studies will contributed to a better understanding of polymorphic
behavior and charge storage mechanism of battery materials and provide new strategies for the design

and discovery of novel battery materials.
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7.2 Future Perspectives

Herein, we will discuss issues and challenges related to the topics covered in this dissertation and
propose future research directions to design and discover novel materials for applications in high-

performance rechargeable batteries.

The major challenge in the research field of polymorphism is predicting the polymorphs of a
compound. Based on the structure of a molecule or compound, determining whether the compound is
polymorphic is difficult. Moreover, it is a formidable task to experimentally construct a polymorphic
landscape under varying conditions. In this context, a computer-aided prediction of polymorphs and
phase diagrams can accelerate the discovery of new stable and metastable crystalline materials without
empirical knowledge. Furthermore, a systematic understanding of the structure-property relationship
based on established polymorph databases will provide the insights into the design of new materials

with superior properties.

Despite tremendous efforts in crystal structure prediction, predicting which polymorph will emerge
still remains a major issue." > Hence, a fundamental understanding of crystal nucleation and growth can
help this problem. Therefore, it is important to study not only the thermodynamic stability, but also the
kinetic stability associated with the nucleation and growth of different polymorphs. In this regard, some
progress has been made in the estimation of growth rates by calculating attachment energy and surface
rugosity.> 4 The provision of kinetic and thermodynamic properties can be a useful experimental guide

in realizing polymorphs with intriguing physicochemical properties.

From a materialistic point of view, organic materials and electrically conductive metal organic
frameworks have great potential as electrode materials for next-generation rechargeable batteries.>”
Compared to the conventional battery materials, they provide more diversity in material design.
Specifically, given that molecules with similar chemical structures show disparate polymorphic
behavior with different number of polymorphs, their flexible structure modifications enable fine tuning
of properties and significantly expand the scope of energy storage materials. In addition, their redox
chemistry such as the overlithiation process has not been fully understood. In this context, it is expected
that the machine learning technique and multiscale simulation will help in the in-depth understanding
of the structure-property relationships and design principles. As simple model structures, the
functionalized c-HBC and MX-type metal organic framework will be studied first in our future works.

Our ultimate goal is to computationally design novel battery materials.
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