ABSTRACT

Title of Dissertation: Atomistic Exploration of Water and Salt
Confined in Sub-Nanometer and
Nanometer Wide Boron-Nitride
Nanotubes.

Bhargav Sai Chava, Doctor of Philosophy,
2023

Dissertation directed by: Professor Siddhartha Das, Department of
Mechanical Engineering, University of
Maryland.

In my dissertation, I will use atomistic simulations to study the behavior of water and salt
solutions confined in sub-nanometer and nanometer wide boron nitride nanotubes (BNNTS). This
study will provide fundamental insight into the effect of nanoconfinement on a) the structure of
water-in-salt electrolytes (WIiSEs) inside nanometer-wide BNNTSs, b) structure, filling
thermodynamics, and hydrogen bond (HB) kinetics and strength for water confined in BNNTSs of

various diameters.

For the past few decades, nanoconfined fluids are being actively researched by scientists
and engineers due to their interesting properties that are absent in their bulk counterparts. Such
fluids could play a crucial role in developing novel nanofluidic devices for application in the fields

of energy storage, membrane separation, and bioengineering. In the context of nanoconfined



fluids, nanotubes are a very popular choice as structures used for confining these fluids. Among
them, carbon nanotubes (CNTSs) and boron nitride nanotubes (BNNTS) are two of the most well-
studied nanotubes. They exhibit outstanding mechanical properties, chemical stability, and thermal
conductivity. However, their electronic properties are dissimilar. CNTs are known to be
semiconducting materials, while BNNTSs are regarded as electrical insulators. These properties
make each of these nanotube types quite unique. Also, due to the polar nature of the B-N bonds,
the behavior of the fluid confined inside the BNNT is distinctly different compared to the fluid

confined inside the CNT.

In chapter 2, I use all-atom molecular dynamics (MD) simulations to report a novel non-
covalent endohedral nanotube-salt-water hybrid formed by confining a 10 molal (m) LiTFSI
aqueous solution inside a (7, 7) BNNT that has an internal diameter comparable to the size of the
TFSI anion. The simulation reveals that TFSI™ ions and hydrated Li* ions form axially non-
overlapping periodic blocks inside the (7, 7) BNNT. Also, the TFSI anions are immobile inside
the hybrid, and as a result, traps the water encapsulated in between them. These circumstances lead
to an interesting scenario where the entrapped water is confined in all directions resulting in zero-
dimensional water blocks. Further, water exists in a liquid state in these zero-dimensional blocks.
Finally, it is demonstrated (by detailed free energy curves) that this hybrid is stable against

increasing temperature and the change of the surrounding chemical composition.

In chapter 3, I use all-atom MD simulations to show that water free localization of a TFSI
ion at the negative electrode is possible for a moderately concentrated LiTFSI based WISE
confined inside a 1-nm diameter BNNT. | explain this possibility as a combined effect of the
affinity of the TFSI" ion to enter an empty nanometer-wide BNNT prior to other electrolyte

molecules, and the size of the TFSI" being comparable to the diameter of the BNNT.



In chapter 4, | use ReaxFF MD simulations to study the water structure and
thermodynamics inside BNNTs of various diameters. This study shows that water is
thermodynamically more stable when confined inside BNNTs compared to bulk water. Also,
entropic favorability is found to be the predominant factor in stabilizing BNNT-confined water
despite the mild hydrophilicity of hexagonal boron nitride. Further, the factors dictating the

entropic favorability varies with the BNNT diameter due to significant changes in water structure.

In chapter 5, I explore the effect of BNNT based confinement on the water hydrogen bond
kinetics and strength. First, appropriate water HB definitions were devised for BNNT-confined
water systems (with varying degrees of confinement). Using these definitions, pairs of water
molecules with HB configurations are identified and the corresponding HB kinetics and strengths

are quantified.
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Chapter 1: Background and Motivation

1.1. Overview

Nanoconfined fluids have gained a lot of attention from scientists and engineers for the past few
decades with the accelerated evolution of nanotechnology.! Such fluids were shown to exhibit
remarkable properties that cannot be seen in their bulk counterparts. Exploration of such properties
is not only of great importance to the progress of fundamental science, but also plays a crucial role
in advancing many application-driven fields. Few of the industrial applications that take advantage
of the unique properties of nanoconfined fluids include energy storage,> membrane technology,?
and bioengineering.* Nanotubes are one of the common confining structures used in many studies
involving nanoconfined fluids. These nanostructures come in a wide range of pore sizes, which
directly affect the degree of confinement and therefore, the behavior of fluids confined in them.
Carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTSs) are two of the most widely
investigated nanotubes with CNT being the focus of numerous experimental and theoretical
studies.>®® Unlike the C-C bonds in CNTs, the B-N bonds in BNNTs are polar in nature:
accordingly, there are significant disparities in the structure and dynamics of water and salt
solutions confined in these two types of nanotubes. While both the types of nanotubes possess
excellent mechanical and thermal properties, their electronic properties are contrasting. BNNTS,
for example, have a wide band gap of 5-6 eV making them excellent electric insulators; on the
other hand, CNTs behave as semiconducting materials.*® These characteristics make BNNTSs
desirable for applications requiring electric insulators with high thermal stability. Figure 1.1 shows
the schematic of a BNNT with a chiral index of (7, 7) which corresponds to a diameter of

approximately 1 nm.
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Figure 1.1 a) Axial and b) cross sectional view of a (7, 7) BNNT

Molecular dynamics (MD) simulations are an indispensable tool to explore the structural and
dynamic properties of materials at an atomic-level resolution. In this thesis, we use (MD)
simulations to study the behavior of water and salt solutions confined in sub-nanometer and
nanometer wide BNNTs. We will explore the structure and filling behavior of moderately
concentrated water-in-salt electrolytes (WiSE) confined in nanometer-wide BNNTSs. Furthermore,
the effect of the applied voltage on these properties will be investigated for potential applications

in aqueous Li-ion batteries. Later, we will study the water hydrogen bond (HB) strength and the



thermodynamics dictating the water structure and density in BNNTs of various diameters. In
addition, we will probe the effect of vacancy defects in BNNTSs on the water friction confined in
them. Finally, we will analyze the effects of confinement on the chemisorption of hydroxide ion

at the inner surface of a BNNT.

1.2. Water-in-Salt Electrolytes Confined in Nanometer-wide BNNT: Effect of

Confinement and Voltage on Structure and Filling Behavior

Water-in-salt electrolytes (WISEs) refer to extremely large salt concentrations in an aqueous
medium. The typical characteristic of WISE systems is that the salt outnumbers water by both
weight and volume, and some of the water molecules in the cation’s hydration shell are replaced
by anions. Recently, highly concentrated LiTFSI based WiSE systems have been found to enhance
the electrochemical stability window of aqueous Li-ion batteries. Augmented ion pairing and a
lack of free water in these systems have been found to be the primary reasons for the enhanced

electrochemical stability.!’

Previous computational works have shown that boron nitride sheet dispersion is
thermodynamically more favorable in ionic liquids, containing TFSI™ anion, compared to pure
water.'® Also, recent studies involving experiments and DFT calculations showed that hexagonal
boron nitride induces trapping of TFSI- anion.'® In addition to these results, the size of the TFSI-
anion leads to some interesting questions as to how confinement in a nanometer-wide BNNT
affects the structure and filling behavior of concentrated LiTFSI aqueous electrolytes. In chapters

2 and 3, we use all-atom MD simulations to answer these questions and assess the potential of



these nanoconfined aqueous electrolytes for application in aqueous Li-ion batteries and hybrid

materials.
1.3. Water Confined in BNNTs

The exploration of structure and transport properties of nanoconfined water is of great relevance
for developing state of the art nanofluidic systems. For specific applications requiring water
confined in an electrically insulating, chemically and thermally stable nanostructure, BNNT is an
excellent choice. Many previous MD studies have reported the structure and dynamics of water
confined in BNNTSs of various diameters.!® 2% 2122 However, most of these studies use force field
parameters that significantly underpredict the water contact angle on boron nitride (BN). The force
field used in the above studies predict a water contact angle of 30° while the recent experimental
studies report a water-BN contact angle of 66°.2 Results from the above studies show that water
spontaneously fills a (5, 5) BNNT and forms a steady continuous single file water in (5, 5) and (6,
6) BNNTs which could be a result of the overestimation of BNNT’s hydrophilicity.*> 2% 2! In
chapter 4, | perform reactive MD simulations using the recently reported ReaxFF parameters
which predict a water-BN contact angle of ~70°.2% Here, | study the structure and the filling
thermodynamics for water confined in BNNTSs of various diameters. In chapter 5, | study the effect
of BNNT induced confinement on the water hydrogen bond strength and kinetics using the above

described ReaxFF MD simulations.



The contents of this chapter have been published as Chava, B. S., Wang, Y., & Das, S. (2021). Boron Nitride
Nanotube—Salt-Water Hybrid: Toward Zero-Dimensional Liquid Water and Highly Trapped Immobile Single
Anions Inside One-Dimensional Nanostructures. The Journal of Physical Chemistry C. 125, 25, 14006-14013

Chapter 2: Boron-Nitride-Nanotube-Salt-Water Hybrid: Towards Zero-
Dimensional Liquid Water and Highly Trapped Immobile Single Anions Inside
One-Dimensional Nanostructures*

Abstract

Nanotube-molecules-based hybrid structures, where different chemical species are integrated with
the nanotubes either exohedrally (i.e., attached on outer surface of the nanotubes) or endohedrally
(i.e., encapsulated within the nanotubes) has enabled developing novel materials with
unprecedented application potentials. In this paper, we describe our simulation-driven discovery
of endohedral and non-covalent nanotube-salt-water (boron-nitride-nanotube-LiTFSI-water)
hybrid structure, which forms when a 1-nm-diameter boron-nitride nanotube (BNNT), placed in a
large-concentration LiTFSI electrolyte solution, gets filled with periodically repeating and axially
separated non-overlapping blocks of TFSI anion and Li-ion-solvating water. In this hybrid
structure, the TFSI anions are in highly trapped immobile state, while the water blocks are in a
zero-dimensional configuration and a liquid (non-crystalline) state. Furthermore, subjecting the
hybrid to elevated temperature or salt-free surrounding has little effect on the structure and
properties of this hybrid. This, along with separate free energy simulations, confirms the most

remarkable stability of this nanotube-salt-water hybrid system.
2.1 INTRODUCTION

Nanotubes (e.g., carbon nanotubes or CNTs, boron nitride nanotubes or BNNTS),
characterized as hollow tubes with internal diameters ranging from few to tens of nanometers have
emerged as most remarkable one-dimensional nanostructure that have found wide-scale

5



application in fabrication of sensors, transistors, conductors, batteries, energy-storage materials,
light-emitting diodes, lithium-ion batteries, supercapacitors, light-weight composites, and flexible
electronics as well as in applications such as waste-water treatment, water purification,
chromatography, voltammetry, solid-phase extraction of drugs and biomolecules, drug targeting,
controlled drug release, disease diagnosis and treatment, enabling anti-bacterial and anti-fungal
properties, and many more.'82>3 While many of these applications use these nanotubes as filler
materials for improving the properties of certain macroscopic materials (e.g., adding CNTs for
improving the mechanical, thermal, and electric properties of CNT-polymer-based
nanocomposites®®2° or using CNTs to prepare mixtures/pastes that can be used for printing
temperature sensors*®#! and fabricating anti-bacterial coatings*»*%), more exciting classes of
studies and future applications (e.g., use as high-performance membranes,* or use in futuristic
water treatment technologies,* or promoting specific chemical reactions*®) involve probing the
properties and transport of water, ions, and other species (e.g., alcohol, dyes, etc.) remaining
encapsulated within or transporting through a single CNT or BNNT.>212247-60 Eor example, water
encapsulated within CNTs or BNNTs demonstrate one-dimensional structure with most
fascinating properties.>® Similarly, gas-filled CNTs have been touted to be used as nano-resonators
with unprecedented properties. %12 Also, there have been massive interests in probing the behavior
of nanotube-encapsulated salt systems.31>61 One such example, where other species have been
closely integrated with nanotubes are nanotube-molecules-based hybrid systems. Over the last
several years, there has been a massive recent interest in designing and developing such nanotube-
molecules-based hybrid systems,%? where certain molecules get integrated with the nanotubes
eventually enabling engineering of new materials with outstanding opto-electronic, magnetic, and

other properties. These hybrid structures often appear as systems where these molecules are bound



to the nanotubes as side-attached structures (these structures are also identified as exohedral
functionalized nanotube hybrids).%3%° The examples include hybrid structures consisting of single-
walled CNT-tetraphenylporphyrines (SWCNT/TPP)® or SWCNT-pyrelene derivatives for optical
applications,®* hybrid structures obtained by reacting CNTs with azidodichloro-triazine 1 and
showing improved photo-luminescence behavior,%®> CNT-single-molecule-magnet-TbPc, hybrids
demonstrating giant magnetoresistance,®® CNT-tetrairon-111-single-molecule-magnet hybrid,®’
CNT-quantum-dots nanohybrids with DNA linkers showing improved optoelectronic
performances,® DNA-SWCNT hybrid for detecting salt-concentration-dependent nucleobase
distribution,®® etc. Nanotube-based hybrid structures have also been studied for BNNTs (Boron
Nitride Nanotubes). They include defect-induced formation of the BNNT-boron-nitride-nanosheet
exohedral hybrids,’® BNNT-nucleobases hybrid systems where the nucleobases have been
physiosorped on the BNNT outer surface,”* formation of structures where BNNTS are wrapped on
their outer surfaces by ss-DNA molecules,’> formation of hybrids where amphiphilic
monomethoxy-poly(ethylene glycol)-b-poly(epsilon- caprolactone) diblock copolymers are
attached as side structures to hydroxylated BNNTS,’® etc. On the other hand, there are also several
examples where such nanotube-based hybrids have been formed with the molecules (or other
species) entering the nanotube and getting localized within the nanotubes (in other words, the
hybrids are formed between the nanotubes and the moieties getting encapsulated within the
nanotubes; these configurations are also known as endohedrally functionalized nanotube
hybrids).”*"® These include cases such as CNT-encapsulated DySc2N@C80-Single-Molecule-
Magnetic-Metallofullerene hybrid demonstrating improved coercivity,”* CNT-encapsulated-
Mn12Ac-Single-Molecule-Magnetic hybrid with possible applications in fabricating high-density

magnetic data storage devices,”” SWCANT-DANS (DANS: p,p'-dimethylaminonitrostilbene)



hybrid providing highly enhanced non-linear optical (NLO) response,’® BNNT-based endohedral
hybrid structures formed with BNNTSs encapsulating and stabilizing polymeric nitrogen,”” and
BNNTs-based hybrids where coronene-based graphene nanoribbons are encapsulated in BNNTs.”

In this paper, we report our simulation-driven discovery of non-covalent and endohedral
BNNT-LiTFSI-salt-water hybrid, where TFSI anions and Li-cation-solvating water blocks are
encapsulated within a 1-nm-diamter BNNT. Within this hybrid, single TFSI anion and the water
molecules appear as non-overlapping and periodically repeating axial blocks. This hybrid forms
when (a) an empty BNNT is placed in a concentrated (10 m) LiTFSI aqueous solution and a single
TFSI anion, due to its great affinity to the boron nitride,° enters the BNNT followed by the entry
of the Li-cation-solvating water molecules and (b) this process of one-after-another entry of TFSI
anion and Li-cation-solvating water molecules progresses until the BNNT is completely filled.®*
Interestingly, this formation does not involve any chemical bond formation: TFSI anions have
large affinity towards BNNT that makes it enter the tube first and subsequently the electrostatic
effects pulls the Li-ion-solvating water molecules inside the BNNT. We next study the properties
of the TFSI ions and water pockets (constituting the BNNT-LiTFSI-salt-water hybrid)
encapsulated within the BNNT. First, we establish that the TFSI ions are extremely strongly
trapped and therefore demonstrate very little mobility or displacement. Such trapping of the TFSI
ions by boron nitride has also been reported previously;*® however, the diffusivity of the TFSI
anions is significantly smaller in the present case. Second, we show that the water blocks
(constituting the hybrid), trapped by the TFSI anions on either side, exhibit mobility that confirms
the zero-dimensional nature of the water molecules within the hybrid. Therefore, within a
nanostructure (namely nanotubes), where water is known to exist in a one-dimensional chain like

structure,”5+7%81 we propose the existence of zero-dimensional water. While Abe et al. has



identified such zero-dimensional water in nanoconfined ionic liquids,® in general such zero-
dimensional water has not been extensively observed. Third, we quantify the RCF (Re-
orientational correlation function) of the dipole vectors of this zero-dimensional water establishing
that the water, despite its zero-dimensional behavior, is in a non-crystalline liquid state.®® Finally,
we quantify the stability of this proposed BNNT-LITFSI-water hybrid. The hybrid system is
subjected to a significant increase in temperature as well as a significant change in the surrounding
system (all the salt from the surrounding system is removed). Under either of these conditions,
there is little change in the structure of the hybrid, or in the corresponding mobility of the TFSI
ions, or in the zero-dimensional nature and crystallinity of the entrapped water. These findings,
along with separate free energy calculations confirming a large free energy barrier experienced by
the TFSI ions at the two ends of the BNNT against diffusing into the surrounding medium
(consisting of salt-free water) from inside the BNNT, establish the remarkably large stability of
the BNNT-LiTFSI-water hybrid structure. Such stability of the hybrid points to the exciting
possibility of employing such hybrids in conditions that is vastly different from that in which they
were fabricated.

In summary, the main target of this study is to use computations to shed light on the
existence and the properties of a new type of nanotube-based material: namely, a BNNT based
endohedral nanotube-salt-water hybrid (i.e., a new kind of endohedral nanotube-molecule hybrid).
There has been a plethora of studies probing the interactions between nanotubes of different
materials and dimensions with large concentrations of electrolyte salts: however, such a unique
observation in the context of forming a new kind of material through such interactions has not
been probed before. The ease of formation of such BNNT-salt-water hybrid makes it even more

attractive: simulations predict that the moment a 1-nm-diameter BNNT is introduced inside a bulk



electrolyte solution of LiTFSI salt of large concentration, the attraction between the BNNT and
the TFSI anions, followed by the electrostatic effect driven interactions, lead to the formation of
such hybrids. The second facet is the structure of this hybrid: the large size of the TFSI anions
(i.e., large enough to be comparable to the internal diameter of the 1-nm-diameter BNNT) ensures
that the hybrid is characterized by the presence of periodically repeating and non-overlapping
blocks of TFSI anion and solvated Li cation. Such a structure eventually dictates all the salient
properties of the hybrid, namely, (1) very weak mobility of the anions, (2) existence of water in
zero-dimensional, yet non-crystalline water state, and (3) tremendous stability against different
perturbations. In this present paper, we introduce the idea that such a structure is an example of an
endohedral nanotube-salt-water hybrid: therefore, we identify this structure as a unique and new
kind of nanotube-based nanomaterial. Furthermore, we unravel some of the most intriguing
properties of the species (TFSI anion and water molecules) constituting this endohedral hybrid.
These properties are unigue in the sense that they are not commonly encountered in other systems.
For example, we witness an almost immobile state of the TFSI anion, the existence of water in a
zero-dimensional state despite being confined within a one-dimensional nanostructure, the
existence of water in non-crystalline liquid state despite being in zero-dimensional state, and
extreme stability of this entire hybrid structure (as well as extreme propensity of the individual

constituents to maintain their respective states and properties) against different perturbations.

2.2 METHODS
We used the LAMMPS®* parallel Molecular Dynamics (MD) package to perform all the
simulations. The temperature and pressure were maintained at desired values using Nosé Hoover®®

8 thermostat and barostat with damping constants of 100fs and 1000fs respectively. LiTFSI was
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modeled using CL&P®’ force field parameters. Water was simulated using the SPC/E model.®
BNNTSs were simulated using the Tersoff potential®®° with the non-bonded force field parameters
reported by Won and Aluru.2%%! We used the geometric mixing rules to obtain the interatomic
Lennard Jones (LJ) parameters and a cutoff distance of 12 A for both the LJ and Columbic
interactions. The long-range electrostatic interactions were calculated using the PPPM®? solver
with an accuracy of 0.0001. We outputted the data every 500 fs, and a time step of 1fs was used

for all the simulations.

The BNNT-salt-water hybrid was formed by soaking a (7, 7) BNNT (1-nm diameter) ina 10 m
(molal) LiTFSI aqueous solution. The BNNT is 10 nm long with 1120 atoms and was generated
using VMD.®® We used 1380 LiTFSI pairs and 8280 water molecules to generate the 10 m LiTFSI
aqueous solution. The simulation box was initially filled with the solution atoms leaving enough
space in the middle of the box to fit the BNNT. First, the solution surrounding the BNNT was pre-
equilibrated for 100 ps in the isothermal-isobaric (NPT) ensemble with a temperature of 300 K
and a pressure of 1 atmosphere. During this pre-equilibration, the ends of the BNNT were blocked
to prevent filling at this stage. After the initial pre-equilibration, the aqueous LiTFSI solution was
allowed to fill the nanotube. Also, we observed that anion enters the tube first from both of its
ends. So, to prevent the initial trapping of anions inside the 1-nm-diameter BNNT, the solution
was allowed to enter and fill the BNNT only through one of the two entrances. Once the BNNT is
completely filled, the block was removed and the system was allowed to equilibrate. The
simulation was performed in the isothermal-isobaric (NPT) ensemble with the temperature and
pressure maintained at 300 K and 1 atmosphere, respectively. Periodic boundary conditions were

used in all directions. Atoms at both ends of the BNNT were tethered to harmonic springs (k = 23
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kcal/mol.A?), preventing the nanotube from drifting away. The simulation lasted for 20 ns with a
production run of 10 ns used for data analysis. Equilibrated system configuration obtained from
the above simulation was used as the initial state for follow-on simulations where the nanotube
hybrid was surrounded by (a) 10 m LiTFSI at 350 K and (b) pure water at 300 K. For the latter
case, the LIiTFSI aqueous solution surrounding the nanotube hybrid was replaced by pure water
consisting of 10,000 water molecules. Both the systems were further simulated in the NPT

ensemble for 20 ns, and the data gathered from the last 10 ns was used for analysis.

Finally, we used the umbrella sampling method to obtain free energy curves as a function of the
axial positions of centers of mass (COM) of the LiTFSI pairs at both ends of the BNNT-salt-water
hybrid in a pure water environment. In each sampling simulation, the axial position of the center
of mass of the LiTFSI pair at one of the ends was confined to a window centered at a specific
location along the reaction coordinate using a harmonic potential with the stiffness ranging from
1-5 kcal/mol.A? for various simulations. We used windows with z = -4, -3, -2,0, 2 and 4 A, and z
=95, 97, 99, 101 and 103 A, as equilibrium positions for the harmonic potential, for the lower
(near z = 0 A) and upper (near z = 100 A) LiTFSI pairs respectively. The radial position of the
sample LiTFSI pair was confined within 5 A about the BNNT axis using a cylindrical LJ wall
outside the BNNT. Simulation snapshots of the nanotube hybrid in different windows are given in
Fig. Al of the appendix A. All the sampling simulations lasted for 4 ns. These simulations were
performed in the NPT ensemble at a temperature of 300 K and a pressure of 1 atmosphere. The
axial position of the COM of the sample LiTFSI pair was collected every 500 fs from the last 3.5
ns of each simulation. We used the weighted histogram analysis method (WHAM)® 8 to analyze

the data obtained from umbrella sampling simulations.
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2.3 RESULTS AND DISCUSSIONS

Formation of the BNNT-Salt-Water Hybrid

The BNNT-LIiTFSI-water hybrid is formed by soaking a 10-nm long and 1-nm diameter open-
ended (7, 7) BNNT in a 10 m aqueous electrolyte solution of LiTFSI. Under such conditions, the
BNNT is spontaneously filled by the salt solution resulting in the BNNT-salt-water hybrid. The
final equilibrium state of this hybrid is shown in Figure 2.1(a). The non-bonded interaction
parameters used in the current study can be found in Table Al in appendix A. These forcefield
parameters have been previously used to study the structural properties of highly concentrated
aqueous LiTFSI electrolytes.®®97% Please see the Methods section for a more detailed discussion
on the molecular dynamics or MD simulation set-up used to study this filling process. The BNNT-
LiTFSI-water hybrid is an endohedral, non-covalent nanotube hybrid. It is characterized by the
presence of the periodic, axial, and non-overlapping molecular ordering of single TFSI anions and
lithium-ion-solvating water blocks within the BNNT (please see Figure 2.1(b)). Such an ordering
is caused by the large size of the TFSI anion®® that is comparable to the diameter of the BNNT.
The bulkiness of the TFSI anion prevents it from occupying the same axial position as water
molecules when confined in a nanometer wide (7, 7) BNNT (please see Figure 2.1(c)). We attribute
the formation of this nanotube-salt-water hybrid to the strong affinity of TFSI anion to enter the
BNNT. The TFSI anion has a higher affinity to enter the empty (7, 7) BNNT before other
molecules of the electrolyte solution. The next molecule to enter the BNNT cannot be another
TFSI anion due to electrostatic repulsions; as a consequence, lithium-ion-solvating water
molecules enter the BNNT following the TFSI anion. This process continues throughout the filling

process resulting in this ordered structure. This nanometer wide BNNT, therefore, acts as a
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template®? that hosts the unique ordered structure of TFSI anions and water blocks that would not
have been possible in the absence of 1D nanoconfinement. To better understand the affinity of the
TFSI anion towards the BNNT, we have tabulated the LJ and electrostatic contributions to the
interaction energy (please see table A2 in the appendix A) between the BNNT and the TFSI ions,
Li ions, and water molecules confined in it. From table A2, we can see that the adhesion between
the BNNT and the TFSI anions is primarily caused by the van der Waals interactions between
them. In chapter 3, we provide a more detailed discussion on the effects of salt concentration and
nanotube diameter on structure of the salt solution confined inside the tube. Also, we provide free
energy calculations to show that the TFSI anion has a higher affinity to enter the empty (7, 7)
BNNT before other molecules of the electrolyte solution. In the following sections, we will discuss

the structural properties and stability of this nanotube hybrid.
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Figure 2.1. a) Simulation snapshot of the BNNT-salt-water hybrid formed through the non-
covalent interaction between a 1-nm-diameter (7, 7) BNNT and a 10 m aqueous LiTFSI solution.
The atoms surrounding the nanotube hybrid were removed to provide a clearer picture of the
BNNT-salt-water hybrid structure. The snapshot is generated using OVITO.1® b) Axial
distribution of the nitrogen atoms (representing the TFSI™ ion), Li" ions, and water oxygen atoms
(representing the water molecules) confined inside the 1-nm-diameter (7, 7) BNNT. c¢) Radial
distribution of the different atoms of the TFSI" ion, Li" ion, and the water oxygen atom confined
inside the 1-nm-diameter (7, 7) BNNT. d) Schematic depicting the confinement-induced
localization of all the species below a small (~2.5 A) radial distance around the BNNT axis.
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Structural and Dynamic Properties of the BNNT-Salt-Water Hybrid

Figure 2.2(a) shows the axial root mean square displacement of the nitrogen atoms of all the TFSI
anions (there are six in all) confined inside the (7, 7) BNNT. We see that the nanoconfined TFSI
anions are localized in the axial direction as confirmed by their very small axial displacement.
More importantly, we find that these displacement values remain constant with time confirming
negligibly small diffusivity (which is given by the slope of the variation of the mean square
displacement with time) of all the TFSI anions within the BNNT and constituting the BNNT-
LiTFSI-water hybrid. Two factors contribute to this extreme trapping of the TFSI ions leading to
their virtually immobile states. First is their strong attraction to the boron nitride (see Ref. 9 and
table A2 in appendix A). The second is the presence of the axial water blocks on either side of the
TFSI anions within the nanoconfinement preventing them from any further axial motion. These
dual factors ensure this negligibly small (much smaller than that reported by Li et al.!® that probes

the trapping of TFSI ions by boron nitride) diffusivity of the TFSI ions.
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Figure 2.2. Axial root mean square displacement (rMSD) of the nitrogen atoms of all the TFSI
anions (six in all) of the BNNT-salt-water hybrid system for the case when the hybrid is surrounded
by a) 10m LiTFSI at 300K, b) 10m LiTFSI at 350K, and c) pure water at 300K.
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Through our simulations, we observe that these immobilized TFSI anions themselves act as
barriers for the individual water blocks that are present in between them resulting in the formation
of zero-dimensional (0D) water blocks (as confirmed by Fig. 2.3). In figure 2.3, we provide the
axial root Mean Square Displacement (axial-rMSD) of these water blocks/pockets (confined inside
the BNNT and constituting the BNNT-LiTFSI-water hybrid). The axial-rMSD of the water
saturates to approximately 6 A. Saturation to such a value indicates that water experiences a strong
confinement even in the axial direction, in addition to the radial confinement imposed by the (7,
7) BNNT. As a result, these water blocks qualify as 0D water pockets due to confinement in all
three directions. In other words, our study confirms that in a set-up (namely, the nanotube that is
a 1D nanostructure), which is known to orient the water molecules in 1D chains,”7°8! we
encounter OD water states. Such 0D water blocks/pockets were previously reported in experimental
studies involving nano-confined water in room temperature ionic liquid.#? One important
difference between the current and previously reported water pockets/blocks (Ref. 82) is that

confined water, in the present case, solvates the lithium cation in the pockets.
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Figure 2.3. Axial root mean square displacement (rMSD) of the oxygen atoms of water molecules
confined inside the BNNT-salt-water hybrid. The rMSD is obtained by averaging the MSD values
of all the water molecules encapsulated within the BNNT.

Further, we examine the crystalline nature of these 0D water blocks/pockets mentioned above.
Figure 2.4 shows the re-orientational correlation function (RCF) of the dipole vectors of these 0D
water pockets. The RCF can be expressed as {e; (t). e;(0)), where e; is the dipole vector of it water
molecule and the bracket represents ensemble average. This RCF function indicates the time-
dependent decay of dipole orientational memory of water molecules due to the random rotational
motion. For the case of liquid water, this function decays towards zero.®® On the other hand, in
systems where the orientational motion of water is restricted (e.g., ice), water RCF decays towards
a non-zero value.® From Fig. 2.4, we see that the RCF of water molecules inside the hybrid decays

to zero, similar to liquid water. Therefore, these results confirm that the OD water blocks/packets
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exist in a non-crystalline liquid state. Such properties of the 0D water could find applications in

nano-heterogeneity engineering for cryo preservation.®
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Figure 2.4. Re-orientational correlation function of the dipole vectors of water molecules
(confined inside the BNNT and constituting the BNNT-LiTFSI-water hybrid).

Also, we have studied the effect of the BNNT on the ionic charge density distribution in the
electrolyte solution surrounding the BNNT (i.e., outside the BNNT). Figure 2.5 shows the ionic
charge density, as a function of radial distance from the nanotube axis, for radial distances ranging
from r =5 A (= nanotube radius) and r = 20 A. For this analysis, we have considered 0.05 A thick
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cylindrical sheaths that are coaxial with the BNNT, and the radius of the cylindrical sheaths range
from 5 A to 20 A. By computing the ionic charge density in each of these cylindrical sheaths, we
have obtained the ionic charge density curve as a function of the radial distance from the nanotube
axis. From figure 2.5, we observe a negative charge density peak at the BNNT-electrolyte interface
which is accompanied by damped oscillations in ionic charge density that persist beyond a distance
of 10 A from the BNNT surface. This oscillatory behavior is a result of strong correlation between
ions in a highly concentrated electrolyte'®-1% and the affinity of TFSI- ions towards BNNT surface
(which is primarily caused by the van der Waals interaction between the BNNT walls and the

TFSI ions) (please see Table A2 in appendix A).
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Figure 2.5. lonic charge density, in the electrolyte solution surrounding the BNNT, as a function
of radial distance from the axis of the BNNT. The ionic charge density variation for larger r has
been magnified in the inset of the figure.
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Stability of the BNNT-Salt-Water Hybrid

We have performed simulations (on the mobility of the TFSI anions and 0D state and crystallinity
of the water pockets/blocks constituting the BNNT-LiTFSI-water hybrid) to check if the hybrid
would be stable at temperatures significantly elevated (i.e., at 350K) from the room temperature
and in a pure water environment (i.e., where all the salt from the surrounding outside the nanotube
hybrid has been removed). Fig. 2.2(b) confirms that even at an elevated temperature of 350K, the
rMSD of all the six TFSI ions confined within the BNNT are not significantly affected in
comparison to those at room temperature [see Fig. 2.2(a)]. For the case of salt-depleted pure water
surroundings, we find that the rMSD and the diffusivity of the TFSI ions [see Fig. 2.2(c)] are
similar in magnitude to that of the case where the nanotube hybrid is surrounded by 10 m aqueous
LiTFSI [see Fig. 2.2(a)]. These results indicate that the TFSI anions that form the nanotube-salt-
water hybrid are immobilized inside the hybrid both at an elevated temperature and a pure water
environment (surrounding the BNNT). Under such circumstances, we expect the water
pockets/blocks, trapped axially between the between the TFSI anions, to continue to behave as a
0D system even in presence of elevated temperature or salt-free surroundings. Figure 2.3 compares
the axial-rMSD of confined water for all the three cases described above. For all the three cases,
the axial-rMSD of water saturates to a value around 6 A, with the elevated temperature case
showing a slightly larger saturation value. These results agree with our hypothesis that the
immobilized TFSI anions impose an axial confinement on the water present inside the nanotube
hybrid resulting in OD water pockets for a variety of conditions (e.g., the condition of significantly
elevated temperature as well as the condition where the solution surrounding the hybrid has no
salt). Finally, figure 2.4 compares the RCF of the dipole vectors of the OD water for all the three

cases: for each of the case, the RCF decays to zero indicating that water exists in a liquid phase
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inside the OD water pockets. These results confirm the stability of the BNNT-salt-water hybrid
against an elevated temperature (350K) as well as a drastic change in the composition of the
surrounding medium (i.e., when all the salt from the surrounding medium has been removed).

Finally, in Figure 2.6, we show the free energy curves as a function of the axial positions of centers
of mass of the LiTFSI pairs at both ends of the BNNT-salt-water hybrid surrounded by a pure
water environment. In Fig. Al in appendix A, we schematically describe the procedure adopted to
obtain these free energy curves. At both the ends of the nanotube hybrid, we see a free energy
barrier of approximately 7 kcal/mol against the diffusion of LiTFSI, at those ends, into pure water.
We attribute this diffusive tendency (or the lack of it) to the strong interaction between the TFSI
anion and the BNNT, which is primarily caused by the van der Waals interactions between them
(please see table A2 in the appendix A). These results further confirm the super stability of the
endohedral nanotube-salt-water hybrid formed due to the non-covalent interactions between the
LiTFSI agueous solution and the (7, 7) BNNT. The non-diffusive nature of the TFSI anions at both
the ends of the nanotube hybrid ensures that the adjacent 0D water does not leak out of the hybrid

and these end-TFSI anions act as a seal that holds the BNNT-LiTFSI-water hybrid together.
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Figure 2.6. Free energy curves as a function of the axial position of the center of mass of the
LiTFSI pair at a) the lower end (near z = 0 A) and b) the upper end (near z = 100 A) of the BNNT-
salt-water hybrid surrounded by pure water at 300K.

2.4 CONCLUSIONS

The findings presented in this paper point to the simulation-motivated discovery of a new type of
nanotube-based hybrid: the hybrid is a BNNT-salt-water hybrid, where the TFSI anions and Li-
ion-solvating water molecules get encapsulated as periodic axially non-overlapping blocks in a
BNNT that has similar internal diameter as the size of the TFSI anion. The hybrid is characterized
by the ultimate immobility of the TFSI anions. The more interesting facet is the zero-dimensional
(OD) and liquid state of the entrapped water constituting the hybrid. Equally interestingly, here we
encounter OD water in a nanostructure (namely nanotube) known to orient water molecules into
1D chains. Finally, the extreme stability of the BNNT-salt-water hybrid, as established from the
free energy analysis as well as the response of this hybrid to different “perturbations” (e.g., increase
in temperature or changing the chemical composition of the surroundings), ensures the possibility
of utilizing these hybrids in settings that are vastly different from the conditions that led to their

formation. In summary, we can identify a combination of two critical factors driving the formation
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of such unique nanotube-salt-water hybrid system: (1) the presence of an anion that is strongly
attracted to the chosen nanotube and (2) the diameter of the nanotube being comparable to the
dimensions of the anion. We anticipate that the present study will open up an entirely new area of
study focused on designing and fabricating such nanotube-salt-water hybrids and towards utilizing

such hybrids for multi-faceted applications.
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Chapter 3: Water-free Localization of Anion at Anode for Small Concentration
Water-in-Salt Electrolytes Confined in Boron-Nitride Nanotube*

Abstract

Water-in-salt electrolyte (WISE) systems have been recently identified to significantly enhance
the performance of aqueous Li-ion batteries owing to the formation of solid electrolyte interphase
(SEI) due to localization of the cation-anion pair near the negative electrode in the absence of free
water. Such localization occurs for an extremely large concentration of the electrolyte salt that
enhances the interionic attraction between the salt cation and anion, thereby ensuring that the
cation “carries” the anion with itself to the anode. Here we employ atomistic simulations to
establish that for a LiTFSI electrolyte solution (LiTFSI is a salt that is well-known to form WISE
systems) confined in a 1-nm-diamter boron nitride nanotube (BNNT), such water-free TFSI™ anion
localization at the anode surface is possible at a LiTFSI concentration that is several times smaller

than that needed for such localization in a non-nanoconfined LiTFSI WISE system.

3.1 INTRODUCTION

Water-in-salt electrolyte (WISE) systems are characterized by the presence of an extremely large
concentration of a salt (typically consisting of a small cation and a large anion) in an aqueous
medium: the salt concentration is so large that the salt outnumbers water by both weight and
volume and the anion replaces some water molecules in the hydration shell of the cation.!” Typical
examples of such WISE systems include large concentrations of salts like LiTFSIY, LiOTf,

LIBETI'%, NaOTf%, LiFSI%, NaFSI'®® NaClO,!°, LiNOs'!!, NaNO3''?, NaOAc!!3, KOAcH
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and ZnCl,'*® dissolved in water. For the LiTFSI salt, for example, the “water-in-salt” characteristic
(i.e., the scenario when the salt outnumbers water by both weight and volume) is witnessed for a
salt concentration of 5 molal (m) and above.!” Despite the long history of research on “solvent in
salt” type systems,'*®1?! jt is only recently that WISE has been discovered to enhance the
electrochemical performance of aqueous Li-ion!"10>108121 gnd Na-ion'07:109110.112.113 hatteries, For
example, Suo et al.}” showed a significant increase in the size of the electrochemical stability
window (the stability window attained a value of 2.3 V) of the Li-ion batteries when LiTFSI WISE
systems is used with 21 m concentration of LiTFSI salt. For such a large concentration of the
LiTFSI salt, the TFSI" ions are able to replace some of the water molecules from the solvation shell
of the Li* cation. As a result, there is a significant enhancement in the interionic attraction between
the Li* and TFSI ions, which allows some of the TFSI" ions to be “carried” by the Li* ion.
Therefore, when a voltage difference is applied across the LiTFSI WISE system, the attraction of
the Li* ion towards the negative electrode (anode) invariably draws some of the TFSI" ions (that
are strongly attracted to the Li* ion) towards the anode. Hence such a highly concentrated WISE
system creates a most remarkable scenario where the Li*-TFSI" ion-pair remains in close proximity
of the anode with very little probability of having any free water present in the same region. Such
a scenario implies that the TFSI™ ions can get reduced at the anode prior to the water getting
reduced, which in turn helps to form a robust water-free SEI (solid electrolyte interphase) layer.
In addition, the lack of free water near the negative electrode prevents hydrogen evolution.!’ These
two factors help to extend the electrochemical stability window of the aqueous WISE. These
effects are in direct contrast to what happens for the case of a standard electrolyte solution of 1m
LITFSI salt in the presence of an applied electrostatic potential difference: the weaker

concentration of the LiTFSI salt implies a much weaker interionic coupling between the Li* and
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TFSI ions and accordingly, in the presence of an applied electrostatic potential difference, the Li*
ions are driven closer to the anode, while the TFSI ions are driven away from the anode. This

justifies why the WISE systems are being extensively researched for battery applications.

Despite the benefits of utilizing the WISE systems for battery applications, the unavoidable use of
large salt concentration (e.g., 21 m for LiTFSI-salt-based Li-ion batteries) makes the system
extremely expensive (associated with the cost of using such large amounts of salt), which is one
of the biggest bottlenecks for commercialization of such WISE-system-based Li-ion or Na-ion
batteries,110-112113.114.122 ynder such circumstances, researchers have used cheaper salts like
NaClO4? which, however, do not form a favorable fluorine based SEI resulting in poor cycling
stability.*?3124125 Other strategies such as coating the anode with highly fluorinated ether (HFE)%5
and using new electrolytes like hybrid aqueous/non-aqueous electrolyte (HANE),'?” hydrate melt
electrolytes,'% and inert-cation-assisted WISE*?® were developed by researchers to enhance the
electrochemical stability window of aqueous electrolytes. However, the challenge to ensure
localization of the large anions (e.g., the TFSI" ions for the LiTFSI WISE system) at the anode at

a relatively smaller salt concentration remains unaddressed.

In this paper, we employ Molecular Dynamics (MD) simulations to establish the most remarkable
possibility of such localization of the TFSI™ ion near the anode for a LiTFSI WISE system at a
significantly smaller salt concentration (as compared to 21 m) by nanoconfining the LiTFSI WISE
in Boron Nitride nanotubes (BNNTs). BNNTs are chosen over other nanotubes (like carbon
nanotubes) due to their excellent electrical insulation properties,*®? which could prevent the
reduction of water confined in them. Besides, we find that the TFSI™ ion shows a great affinity to
enter the BNNT prior to any other molecule of the electrolyte. We investigate the structures of 5

m and 10 m LiTFSI WISE confined in BNNTSs having diameters of 1.0 nm ((7, 7 BNNT)) and 1.4
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nm ((10, 10) BNNT)*12% We discover that for the LiTFSI WISE confined inside a 1-nm-diameter
BNNT, the water molecules and the TFSI™ ions prefer to form a strongly ordered structure,
characterized by axially non-overlapping and repeating concentration peaks of TFSI™ ion and the
water molecules (please see Figure 3.1). This is possible due to the fact that the size of the TFSI-
ion is very similar to the diameter of the 1-nm BNNT. We explain that such a scenario, combined
with the greater affinity of TFSI ion to enter the BNNT, leads to a water-free TFSI™ peak near the
negative electrode. More importantly, we find that this affinity of TFSI™ ion to enter the BNNT
(we consider a negative graphite surface at one end of the BNNT with the other end of the BNNT
open to bulk electrolyte) is not nullified in the presence of a voltage difference (of strength as large
as 5 V) applied across the LiTFSI WISE system with a large negative voltage (-2.5V) being applied
to the graphite surface at the end of the BNNT. Under such circumstances, if a pre-lithiated
anode®%** is used, one would have the TFSI ions, and not the water molecules, get reduced at
the anode resulting in the formation of SEI. Suo et al.}” proposed such localization of the Li*-TFSI-
ion pair near the anode for a non-nanoconfined LiTFSI WISE system using an extremely large (21
m) salt concentration that enforced an augmented interionic attraction between the Li* and TFSI
ions, as discussed above. Our findings, on the other hand, establish that the interplay of
confinement effect, with the confinement being strong enough so that it can induce the ordering of
the TFSI ions and water molecules, and the greater affinity of the TFSI ion to enter the empty
BNNT prior to other electrolyte molecules and ions, allows such water-free localization of the
TFSI ion and hence the formation of a stable SEI in the presence of a pre-lithiated negative
electrode. Our MD simulations also reveal that the LiTFSI WISE confined in a relatively weaker
nanoconfined system (BNNT of 1.4 nm diameter) does not have such a strong ordering effect in

the axial distribution of the TFSI ion and the water molecules. As a consequence, such water-free
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localization (and hence the formation of the stable, water-free SEI) of the TFSI™ ion near the anode
surface is no longer possible for the case of LiTFSI enclosed in the BNNT of 1.4 nm diameter. We
explain that such a strong dependence on the diameter of the BNNT stems from the fact that for
the 1-nm-diameter BNNT, the size of the TFSI" ion becomes closely comparable to the size of the
nanoconfinement, which restricts the degrees of freedom of the TFSI™ ions enforcing this distinct
ordering effect (between the TFSI ion and the water molecules) that can be observed even in the
presence of a large electric potential difference across the system. However, for the 1.4-nm-
diameter BNNT, the degrees of freedom of TFSI" ions are not hindered with such severity, thereby
disturbing this large ordering effect. Our simulations also reveal the effect of system parameters,
e.g., the concentration of the LiTFSI salt on such anion localization at the anode surface inside the
1-nm-diameter BNNT. Finally, we further test our hypothesis of the nanoconfinement-driven
water-free localization of the anion at the negative electrode for the aqueous solution of another
salt, namely LiBET]I, known to form WISE systems. We indeed find that the large size of the BETI
ion, coupled with the greater affinity of BETI ion (as compared to the other existing species) to
enter the BNNT, ensures a water-free localization of the BETI" ion at the anode surface in a 1-nm

diameter BNNT.
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Figure 3.1. Schematic of the confinement induced molecular ordering of the TFSI™ ions and the
water molecules. Such an ordering refers to the presence of the non-overlapping blocks of A and
B. Here Block A: TFSI™ ion without any water and Block B: water molecules with a possible
presence of a Li* ion (in other words, block B represents the Li* ion with its hydration shell). Here
the confinement is a 1-nm-diameter BNNT that has negatively charged graphite electrode at one
end while the other end is open to bulk electrolyte. The molecular ordering between the TFSI ions
and the water molecules, combined with the affinity of TFSI™ ion to enter the BNNT prior to other
molecules and ions (see Fig. B2 in the appendix B), helps to ensure the water-free localization of
the TFSI™ ions near the graphite negative electrode at the closed end of the BNNT. Therefore, in
presence of negative voltage at the graphite surface where the TFSI ion has localized, we can
obtain a water-free TFSI" ion localization. In this figure, pink particle: lithium ion; blue rectangle:
water medium; green particles: fluorine atoms of the TFSI™ ion; grey particles: carbon atoms of the
TFSI™ ion; yellow particles: sulfur atoms in the TFSI™ ion; cyan particles: oxygen atoms of the
TFSI™ ion; dark blue particles: nitrogen atoms in the TFSI™ ion.
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3.2 RESULTS

Axial Distribution of the lons and Water Molecules in the Absence of any External Voltage

Difference

We first probe the structure of the LiTFSI WISE at relatively low salt concentrations (5 m
and 10 m) nanoconfined in BNNTSs of diameters 1 nm (see Figure 3.2) and 1.4nm (see Figure 3.3).
As shown in Figures 3.2A, D, 3.3A, D as well as Figure B1(a) in the appendix B, initially empty
BNNTs were soaked in aqueous LiTFSI solutions and were filled with electrolyte molecules.
Figures 3.2B, E and 3.3B, E show the distribution of the nitrogen atoms (representing the TFSI
ion), Li* ion, and the water oxygen atoms (representing the water molecules) along the axis of the
BNNT. The tube length is divided in bins of width 2 A and the number density of atoms in each
bin is averaged over the entire production run. The atom number densities are normalized by their
respective values in bulk solution. Figures 3.2B and 3.2E show the axial distribution of these ions
and atoms confined in a 1-nm-diamter BNNT for 10 m and 5 m LiTFSI WISE, respectively. In
both Figures 3.2B and 3.2E, we observe highly ordered, non-overlapping, and noticeable peaks of
the nitrogen atoms (representing the TFSI™ ion) and oxygen atoms (of the water molecules). This
ordered distribution forms repeating alternate “blocks” of TFSI™ ions and water molecules
surrounding Li* ions, that continues along the entire nanotube axis, as evident from the
corresponding snapshots (see Figures 3.2C and 3.2F). Here, we define a block as the region inside
the 1-nm-diameter BNNT where the axial density of TFSI ion (water molecules) is non-zero while
the axial density of water molecules (TFSI ion) is zero. Thus, we can clearly differentiate between
the TFSI™ blocks and water blocks inside the 1-nm-diameter BNNT based on the axial distribution
profiles (more discussions on the properties of such “blocks” are provided in Note B1 and Table
B1 in appendix B). This ordering is representative of the fact that the large degree of
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nanoconfinement, which stems from the nanotube dimension being closely comparable to the size
of the TFSI  ions, ensures that the water molecules and the TFSI™ ion are forced to occupy different
adjacent axial but similar radial locations (discussed in greater details in Figure 3.4). The peaks
corresponding to the Li* ion distribution, and the peaks associated with the distribution of the water

molecules overlap extensively, confirming that the Li* ions are solvated in water.
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Figure 3.2. MD simulation snapshots showing the entire system for the case of (A) 10 m
LiTFSI WISE confined in 1-nm-diameter BNNT and (D) 5 m LiTFSI WISE confined in 1-nm-
diameter BNNT. Axial distribution of the nitrogen atoms (representing the TFSI™ ion), Li* ions,
and water oxygen atoms (representing the water molecules) for the cases of (B) 10 m LiTFSI WISE
confined in 1-nm-diameter BNNT (also reported in chapter 2) and (E) 5 m LiTFSI WISE confined
in 1-nm-diameter BNNT. MD simulation snapshots showcasing the distribution of the different
species including the local arrangement of salt ions and water molecules for the case of (C) 10 m
LiTFSI WISE confined in 1-nm-diameter BNNT and (F) 5 m LiTFSI WISE confined in 1-nm-
diameter BNNT. In (C) and (F), atoms surrounding the BNNT were removed, to provide a clearer
picture of electrolyte distribution inside the BNNT. All the simulation snapshots are generated
using OVITO®,

Also, in both the simulations (with 1-nm-diameter BNNT soaked in 5 m and 10 m aqueous
LiTFSI), TFSI ion entered the BNNT first followed by water molecules and Li* ion as can be seen
from Figures B2(a,b) (please see appendix B), which shows the filling process of 5 m and 10 m
LiTFSI inside the 1-nm-diameter BNNT. This affinity of TFSI™ ion to enter the initially empty
BNNT prior to other electrolyte molecules will be discussed in detail in the following sections.
Such a situation will imply that, when one end of the 1-nm-diameter BNNT is placed near an
electrode (the set-up that will be tested for the case of the LiTFSI confined in 1-nm-diameter
BNNT in presence of charged electrodes, see Figure 3.6) with the other end open to electrolyte,
we might be able to leverage the size effect associated with the 1-nm-diameter BNNT to
simultaneously drive the TFSI ions towards and the water molecules away from the vicinity of
this particular electrode resulting in a water-free TFSI ion localization. A critical test would be to
see if such a scenario could persist even in the presence of an electrode, with negative potential,
near the BNNT end. We will analyze this exact setup in the following sections. If this scenario
persists (as will be established later), it will be possible to ensure the water-free localization of
TFST ions at the negative electrode at a salt concentration that is significantly smaller as

compared to that needed for localizing TFSI ions at the anode in absence of any confinement.
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Figures 3.3B and 3.3E respectively show the axial distribution of the nitrogen atoms
(representing the TFSI ion), Li* ion, and water oxygen atoms (representing the water molecules)
for 5 mand 10 m LiTFSI WISE confined in 1.4-nm-diameter BNNT. In this case, the lowering of
the confinement effect (given that the BNNT diameter increases from 1 nm to 1.4 nm) weakens
the extent of non-overlapping ordering of the TFSI ions and the water molecules since the size of
the TFSI ions is no longer closely comparable to the diameter of the BNNT. Accordingly, we
obtain only weakly pronounced peaks for both the nitrogen atoms (representing the TFSI™ ion) and
the water oxygen atoms and there is a significant overlap between these nitrogen atom and oxygen
water atom peaks. In other words, we see a non-zero water density as well as a non-zero TFSI™ ion
density at nearly every axial position along the 1.4-nm-diameter BNNT. Thus, based on our
definition of “block™ that we previously mentioned, we do not see axially separated blocks of TFSI”
ion and water molecules. This confirms that due to the weakening of the confinement effect, inside
the BNNT with 1.4 nm diameter, the TFSI" ion will fail to restrict the water molecules from
reaching the electrode, if placed at one end of the BNNT with the other end of the BNNT remaining

open to bulk electrolyte.
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Figure 3.3. MD simulation snapshots showing the entire system for the case of (A) 10 m LiTFSI
WISE confined in 1.4-nm-diameter BNNT and (D) 5 m LiTFSI WISE confined in 1.4 nm diameter
BNNT. Axial distribution of the nitrogen atoms (representing the TFSI" ion), Li* ions, and water
oxygen atoms (representing the water molecules) for the cases of (B) 10 m LiTFSI WISE confined
in 1.4-nm-diameter BNNT and (E) 5 m LiTFSI WISE confined in 1.4-nm-diameter BNNT. MD
simulation snapshots showcasing the distribution of the different species including the local
arrangement of salt ions and water molecules for the case of (C) 10 m LiTFSI WISE confined in
1.4-nm-diameter BNNT and (F) 5 m LiTFSI WISE confined in 1.4-nm-diameter BNNT. In (C)
and (F), atoms surrounding the BNNT were removed, to provide a clearer picture of electrolyte
distribution inside the BNNT. All the simulation snapshots are generated using OVITO,

Radial Distribution of the lons and Water Molecules in the Absence of any External Voltage

Difference

Figures 3.4 and 3.5 respectively provide the radial distributions of the different atoms of the TFSI-
ion, Li* ion, and the oxygen atom of the water molecule for 5m and 10m LiTFSI WISE confined
in 1-nm and 1.4-nm diameter BNNTSs. For each case, the nanotube radius was divided in bins of
width 0.05 A and the normalized number density of every species present in each bin was
calculated by averaging over the entire production run. Figures 3.4A and 3.4B respectively provide
the radial distribution of the different species for 10 m and 5 m LiTFSI WISE confined in 1-nm-
diameter BNNT. These radial distribution profiles help to explain the occurrence of the non-
overlapping, periodic ordering in the axial distribution of the TFSI™ ions and water molecules.
These profiles show that all the atoms are present near the axis of the BNNT and there is a very
little probability of finding any atom or ion at a radial location beyond 2.5 A away from the axis
of the BNNT (this is depicted schematically in Figure 3.4C). This is due to the interaction of the
BNNT atoms with the different atoms and ions of the LiTFSI WISE system under the condition

that the distance between them (i.e., the BNNT atom and an atom/ion of the LiTFSI WISE system)
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cannot be smaller than the sum of their van der Waals radii (which is approximately in the range

of 2.5 A <5, <3.5 A). Such a confinement effect, coupled with the large size of the TFSI" ion™

(closely comparable to the diameter of the 1-nm-diameter BNNT) implies that a TFSI ion and a
water molecule can never occupy the same axial position and are forced to occupy a similar radial
location (near the axis of the 1-nm-diameter BNNT) [see Figure 3.4D]. This is also confirmed by
the combination of the axial (see Figure 3.2) and radial (see Figures 3.4A and 3.4B) distributions
of the TFSI" ion and water molecules and explains the occurrence of the non-overlapping axial

distribution peaks of the nitrogen atoms (representing the TFSI ions) and the water oxygen atoms.
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Figure 3.4. Radial distribution of the different atoms of the TFSI" ion, Li" ion, and the water
oxygen atom for the cases of (A) 10 m LiTFSI WISE confined in 1-nm-diameter BNNT (also
reported in chapter 2) and (B) 5 m LiTFSI WISE confined in 1-nm-diameter BNNT. (C) Schematic
depicting the confinement-induced localization of all the species at small (~2.5 A) radial distances
around the BNNT axis (also reported in chapter 2). (D) Schematic depicting the manner in which
this localization [identified in (C)] combines with the large size of the TFSI ion (the size of the
TFSI ion is closely comparable to the diameter of the 1-nm-diameter BNNT) to enforce the TFSI”
ion and the water molecules to occupy similar radial (around this BNNT axis) but different axial
locations. In figure 4D, pink particle: lithium ion; blue rectangle: water medium; green particles:
fluorine atoms of the TFSI ion; grey particles: carbon atoms of the TFSI™ ion; yellow particles:
sulfur atoms in the TFSI" ion; cyan particles: oxygen atoms of the TFSI™ ion; dark blue particles:
nitrogen atoms in the TFSI ion.
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On the other hand, for the cases of the 10 m and 5 m WISE confined in the 1.4-nm-diamter
BNNT (see Figures 3.5A and 3.5B), the peaks characterizing the radial distribution profiles of the
different atoms of the TFSI ion, Li* ion, and the water oxygen atom are distributed over a much
larger range of radial distances owing to a weakening of the confinement effect. For this case too,
the atoms and the ions of the LiTFSI WISE system are prevented from coming to a proximity from
the BNNT wall that is less than the sum of their van der Waals radii (i.e., the sum of the radii of
the BNNT atom and an atom/ion of the LiTFSI WISE system). However, here the diameter of the
BNNT being larger (1.4 nm), it allows the atoms and ions of the LiTFSI WISE system to distribute
across a much larger radial distance (~4.5 A) around the BNNT axis (depicted schematically in
Figure 3.5C). Within this larger radial space, unlike what happens for the case of 1-nm-diameter
BNNT, it becomes possible to accommodate a TFSI™ ion and a water molecule at the same axial
location, but different radial location (depicted schematically in Figure 3.5D). This explains the
overlap of the axial density profiles of water and TFSI" ion and why TFSI" ion will be unable to
block water from reaching the electrode surface placed at one end of the 1.4-nm-diameter BNNT
with the other end of the BNNT remaining open to bulk electrolyte. Under such circumstances,
there appear two separate peaks in the radial distribution of the water oxygen atoms. The first peak
near the BNNT axis (i.e., at a smaller r value) corresponds to the water (which is hydrating the Li*
ion) that is not present at the same axial position as TFSI'; on the other hand, the second water
peak, far away from the BNNT axis, corresponds to the water that shares the same axial position
with TFSI ion. In the 1.4-nm-diameter BNNT, unlike in the 1-nm-diameter BNNT, the weakening

of the confinement effect ensures that the longest dimension of TFSI ions is not aligned parallel

41



to the BNNT axis resulting in the appearance of multiple peaks in the radial distribution of the

different atoms of the TFSI ion.
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Figure 3.5. Radial distribution of the different atoms of the TFSI ion, Li" ion, and the water
oxygen atom for the cases of (A) 10 m LiTFSI WISE confined in a 1.4-nm-diameter BNNT and
(B) 5 m LiTFSI WISE confined in 1.4-nm-diameter BNNT. (C) Schematic depicting the
localization of all the species at much larger (as compared to the case of 1-nm-diamater BNNT,
see Fig. 4C) radial distances (~ 4.5 A) around the BNNT axis. (D) Schematic depicting the manner
in which this localization at much larger radial distances around the BNNT axis [identified in (D)]
allows the TFSI" ion and the water molecules to occupy the same axial but different radial
locations. In figure 5D, pink particle: lithium ion; blue rectangle: water medium; green particles:
fluorine atoms of the TFSI ion; grey particles: carbon atoms of the TFSI ion; yellow particles:
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sulfur atoms in the TFSI ion; cyan particles: oxygen atoms of the TFSI™ ion; dark blue particles:
nitrogen atoms in the TFSI ion.

Axial and Radial Distribution of the lons and Water Molecules in the Presence of an External

Voltage Difference

To study the effect of the presence of the charged electrodes on the molecular ordering
within the 1-nm-diameter BNNT, we consider the filling of the 1-nm-diameter BNNT with the
BNNT being placed perpendicular to the negative electrode with one end of the BNNT blocked
by the negative electrode while the other end of the BNNT being open to the bulk electrolyte. On
the other hand, the positive electrode surface is entirely open to the electrolyte solution without
the presence of a BNNT nearby. The set-up is illustrated in Figures 3.6A, 3.6D, and B1(b) (in
appendix B). We applied an electric potential of -2.5 V on the left graphite electrode (z < 0) and
the right graphite electrode was maintained at a potential of +2.5 V [see Figures 3.6A and 3.6D].
The BNNTSs were initially empty, and were allowed to be filled by the electrolyte solution in
presence of the applied electric potential difference. More details regarding the simulation
procedure can be found in the Supplemental Experimental Procedures. In Figures 3.6B and 6E, we
show the axial distribution of the nitrogen atoms (representing TFSI™ ion), Li* ion, and water
oxygen atoms (representing the water molecules) along the axis of the BNNT for the 10 m and 5
m WISE confined in 1-nm diameter BNNT in presence of an external axial voltage difference of
5V applied between the two graphite electrodes. Most importantly, we observe that even in the
presence of this applied voltage difference, TFSI ion entered the BNNT prior to other electrolyte
molecules [this is confirmed by Figures B2(c,d) in the appendix B], and the nanoconfinement-

driven (or driven by the fact that the size of the TFSI is very close to the diameter of the 1-nm
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BNNT) non-overlapping axial distributions of the nitrogen atoms (representing the TFSI ions) and
the water oxygen atoms (i.e., non-overlapping axial “blocks” of TFSI ion and water molecules)
persist resulting in the axial distribution profiles shown in Figures 3.6B and 3.6E. In other words,
the axial distribution profiles of the nitrogen atoms and the water oxygen atoms for this case where
there is an externally applied axial voltage difference are similar to the case where there is no
externally applied axial voltage difference (see Figures 3.2B and 3.2E). In addition, we see a water-
free TFSI™ ion peak near the negative electrode as the TFSI™ ion (that entered the BNNT first)
restricts water from reaching the negative electrode due to the confinement effect of 1-nm-diameter
BNNT. This confirms that water-free localization of the TFSI at the negative electrode is possible

even in the presence of a large applied voltage difference.
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Figure 3.6. MD simulation snapshots showing the entire system for the case of (A) 10 m
LiTFSI WISE confined in 1-nm-diameter BNNT and (D) 5 m LiTFSI WISE confined in 1-nm-
diameter BNNT. For this case an electric potential difference of 5 V is applied across these systems.
The negative and positive electrodes are labeled accordingly and the electric potentials associated
with those electrodes are -2.5 V and 2.5 V respectively. One end of the BNNT is placed near the
negative electrode, while the other end is open to the bulk. Axial distribution of the nitrogen atoms
(representing the TFST ion), Li* ions, and water oxygen atoms (representing the water molecules)
for the cases of (B) 10 m LiTFSI WISE confined in 1-nm-diameter BNNT in presence of charged
electrodes and (E) 5 m LiTFSI WISE confined in 1-nm-diameter BNNT in presence of charged
electrodes. The green lines indicate the presence of a negative electrode with a potential of -2.5 V
MD simulation snapshots showcasing the distribution of the different species including the local
arrangement of salt ions and water molecules for the case of (C) 10 m LiTFSI WISE confined in
I-nm-diameter BNNT in presence of charged electrodes and (F) 5 m LiTFSI WISE confined in 1-
nm-diameter BNNT in presence of charged electrodes. In (C) and (F), atoms surrounding the
BNNT were removed, to provide a clearer picture of electrolyte distribution inside the BNNT. All
the simulation snapshots are generated using OVITO!,

The persistence of a non-overlapping axial distribution of TFSI" ions and the water
molecules in the presence of the applied voltage difference is also established by the corresponding
radial distribution profiles of the different atoms of the TFSI ion and the water oxygen atom. These
radial distributions (please see Figure B3 in the appendix B) are very similar to the corresponding
radial distribution profiles in the absence of external voltage difference (see Figures 3.4A and
3.4B). Once the 1 nm BNNT is completely filled resulting in the non-overlapping, alternate blocks
of TFSI" ions and water molecules, the electrolyte molecules cannot jump from one block to

another due to the steric repulsions caused by the BNNT walls.

The distribution of nitrogen atoms (representing TFSI™ ion), Li* ion, and water oxygen
atoms near the positive electrode, which is completely open to the electrolyte, is shown in Figure

B4 in the appendix B. Near the positive electrode, we see a TFSI ion peak, for both 5 m and 10 m
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aqueous LiTFSI. This shows the TFSI” anion dominance in the first interfacial layer, which agrees

with previously reported studies.”’-13%136

Therefore, by leveraging the combined effect of TFSI™ ion’s affinity to enter the BNNT
prior to other electrolyte ions and molecules and the severe nanoconfinement effect caused by 1-
nm-diameter BNNT (to the extent where the size of the TFSI™ ion becomes closely comparable to
the diameter of the 1-nm-diameter BNNT), we are able to create a most remarkable scenario where
TFSI" ions are localized near the negative electrode in the complete absence of water. If a partially
pre-lithiated anode!30:131.132.133.134 5 tilized in this scenario, it might be possible to ensure the
reduction of TFSI™ ion and thus the formation of the SEI and prevention of the water reduction
near the negative electrode. Such water-free localization of cation-anion pair near the negative
electrode has been the broad purpose of using the WISE systems.” However, for achieving a
cation-anion pair localization at the negative electrode, the existing LiTFSI WISE system (in
absence of any confinement effect) needs to use a very large concentration (~ 21 m) of the salt.*’
On the contrary, by using an appropriate nanoconfinement (1-nm-diameter BNNT) and utilizing
TFSI ion’s tendency to enter the BNNT prior to other moieties, we are able to achieve TFSI™ ion
localization at the negative electrode at a much smaller (5-10 m) concentration of the LiTFSI salt.
This is the most important message of this paper. Therefore, this study also aims to provide a
potential solution to address a key limitation of the existing WISE-based battery architectures

stemming from the requirement of using a very large concentration of the electrolyte salt.
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Affinity of TFSI- lon to Enter the 1 nm-wide BNNT Prior to Hydrated Li* lon

In Figure B5 of appendix B, we provide the free energy curves, as a function of axial position with
respect to the BNNT entrance, corresponding to the entry of TFSI ion and Li*(H20)4 (Li* along
with its primary hydration shell) from bulk 5 m aqueous LiTFSI solution into the 1-nm diameter
empty BNNT in the presence of an applied electric potential difference of 5 V (with an electric
potential of -2.5 V at the negative electrode). We used the simulation setup as shown in Figure
3.6(D) to obtain these free energy curves. One end of the empty BNNT is blocked by negative
electrode while the other end is open to the entry of TFSI™ ion (or hydrated Li* ion). Further details
regarding the simulations can be found in Supplemental Experimental Procedures in the SI. The
free energy change associated with the entry of TFSI™ ion is -7.55 kcal/mol and the change
corresponding to the entry of hydrated Li* is -1.24 kcal/mol. While the entry of both, TFSI" ion
and hydrated Li*, is thermodynamically favorable, we can clearly see the greater affinity of TFSI-
ion to enter the 1-nm diameter BNNT prior to the hydrated Li* ion. Also, we see a free energy
barrier of 0.76 kcal/mol, outside the BNNT, associated with the entry of hydrated Li* into the
BNNT. This was caused by the presence of a TFSI ion, outside the BNNT and near the entrance,
which was competing with hydrated Li* to enter the BNNT. This indicates that, when one end of
the BNNT is grafted to negative electrode with the other end open to electrolyte, the first molecule
that enters the BNNT through the open end will most likely be TFSI ion. As the filling further
proceeds and once the BNNT is completely filled, TFSI™ ion gets localized, without any water, at
the other end near negative electrode. We propose such a filling protocol to ensure the water free
localization TFSI™ ion inside the BNNT near negative electrode. Once the BNNT is completely
filled, resulting in axial distributions as shown in Fig 3.6(B, E), TFSI" ion and water molecules

cannot switch position due to the steric repulsion caused by the walls of 1 nm wide BNNT as
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discussed in the above sections. These free energy curves support our claim that the TFSI™ ion has
higher affinity to enter the 1 nm wide BNNT prior to other species of the solution. A stronger
binding effect between TFSI- anion and boron nitride (BN), compared to that of Li* and BN was
previously reported in [19] through experiments and DFT studies. However, water was absent in
that study and a comparison between binding effects of TFSI"-BN and water-BN is crucial to

support our findings.

Also, we have performed multiple filling simulations with different initial configurations,
for both the cases of 5 m and 10 m aqueous LiTFSI, until the first species completely enters the
BNNT and the results were reported in Figs B6 and B7 of appendix B (further details on the
simulations can be found in Supplemental Experimental Procedures in the appendix B). These
simulations were performed in order to check if our observations hold true for a significant number
of filling events. As we can see from the filling profiles reported in Figs B6 and B7 (in appendix
B), in all the twenty simulations (ten simulations each for the cases of 10 m and 5 m LiTFSI
solutions), TFSI™ ion is always the first species to completely enter the 1 nm wide BNNT. In a few
simulations (like simulation 7 in Fig B6 and simulation 1 in Fig B7 in appendix B), even though
we see an initial presence of water molecules at the BNNT entrance (indicated by the initial non-
zero water count), those water molecules were eventually replaced by a nearby competing TFSI
ion which caused the water count to drop to zero and the TFSI ion count to raise. These results,
which conclusively prove that the event of the TFSI anion entering a neutral BNNT before water
or Li+ entering BNNT is indeed a highly significant event that occurs all the time, add strength to
our prediction that the TFSI™ ion has a much higher affinity to enter the 1 nm wide BNNT prior to

other species of the solution.
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Finally, it will be useful for the readers to have a mechanistic description (that get unraveled
from our MD simulations) dictating the filling of the BNNT. First, when the BNNT is allowed to
be filled, it is observed that every time, regardless of the initial conditions starting from which the
BNNT is allowed to be filled, TFSI™ ion is always the first species to completely enter the 1 nm
wide BNNT. This becomes possible since the TFSI™ ion has a much larger affinity to the BNNT,
as compared to the affinity of water (or the hydrated Li* ion) to the BNNT. Second, once one TFSI
ion has entered the BNNT, the next species to enter the BNNT cannot be another TFSI™ ion due to
the fact that this second TFSI- will be strongly repelled away by the first TFSI" that has entered the
BNNT. Accordingly, the second species to enter BNNT will be the water molecule (or a hydrated
Li* ion). The fact that the size of the TFSI" ion is very close to the diameter of the 1-nm BNNT,
this water molecule (or a hydrated Li* ion) will invariably trail behind the TFSI ion. In other
words, this water molecule will never be able to cross over the TFSI™ ion and come in between the
already entered TFSI™ ion and the negative electrode and therefore, will always remain in between
the TFSI™ ion and the entrance of the BNNT. This sequential entry mechanism will continue and
coupled with the fact that the size of the TFSI™ ion is very similar to the diameter of the 1-nm
BNNT, thereby forbidding any water molecule from crossing over the TFSI- ion, will ensure the
attainment of our proposed structure where there are axially non-overlapping “blocks” of the TFST
ion and the water molecules (or hydrated Li* ion) confined within the 1-nm BNNT. The critical
thing to note here is that this entire filling procedure takes places in presence of a negative electrode
localized at the other end (the closed and non-filling end) of the BNNT. Accordingly, given the
fact the TFSI ion is always the first species to enter the BNNT and there is no cross-over between
the axially separated “blocks”, it is this TFSI" ion that gets localized near the negative electrode at

the end of the filling process. It is important to note that while TFSI™ ion is the species that is closest
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to the negative electrode, the repulsion from the negative electrode ensures that there is an axial
gap of nearly 0.5 to 1 nm (depending on the electrolyte concentration) between the location of the
negative electrode and the position of the nitrogen atom of TFSI ion (representing the location of
the local peak in the TFSI ion density, see Figures 3.6B,E) where majority of the negative charge
density is present. Also, this TFSI™ ion stays in the vicinity of the negative electrode despite this
repulsive force since it is not possible for it to leave the BNNT. Firstly, it is not possible to leave
the BNNT in the radial direction, given the presence of the BNNT walls. Secondly, given the fact
that the size effect (i.e., the fact that the size of the BNNT closely resembles the diameter of the 1-
nm BNNT) prevents any crossing over of the axially separated blocks, in order to escape axially,
this TFSI™ ion must first force all the other species that have entered the BNNT after it out of the
BNNT. This is extremely unfavorable energetically, given that all the species have spontaneously
entered the BNNT. Since such a scenario is not possible, this TFSI™ ion that had entered the BNNT
first remains in its position with its nitrogen atom at a certain distance (0.5 — 1 nm) away from the
negative electrode and our proposed structure, where there are axially separated “blocks” of TFSI”

ion and hydrated Li* ion confined in the 1-nm-diameter BNNT, remains stable.

Effect of Weaker LiTFSI Concentration on the Anion Localization at the Anode

In Figure B8 in appendix B, we provide the results for the case of much weaker concentration of
the LiTFSI salt (1 m) confined within the 1-nm diameter BNNT in presence of an axial voltage
differnce of 5 V with -2.5 V being employed at the negative electrode near a BNNT end, as shown
in Figure B8(a) (see appendix B). Results [Figure B8(b) in appendix B] show that while the
localization of the TFSI" ion still persists near the negative electrode, the Li* ion concentration

peak is deviated further away from the negative electrode and there is a lack of Li* ion near the
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negative electrode. This is caused by the combined effect of lower availability of Li* near the
BNNT entrance (due to weaker concentration) and the higher affinity of TFSI ion to enter the
tube. This lack of Li* ion, at a weaker LiTFSI concentration, in the vicinity of anode could hinder
the (de)lithiation process and such hindrance is detrimental to battery performance. While we don’t
identify a critical value, we work with a concentration (5 m and 10 m) of the LiTFSI salt that is
large enough to ensure that the Li* ions will be immediately available for (de)lithiation process

once the TFSI™ ion near the partially pre-lithiated anode reduces to form a SEI.

Water-free Localization of Anion at the Anode for Other Types of Salts Known to Form

WISE Systems

Finally, we test our hypothesis of water-free localization of anion at the negative electrode, driven
by a BNNT of 1-nm diameter, for another type of salt, namely LiBET]I, well-known to form WISE
systems.'% (the results are provided in Figure B9 in appendix B). We consider a solution of 5m
LiBET]I, with the simulation setup as shown in Figure B9(a) (please see appendix B), and study
the axial distributions of the different atoms and ions of the electrolyte in the 1-nm diameter BNNT
in presence of an axial voltage difference of 5 V [see Figure B9(b) in apppendix B]. A negative
potential of -2.5 V is applied to the negative electrode near a BNNT end as shown in subfigure
B9(a) (in appendix B). As can be seen from the axial distribution profiles, we indeed observe a
water-free BETI ion localization near the negative electrode. This stems from the fact that BETI
ion, a derivative of TFSI™ ion, is large enough to become closely comparable to the size of the 1-
nm-diameter BNNT and has higher affinity to enter the BNNT prior to hydrated Li* (please see
Figure B10 in appendix B). These findings for the solutions of different salts help to establish our

hypothesis of nanometer wide BNNT driven water-free localization of anion near the negative
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electrode using an aqueous solution of a salt with a large anion derived from TFSI" (typically those

known to form WISE systems).

3.3 DISCUSSIONS

In this paper, we employ MD simulations to propose a most remarkable possiblity of ensuring
water-free localization of anion near the negative electrode with aqueous solution of TFSI derived
salts (known to form WISE systems) using nanometer wide BNNT. Most importantly, we find that
such localization occurs at a salt concentration that is several times smaller than that needed for
localization of the cation-anion pair for the aquoeus solution of the same salt in absence of any
confinement. Such cation-anion pair localization at the negative electrode, with the anion based
on fluoroalkyl sulfonylimide or fluoroalkyl sulfonate, and the lack of free water have been
identifed as important factors that result in the formation of a stable SEI, which leads to the large
efficacy of using WISE systems for battery applications.!” Of course, a key bottleneck of using
such WISE systems stems from the need of employing a very large concentration of the such salt.
For example, ~21 m of LiTFSI salt is needed for achieving such cation-anion pair localization that
improves the electrochemical stability window for the batter application.t” On the other hand, by
using nanoconfinement effect caused by nanometer wide BNNT, we observe such water-free
localization of the TFSI™ anion at the negative electrode for much smaller concentration of the salt
(5 m and 10 m). The nanoconfinement effect refers to the size of the TFSI~ ion becoming closely
comparable to the diameter of the 1-nm BNNT which results in the formation of non-overlapping
blocks of TFSI™ ions and water molecules. The affinity of TFSI™ ion to enter the BNNT prior to

hydrated Li*, in addition to the above mentioned nanoconfinement effect, further ensures the
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presense of water-free TFSI™ ion localization inside 1-nm-diameter BNNT near the negative
electrode. If a partially pre-lithiated anode is utilised in this scenario, one can ensure the formation
of the SEI and prevent water reduction resulting in a safe aqueous lithium ion battery. Our
hypothesis is further established by studying the behavior of the solutions of other salts known to
form WISE systems (e.g., LIBETI) in 1-nm-diameter BNNT: for the LiBET]I, the BETI ion, a
derivative of TFSI ion, is closely comparable to the size of the 1-nm-diameter BNNT and has a
higer affinity to enter the BNNT prior to hydrated Li* ion leading to such water-free localiation of
the BETI ion at the negative electrode. We expect that in future extensive experiments could be

conducted to confirm our simulation-driven hypothesis of water-free anion localization at anode.

54



3.4 Methods
Molecular Dynamics Simulations

All the simulations were performed using the LAMMPS parallel MD package.®* In all the
simulations, a Nosé Hoover thermostat,®>® with a damping constant of 100 fs, was used. Also, for
simulations involving isobaric equilibration, a Nosé Hoover barostat was used with a damping
constant of 1000 fs. We used CL&P®’ force field parameters to model LiTFSI and LiBETI.
Originally developed for the ionic liquids, these force fields were shown to be capable of accurately
predicting the structural properties of the WISE solutions.®” Water was simulated using the SPC/E
model.88 The non-bonded force field parameters for the BNNTs were obtained from Won and
Aluru®° and for both the tubes [1.0-nm (7, 7) BNNT) and 1.4 nm (10, 10) BNNT)], we included
the charges on the BNNT surface in the presence of water that have been reported in previous
studies.?® The interatomic Lennard Jones (LJ) parameters were obtained using the geometric
mixing rules. A cutoff distance of 12 A was used for both the Lennard Jones (LJ) and Columbic
interactions. The PPPM® solver was used, with an accuracy of 0.0001, to calculate long-range
electrostatic interactions. For simulations involving isobaric equilibration, the interaction between
atoms within the BNNTs were modeled using the Tersoff potential® with parameters given in
Kinac et al.®® We used the constant potential method (CPM),=" 138 implemented in LAMMPS by
Wang et al.,'*® to maintain a desired electric potential difference between the electrodes. A time
step of 1 fs was used for all the simulations and, unless mentioned otherwise, all the data was

outputted every 500 time steps.

First, we performed MD simulations in which open-ended boron nitride nanotubes
(BNNTSs) with 1 nm diameter [BNNT (7, 7)] and 1.4 nm diameter [BNNT (10, 10)] were soaked

in 5 m and 10 m LiTFSI aqueous solutions. A bond distance of 1.446 A between the boron and
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nitrogen atoms was considered? and the nanotubes were generated using the VMD.®? Since the
charges on (7, 7) BNNT were not reported, we have used the values reported for nanotube with
nearest size [(6, 6) BNNT].?° For simulations with 5 m LiTFSI, 996 LiTFSI pairs along with 10956
water molecules were used and for simulations involving 10 m LiTFSI, 1380 LiTFSI pairs and
8280 water molecules were used. In all these simulations, the simulation box was initially filled
with the solution atoms leaving enough space in the middle of the box to fit the BNNT. Both the
1-nm and 1.4-nm diameter BNNTs were 10 nm long containing 1120 and 1600 atoms,
respectively. First, the solution surrounding the BNNTs was pre-equilibrated for 100 ps in the
isothermal-isobaric (NPT) ensemble with a temperature of 300 K and a pressure of 1 atmosphere.
During this pre-equilibration, the ends of the BNNTs were blocked to prevent filling at this stage.
After the initial pre-equilibration, the aqueous LiTFSI solution was allowed to fill the nanotube
and all the atoms were simulated in the NPT ensemble at a temperature of 300 K and a pressure of
1 atmosphere. In order to prevent the nanotubes from drifting away, boron and nitrogen atoms at
the two ends of the BNNT were tethered to their initial positions using springs with a stiffness of
23 kcal/mol.AZ. Periodic boundary conditions were used in all the three directions. The simulation
snapshot of 1-nm-diameter BNNT soaked in 10 m LiTFSI aqueous solution is shown in Fig B1(a).
All these simulations lasted for 15 ns, and the data from the last 5 ns was used for the analysis.
From these simulations, we confirm the molecular ordering of LiTFSI aqueous solution confined
in a 1-nm-diameter BNNT. Also, in all the simulations involving 1-nm-diameter BNNT, we
observed that anion enters the tube first from both of its ends. So, to prevent the initial trapping of
anions inside the 1-nm-diameter BNNT, the solution was allowed to enter and fill the BNNT only

through one of the two entrances. Once the BNNT is completely filled, the blocks were removed
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and the system was allowed to equilibrate. The first 300 ps of the filling process of 5 m and 10 m

LiTFSI inside the 1-nm-diameter BNNT can be seen in Fig. B2(a,b) in appendix B.

Later, we have performed simulations in which we place graphite electrodes at both the
ends of the 10 m and 5 m WISE systems with a 10 nm long (7, 7) BNNT (1 nm diameter) placed
near the left electrode (z < 0) where we apply a negative electric potential [see Fig. B1(b) in
appendix B]. As shown in Fig. B1(b), the axis of the BNNT is perpendicular to the negative
electrode with one of its ends blocked by the negative electrode while the other end is open to bulk
electrolyte. The BNNTSs and electrodes were fixed during these simulations and the BNNT was
initially geometry optimized, using Tersoff potential 8 with the electrolyte solution surrounding
it. First, we equilibrate these systems, without applying an electric potential difference between
the electrodes, in the isobaric-isothermal ensemble with a temperature of 300 K and the z
component of the pressure tensor maintained at 1 atm. Periodic boundary conditions were used, in
all three dimensions, during these runs. These simulations lasted for 5 ns and the data from last 1
ns was used to calculate the equilibrated box length in the z direction. Using the equilibrated
system sizes obtained from the above simulations, we have simulated the filling of the 1-nm-
diameter BNNTSs in the presence of an applied electric potential difference of 5 V between the
electrodes. These simulations were performed in the canonical ensemble with a temperature of 300
K. The BNNTs were initially empty and the surrounding electrolyte was pre-equilibrated for 1.5
ns before starting the filling process. To block the solution from entering the BNNT during pre-
equilibration, we have used a circular Lennard Jones (LJ) wall (with a radius of 5 A) at entrance
of the BNNT. The interaction parameters, namely epsilon and sigma, between this LJ wall and all
the solution atoms is given by 0.02 kcal/mol and 1 A respectively. Also, to ensure a minimal effect

of this LJ wall on the solution atoms away from the BNNT entrance, a cutoff distance of 1 A was
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used beyond which the wall interactions disappear. A negative electric potential of -2.5 V is
applied to the electrode that is blocking one end of the BNNT while a positive electric potential of
2.5V is applied to the opposite electrode, which is far away from the BNNT. The carbon atoms in
the graphite electrodes were modeled using the OPLS-AA force field parameters and each
graphite electrode consisted of three graphene layers. The BNNTs and electrodes were fixed
during these simulations with electrodes being parallel to the x-y plane and the BNNT aligned
along the z-axis. The simulation cell dimensions were 29.4726 A x 29.778 A in the x-y plane and
the box length in z dimension varied from 360 A to 347 A for the various systems we simulated.
Periodic boundary conditions were used in the x and y directions and a volume factor of 3 was
used to account for the slab correction® in the z direction while calculating the long-range
Columbic forces. We used the constant potential method (CPM),**" 138 implemented in LAMMPS
by Wang et al.,*® to maintain the electric potential difference between the left (z<0) and the right
(z>0) graphite electrodes at 5 V (-2.5 V and 2.5 V respectively on the left and right electrodes).
The charges on the electrodes were updated every 100 fs and a Gaussian width parameter of 0.5 A
was used. All these simulations lasted for 15 ns and the data obtained from the last 5 ns was used
for the analysis. For this case too, we find that that the TFSI™ ion enters the BNNT first. The first
300 ps of the filling process of 5 m and 10 m LiTFSI inside the 1-nm-diameter BNNT in presence
of the charged electrode can be seen in Fig. B2(c,d) in appendix B. Other results from the
simulation are provided in Fig. 6 in the main paper and Fig. B3. We have also performed
simulations, following the procedure described above, with 1 m LiTFSI aqueous solutions (results
reported in Fig. B5 in appendix B) and 5 m LiBETI (results reported in Fig. B6 in appendix B)

filling the 1-nm-diameter BNNT in the presence of an external potential difference of 5 V.

58



The free energy curves corresponding to the entry of TFSI™ ion and hydrated Li* ion into
the empty 1 nm diameter BNNT were obtained by employing umbrella sampling method on the
system, with 5 m LiTFSI surrounding 1 nm wide BNNT in the presence of an applied electric
potential difference of 5 V [please see the system setup shown in Fig. 3.6(A)]. In these simulations,
the axial position of the TFSI" ion (or the hydrated Li* ion) with respect to the BNNT entrance is
considered as the reaction coordinate. The whole range of the reaction coordinate was divided into
windows and the center of mass for sample TFSI™ ion (or hydrated Li* ion) is constrained to these
windows using a harmonic potential with spring constants varying from 1-8 kcal/mol.A?. For the
case of TFSI ion, we used five windows with z = -64 A, -65.5 A, -67 A, -68.5 A and -70 A as the
equilibrium positions for the constraining harmonic potential in those windows. On the other hand,
we used four windows for the case of hydrated lithium with z=-65.5 A, -67 A, -68.5 A and -70 A
as the equilibrium positions for the constraining harmonic potential. The BNNT entrance was
located at z = -67.8 A, and the TFSI" ion (or hydrated lithium ion) center of mass axial positions
were sampled from -2.7 A (inside BNNT) to 2.8 A (outside BNNT) with respect to the BNNT
entrance. The radial position, with respect to BNNT axis, of sample TFSI"and hydrated lithium
are constrained to a radius of 5 A outside the BNNT using a cylindrical LJ wall. Only the sample
TFSI ion or the sample hydrated lithium ion are allowed to enter the BNNT during sampling. The
sample hydrated lithium is generated by coupling four water molecules to Li* (the solvation
number of Li* at 5 m LiTFSI concentration) at a radial distance of 2 A (first peak of Li — water
oxygen RDF) with springs of 5 kcal/mol.A? stiffness. The BNNT was empty in all these
simulations (except for the presence of sample TFSI™ or hydrated lithium) and the electrolyte
surrounding the BNNT was pre-equilibrated for 1.5 ns. All these simulations lasted for 4 ns and

the data collected from the last 3.5 ns was used for analysis. The axial positions of the sample
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molecules were output every 500 fs and the weighted histogram analysis method (WHAM)®%* %
was used to analyze the data generated from umbrella sampling. The free energy curves are
reported in Fig. B5 (please see appendix B) by taking the value of free energy outside the BNNT

(at the axial position of 2.8 A with respect to BNNT entrance) as the reference.

Finally, different initial configurations for multiple filling simulations (results reported in
Figs. B6 and B7 in appendix B), of 5 m and 10 m LiTFSI filling into 1 nm wide BNNT in the
presence of an applied electric potential difference of 5V, are generated in the following manner.
First, we have pre-equilibrated the electrolyte solution surrounding the empty BNNT, in presence
of an applied electric potential difference of 5V, in the canonical ensemble at a temperature of
300 K. The pre-equilibration lasted for 3 ns and the solution was blocked from entering the BNNT,
using a LJ wall as described in previous paragraphs, during this period. Later, from the last 2 ns of
the above described pre-equilibration, we have selected a system configuration every 200 ps
resulting in ten different states corresponding to timesteps at 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6,
2.8 and 3.0 ns. We have used these ten different states as initial system configurations for the
filling-simulations. Further, to make sure that these different initial states do not have memory of
each other, we have randomized the velocities of solution atoms before starting the filling
simulations. We have followed the above described procedure for both the cases of 10 mand 5 m
aqueous LiTFSI solutions. Using these initial states, we have performed filling-simulations, in the
canonical ensemble at a temperature of 300 K, for 500 ps in the presence of an applied electric

potential difference of 5 V.
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The contents of this chapter have been published as Chava, B. S., Chandel, G. R., & Das, S. (2023). Water-
Structure-Specific Entropic Dominance in the Filling of Boron Nitride Nanotubes. The Journal of Physical
Chemistry C, 127(14), 7009-7018.

Chapter 4: Water-Structure-Specific Entropic Dominance in the Filling of
Boron Nitride Nanotubes”

Abstract

The filling of nanometer and sub-nanometer channels/tubes with water governs applications
ranging from desalination and filtration to nanoscale energy conversion. Here we report the most
non-intuitive entropy-dominated filling of mildly hydrophilic boron nitride nanotubes (BNNTS)
from 0.85 to 1.69 nm diameters. For all the BNNT sizes, water inside the BNNT is more stable
than water in the bulk. The factor dictating the favorable nature of the entropy depends on the
specific-BNNT-diameter-dictated structure of the water molecules. For example, for the 0.85-nm
BNNT, rotational entropic component dominates due to the presence of a significant fraction of
the dangling water OH bonds that do not participate in hydrogen bonding. The fraction of such
dangling OH bonds (the average HBs per molecule) decreases (increases) with an increase in the
BNNT diameter leading to a progressively reduced contribution of the rotational entropy. For the
1-nm BNNT, translational entropic component dominates stemming from the enhanced in-plane
motion of the water molecules caused by the single-file nature of water molecules spanning a
significant radial expanse inside the BNNT. For larger BNNTS, translational entropy decreases
with an increase in BNNT diameter, although it remains the dominant factor governing the entropy
driven filling of BNNTSs. This favorable translational entropy for larger BNNTS can be associated
to (1) the presence of chain-like regions formed by water in 1.13-nm BNNT and (2) the presence
of high specific water volume and reduced number of HBs per molecule (as compared to bulk

water) in 1.27-nm, 1.41-nm, 1.55-nm, and 1.69-nm BNNTSs.
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4.1 Introduction

Nanofluidics, 14114 over the past couple of decades, have emerged as a subject of great
significance with applications ranging from sensing,46147 water treatment (such as desalination*®-
130 and purification®®'1%2), nanoscale energy conversion,®3>4 and many more. The dominant role
of the surface physics and the specific structure of the nanochannel and the liquid molecules (water
molecules) govern all these applications. Therefore, there have been immense interests in the
fundamental explorations of the behavior and properties of liquid molecules (or more specifically,
water molecules) inside the more commonly available (or manufacturable) nanochannels and
nanotubes. Carbon nanotube (CNT) is an example of one such most commonly used nanotube and
extensive research has elucidated a myriad of most fascinating effects associated with the transport
of water confined inside the CNTs!5"1%® and the manner in which these properties are leveraged
for a wide-ranging nanofluidic applications.*1°9-16 |n comparison, the fundamental exploration
of the behavior and properties of water inside boron nitride nanotubes (BNNTS), which very much
like the CNTs are easily fabricable with diameters being in the range from less than one nanometer
to a few nanometers,'®? have been significantly less and the existing studies!®20:21:22.61,163-168 yara|y
shed much light on the BNNT-diameter-dependent changes in the thermodynamic factors (free
energy, internal energy, and entropy) dictating the stability of water inside the BNNTSs. Such
knowledge of the water behavior inside the BNNTS is key for a more widespread use of BNNTs

(and non-graphene, non-CNT-based nanomaterials, in general) in nanofluidic devices.

In this paper, we conduct molecular dynamics (MD) simulations using Reax force field
(ReaxFF) parameters to study the thermodynamic factors dictating the stability of water inside
BNNTs of diameters (D) ranging from 0.85 nm to 1.69 nm. Fig. 4.1(a-g) provides the MD

simulation snapshots showing the distribution of water molecules inside the BNNTSs of different
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diameters. For all the BNNT sizes, water inside the BNNTSs is found to be more stable than water
in the bulk. It is expected that in a mildly hydrophilic nanotube like BNNT, the favorable internal
energy change will be responsible for such water stability inside the BNNTSs. On the contrary, we
find that internal energy changes have minimal contributions towards the stability of water
molecules inside the BNNTS; rather it is the extremely favorable entropy changes that ensure the
significant stability of the water molecules inside the BNNTSs of all sizes, despite the fact that it is
conventional wisdom that confinement leads to unfavorable entropic changes. Pascal et al.*®® had
first challenged this conventional wisdom: their paper established that the favorable entropic
changes led to spontaneous filling of the hydrophobic CNTs (carbon nanotubes) from 0.8 to 2.7
nm. The present study establishes the same entropic dominance in the filling of BNNTSs of all the
sizes considered, albeit the factors governing the entropic dominance are different for the case of
BNNTSs (and depend on the diameter of the BNNT) as compared to CNTs. For example, in the
sub-nanometer wide BNNT (D=0.85 nm), rotational entropy change (TASrot) dominates the
favorable entropic contribution: such favorable TASrot Stems from the presence of a large number
of dangling water OH bonds [see Fig. 4.1(h)] that do not participate in hydrogen bond (HB)
formation and enable the water molecules to undergo rotation by either rotating about the OH bond
participating in hydrogen bonding or by flipping about the axis perpendicular to the plane of the
water molecule. The number of dangling water-OH bonds and the corresponding contribution of
TASrot in dictating the favorable entropic changes decrease progressively with an increase in the
BNNT diameter. Therefore, for water molecules in larger BNNT diameters (D >= 1 nm), the
changes in the translational entropy (TAStrans) dominate the favorable entropy changes leading to
water stability inside the BNNTs. However, in these wider BNNTs (D >= 1 nm), TASTrans itself

decreases with an increase in the BNNT diameter. Of course, depending on the BNNT diameter,
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different physical factors lead to the dominating influence of TAS+rans. FOr example, for D=1.0 nm,
i.e., the BNNT diameter for which TAStrans is most favorable, the enhanced in-plane motion of the
water molecules, stemming from the single-file nature of water molecules that can traverse a
significant radial expanse inside the BNNT, leads to an enhanced TASTrans. On the other hand, the
favorable TASTrans results from the presence of chain-like regions in the water structure in 1.13-
nm BNNT and from the enhanced specific water volume and a smaller number of HBs per
molecule (as compared to bulk water) in 1.27-nm, 1.41-nm, 1.55-nm, and 1.69-nm BNNTs. Many
previous computational works studying the behavior of water confined in BNNTSs have used force
field parameters that significantly overpredict the BN hydrophilicity?> 211520 resulting in a water-
BN contact angle of ~30°. The Reax force field (ReaxFF) parameters used in this study predict a
water-BN contact angle of ~70° 2* which is close to the 66° value reported in recent experiments.?
Further, these force field parameters were shown to produce excellent agreement with the
experimental findings of bulk water structure.’® Owing to the accuracy of our ReaxFF MD
simulations, we expect our results to be well representative of a real-world picture. We anticipate
that our findings will enable a better utilization of systems consisting of water confined in BNNTSs

for a wide range of applications in the field of nanofluidics.
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Figure 4.1. Simulation snapshots showing the cross-sectional and axial view of water confined in
a) (6, 6) BNNT (D = 0.85 nm), b) (7, 7) BNNT (D = 1 nm), c) (8, 8) BNNT (D = 1.13 nm), d) (9,
9) BNNT (D =1.27 nm), €) (10, 10) BNNT (D = 1.41 nm) f) (11, 11) BNNT (D = 1.55 nm), and
g) (12, 12) BNNT (D = 1.69 nm). h) Magnified cross-sectional snapshots of the water molecules
in (6, 6), (8, 8) and (11, 11) BNNTSs highlighting the dangling water-OH bonds.
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4.2 Methods

We consider BNNTSs of seven different diameters with the following chiral indices: (6, 6), (7, 7),
(8, 8), (9, 9), (10, 10), (11, 11) and (12, 12). First, we simulate 4-nm long open ended BNNTs
soaked in bulk water made up of 3000 water molecules (see Fig. C7 in appendix C). The initial
states for these simulations were obtained by pre-equilibrating the systems using the force fields
reported in Won and Aluru.?° During the pre-equilibration, all the BNNTs were completely filled
with water molecules, consistent with the results from previous studies using these force field
parameters. We used these configurations with completely filled BNNTSs as initial states for the
ReaxFF 1t MD simulations. This choice of initial states serves two main purposes. First, we can
make sure that our observations from the ReaxFF simulations do not result from the water
molecules being trapped in a local minimum outside the BNNTs. Second, we can speed up the
equilibration of these systems by accelerating the initial filling process. These systems were
simulated in the isothermal-isobaric (NPT) ensemble at a temperature of 300 K and a pressure of
1 atmosphere using Nosé Hoover®®® thermostat and barostat with damping constants of 100 and
1000 timesteps, respectively. In order to prevent the nanotubes from drifting away, boron and
nitrogen atoms at the middle of the BNNT were tethered to their initial positions using springs
with a stiffness of 20 kcal.mol*.A2. Periodic boundary conditions were used in all the three
directions. The average water density inside the BNNTSs were obtained using the production data
from these simulations. To minimize the effect of tube open ends, only the water molecules in the
middle region (of length 3 nm) of the tube were considered. The total simulation length,
production length and the average water count per unit tube length for each nanotube are provided
in Table C1 (see appendix C). Using the water density data, we have filled 10.24 nm long periodic

BNNTSs with appropriate amount of water to simulate infinitely long water-filled BNNTSs. The
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simulation box spanned 10 nm in the x and y directions with the BNNT axis being parallel to the
z direction (see Fig. C8 from appendix C). To prevent the BNNTSs from drifting away, the BNNT
atoms at the middle were tethered to their initial positions using springs. These systems were
initially equilibrated in the NPzT ensemble (at a temperature of 300 K and a pressure of 1 atm) for
5 ns and the data from the last 2 ns were used to calculate the average box length along the z-axis.
Next, from the equilibrated NPzT ensemble trajectory for each BNNT diameter, we picked the
system configuration with the box length being closest to the ensemble average value, and continue
the simulations in the NVT ensemble at a temperature of 300 K for 7 ns. From the last 6 ns of these
simulations, we obtained 40 different 100 ps long trajectories that are separated from each other
by 50 ps. Similarly, we have performed bulk water simulations using 1000 water molecules in the
NPT ensemble for 500 ps followed by a simulation in the NVT ensemble for 1.75 ns. The last 1.5
ns of this NVT simulation resulted in 10 individual 100 ps long trajectories that are spaced 50 ps
apart. For all the ReaxFF MD simulations, a time step of 0.25 fs was used. The LAMMPS parallel
MD?8 engine was used to perform all the simulations. We employed the force field parameters
reported in Verma et al.?* along with the charge equilibration scheme (Qeq)!’? 1" for all the
ReaxFF MD simulations. The position and velocity information of the atoms were saved every 0.5
fs for the above described 100 ps long trajectories and this data was used to calculate the entropy,
density of states (DoS), and zero-point energy corrections to the internal energy by employing the
2PT method.'"* Using this method, we found the bulk water entropy to be 62.94 J.mol*.K™t which
is in agreement with results reported in previous studies.®® The water internal energy inside the

BNNTSs were calculated using the below equation:

Water Energy = Total System Energy — Standalone BNNT Energy, 1)
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The stand-alone BNNT energy was obtained by employing the LAMMPS-rerun command on

trajectory data containing only BNNT atoms (i.e., when all the water molecules were removed).

The hydrogen bonding statistics were obtained by adopting appropriate distance-angle (r, ) based
definitions informed by the corresponding two dimensional potentials of mean force [ W(r,0)]. The
parameters r and 6 represent the inter-oxygen distance and the angle between the OH bond and the
vector joining the oxygen atoms (£HO4O.). For any pair of water molecules, there exists four
possible angles meeting the above criteria and only the smallest of these angles was considered for

sampling. The 2D PMF is given by the following equation:
W(r,0) = —kTg(r,0), (2

Here, g(r,0) is defined to be the ratio between the average number of water-oxygen atoms in a shell
between r+dr and r centered around a given water-oxygen atom, with the corresponding ZHO4O4
angle between 6+d6 and 6, in the presence and absence of intermolecular interactions. The latter
is given by (47rpdr)(Prandom(6)d6), where the Prandom(®@) represents the random probability
distribution of & for non-interacting water molecules. For bulk water, Prandom(8) is obtained by
considering the distribution of & between water molecules with r > 10 A. On the other hand, to
obtain Prandom(@) for water confined in each BNNT, we performed two additional simulations with
only a single water molecule inside the BNNT. For each BNNT, these two simulations started with
dissimilar initial configurations, and the water molecule trajectories were superimposed on each
other to replicate the behavior of a pair of non-interacting water molecules confined in the BNNT.
The ZHO4O. angle sampled from these superimposed trajectories gives the random probability
distribution of & (Prandom(d)). Further, to account for the excluded volume effects in a confined

system,1’® the non-interacting particle distribution was modified as (fc.gu(7). 47r2pdr) (Prandom(6)d6)
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for water confined in BNNTSs. The uniform profile gu(r) for a cylindrical confining geometry is

given by:176

25 [ d2QPey(Q). ®3)

gu(r) = D

Here, V, is the volume and P¢,,;(Q) is the form factor'’” of a cylindrical cell with radius R, and
length L, expressed as:

2 —1?
Pey(@ = [y dulioCS] [ @

where J; is the first order Bessel function and j, is the zero-order spherical Bessel function. The
correction parameter fc accounts for the surface roughness and was adjusted so that the radial

distribution function (RDF) between the water oxygen atoms tends towards one for large r.

The 2D PMF for bulk water and water confined in (6, 6) BNNT are shown in Fig C9 (see appendix
C). From the PMF data, we define a dividing surface surrounding the HB basin centered around a
short inter-oxygen distance (r < 3 A). The dividing HB boundary was chosen to be the zero-PMF
equipotential contour (represented by black contour lines in Fig. C9 in appendix C) beyond which
the depletion zone can be observed (g(r,6) < 1)). For a given system, all the water molecule pairs

that lie within this HB basin are considered to be hydrogen bonded.

Polarizability of water inside the BNNTSs is an important consideration. The charges on
atoms simulated using ReaxFF are not static. In these simulations, a charge equilibration scheme
(QEQ) is used to predict the environment dependent charge distribution in molecules by equating
the electronic chemical potentials of atoms.}”® As a result, polarizability is accounted for by
considering the fluctuations in atomic charges which capture the variations in molecular dipole
moment induced by variations in molecular geometry and environment.r’3"® However, unlike
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other implementations such as the Drude polarizable model,*® the atomic polarization is not
explicitly modeled in the present simulations. Of course, most recent studies attempting to
accurately model the water-hBN interfacial interactions have not considered these explicit atomic
polarizabilities;*®18 despite that, these studies have been successful in capturing the wetting
properties and the binding energy of water on h-BN. Thus, we expect our results to be of reasonable
accuracy and the trends in the calculated thermodynamic quantities to represent reality at least

qualitatively.
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Figure 4.2. a) Changes in the internal energy (AU), entropy (—TAS), and free energy (AA) of
water confined in BNNTS (these changes are relative to the bulk water) as functions of the BNNT
diameters. b) Variation in the translational (TAStrans) and rotational (TASRret) components of the
total entropy change plotted as functions of the BNNT diameters. The error bars represent standard
errors.
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4.3 Results and Discussions

Figure 4.2(a) shows the free energy change (AA) associated with the water confined in
BNNTSs (relative to the bulk water) and the corresponding entropic (—TAS) and internal energy
(AU) contributions to this free energy change (AA = —TAS + AU). For all the tube diameters
(ranging from 0.85 nm to 1.69 nm), water molecules have lower free energies (i.e., AA<0) inside
the BNNT as compared to the water molecules present in the bulk. This confirms that the water
molecules prefer to remain confined within the BNNT than to remain in the bulk. Along the same
lines, we find that greater the degree of confinement (i.e., smaller the BNNT diameter), more
negative is AA (i.e., AA increases monotonically with an increase in the BNNT diameter),
confirming a greater preference of the water molecules to be present inside a BNNT with a smaller
diameter (or a greater degree of nanoconfinement). Despite such monotonic trend in AA with the
BNNT diameter, the entropic (—TAS) and internal energy (AU) contributions to the free energy
show a non-monotonic trend with the BNNT diameter. For example, the entropic component
(—TAS) decreases in magnitude (i.e., becomes less favorable) monotonically with BNNT diameter
(D) for D ranging from 1 nm to 1.69 nm. However, it is largest (in magnitude) and hence most
favorable for D =1 nm or (7,7) BNNT and decreases in magnitude (denoting less favorability) for
D = 0.85 nm or (6,6) BNNT. The contribution of the internal energy change (AU) towards a
favorable AA, on the other hand, is negligible (tending towards zero) for BNNTs with larger
diameter and is favorable for (6,6) BNNT (D=0.85 nm), mildly favorable for (7,7) BNNT (D=1.0
nm), and mildly unfavorable for (8,8) (D=1.13 nm) BNNT. This comparison establishes that the
entropic contribution is the dominant factor in stabilizing the water confined in all the BNNTs
considered in this study. Of course, the most favorable value of AA is noted for (6,6) BNNT

(D=0.85 nm), although the entropic contribution is maximum for (7,7) BNNT (D=1.0 nm). This
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stems from the fact that AU is very much favorable for (6,6) BNNT (D=0.85 nm) [in fact, in the
(6,6) BNNT, AU is so significant that the entropic contribution (—TAS) accounts for only 67% of

the corresponding total free energy change (AA) relative to bulk water] ensuring the maximum

favorability of AA for (6,6) BNNT (D=0.85 nm).
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Figure 4.3. a) Variation of the fraction of dangling OH bonds for the water molecules confined in
BNNTs (for different values of the BNNT diameters) and the water molecules present in the bulk.
b) Variation of the rotational density of states (RDoS) for the water molecules confined in BNNTs
(of different diameters) and the water molecules present in the bulk. ¢) Variation of the specific
volume of the water molecules confined in BNNTSs (for different values of the BNNT diameters)
and the water molecules present in the bulk. d) Variation of the average number of HBs per water
molecule for the water molecules confined in BNNTSs (for different values of the BNNT diameters)
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and the water molecules present in the bulk. e) Variation of the translational density of states
(TDoS) for water molecules confined in BNNTSs (of different diameters) and the water molecules
present in the bulk. f) Variation of the normalized water-BNNT interaction energy for the water
molecules confined in BNNTSs (for different values of the BNNT diameters). g) Variation of the
zero-frequency TDoS [or, TDoS(0)] for water molecules confined in BNNTs (of different
diameters) and the water molecules present in the bulk.
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Figure 4.4. Schematics showing a) the rotation of a water molecule, with a dangling OH bond,
about the axis (indicated by the straight dashed arrow) parallel to the hydrogen bonding OH bond,
and b) flipping of a water molecule, with a dangling OH bond, about the axis perpendicular to the
molecular plane (indicated by the straight dashed arrow). Schematic representations of c) single
file arrangement of water molecules in (6, 6) and (7, 7) BNNTs and d) restraints imposed on the
molecular plane of a water molecule donating both the hydrogens and simultaneously accepting at
least one HB.
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Given the dominant role of the entropic favorability in dictating the stable (and preferred)
configuration of water molecules within the BNNT, we further decompose the total entropic
contribution into rotational (TASrot) and translational components (TAStrans) and study the
variation of these components as functions of the BNNT diameters [see Fig. 4.2(b)]. We find that
for water confined in the (6, 6) BNNT (D=0.85 nm), the rotational entropy (TASRqt) is the dominant
part with a 74% contribution to the total entropic gain. Further, the (6, 6) BNNT system exhibits
the largest water rotational entropic gain (TASrot) among all the BNNT sizes considered in this
study; in fact, TASrot decreases monotonically (i.e., shows progressively less favorability) with an
increase in the BNNT diameter. We attribute this enhanced rotational entropy [for the (6, 6)
BNNT] to the large fraction of dangling water OH bonds present in this system [see Fig. 4.3(a)].
Fig. 4.3(a) shows that the fraction of dangling water-OH bonds inside the BNNT is always greater
than that in the bulk and this number is maximum for (6,6) BNNT (i.e., BNNT with smallest
diameter) and decreases monotonically with an increase in the BNNT diameter: TASrot follows
the same trend as the dangling OH bond fraction for all the systems considered in this study.
Numerous studies'®8 have shown that near a hBN (hexagonal boron nitride) surface, water
molecules favor a one-legged orientation, which characterizes such dangling bonds. In this
configuration, one of the OH bonds of an interfacial water molecule points towards the BN surface
and such bonds are referred to as dangling OH bonds as they do not participate in hydrogen
bonding with the surrounding water molecules [see Fig. 4.1(h) showing the MD simulation
snapshot of such a dangling bond in (6,6) BNNT]. Also, in the (6, 6) BNNT (D=0.85 nm), the
extreme confinement in the radial direction localizes the water oxygen atoms to the center of the
tube [see Fig. 4.1(a, h) and Fig. C2(b) (see appendix C)]. As a result, the OH bonds participating

in hydrogen bonding tend to align with the tube axis [see Fig. 4.1(a)] and the dangling hydrogens
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remain close to the oxygen atoms of the nearby water molecules [see Fig. C1(a) in appendix C].
In this configuration, a water molecule with a dangling OH bond undergoes rotation primarily via
two mechanisms: a) rotation about the OH bond participating in hydrogen bonding®’ [see Fig.
4.4(a) and Fig. C3(a) (in appendix C)] and b) flipping about the axis perpendicular to the plane of
the water molecule!® [see Fig. 4.4(b), Fig. C1(b) and Fig. C3(b)]. The former mechanism is
characterized by the dangling OH bonds making rotational sweeps about the hydrogen-bonded OH
bond, while the latter mechanism is driven by the two OH bonds swapping their respective
positions. Such rotational motions are not prominent for the water molecules in the bulk, where
the water molecules form tetrahedral hydrogen bond networks and the fraction of dangling OH
bonds is less than 0.15. These findings are evident from the enhancement in the low-frequency
rotational modes (in the frequency range of 120-200 cm™), as indicated by a red shift in the
rotational density of states (RDOS) for water molecules in the (6, 6) BNNT as compared to the
bulk [see Fig. 4.3(b)]. The presence of such amplified low-frequency rotational modes indicates
that relative to the bulk, water (similar to that in vapor phase) undergoes freer rotations in the (6,

6) BNNT. 26

On the other hand, the translational entropic gain (TASTrans) [See Fig. 4.2(b)] for the BNNT-
confined water depends on the density [depicted in Fig. 4.3(c)] and the average number of HBs
formed by each water molecule [depicted in Fig. 4.3(d)]. Given the significant radial confinement
experienced by the water molecules in the (6, 6) BNNT (D=0.85 nm), low-frequency in-plane
oscillations are suppressed and high-frequency rattling motions are enhanced compared to the bulk
water: this is evident from a blue shift in the translation density of states (TDoS) [see Fig. 4.3(e)].
As a result, we can infer that for water inside the (6, 6) BNNT, the translational entropic gain is

primarily caused by axial diffusion. Figure 4.3(g) shows the zero-frequency TDoS [denoted as
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TDoS(0)] for water in all the systems (i.e., BNNTs of all the different diameters) considered in this
study. TDoS(0) accounts for the contribution from the diffusional motions to the translational
entropic component 174 of the water molecules, and is found to be highest for the water molecules
in the (6, 6) BNNT. In this (6,6) BNNT, on average, water molecules form less than 1.7 HBs per

molecule [see Fig. 4.3(d)] and exist in a straight single file configuration [see Fig. 4.1(a)].

Also, the favorability associated with the internal energy change (AU) is the highest for
water in the (6, 6) BNNT (D=0.85 nm) [see Fig. 4.2(a)]. This enhanced energetic favorability is
due to the fact that in the 0.85 nm wide BNNT the water molecules remain localized at the center
of the tube and are in close proximity to all the BN atoms at a given axial location. As a result,
these water molecules experience optimal interaction with a larger portion of the BNNT surface,
as compared to the water molecules confined in BNNTs with larger diameters: this is established
by the fact that the water-BNNT interaction energy is highest for water confined in (6,6) BNNT
[see Fig. 4.3()]. Also, these results indicate that the large water-BNNT interaction energy triumphs
over the energy penalty due to loss of HBs, thereby ensuring a significantly favorable AU for water

confined in (6,6) BNNT.

In the (7, 7) BNNT (D=1 nm), where water molecules experience the largest entropic gain
contributing 87% to the total free energy change [see Fig. 4.2(a)], we see that the translational
entropic gain (TAStrans) is larger than the rotational counterpart (TASrot) [See Fig. 4.2(b)]. Water
molecules in the (7, 7) BNNT possess the highest specific volume (lowest density) [see Fig. 4.3(c)]
and exist in a single-file chain structure that spans a much wider radial expanse at the nanotube
center as compared to the single file chain structure in (6, 6) BBNT [see Figs. 4.1(a,b), Fig. 4.4(c)
and Fig. C2(a,b)]. While both the (6, 6) and (7, 7) BNNTSs contain single file water, the radial

confinement in the (7, 7) BNNT (D=1.0 nm) is weaker in comparison to the (6,6) BNNT (D=0.85
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nm) and as a result, the low-frequency in-plane oscillations are more prominent. Therefore,
compared to the water molecules in the bulk and the (6, 6) BNNT, we see an enhancement in the
low-frequency translational modes for water molecules in (7, 7) BNNT indicated by the redshift
in TDoS [see Fig. 4.3(e)]. In addition, the TDoS(0) for water in this system is significantly higher
as compared to the bulk water [see Fig. 4.3(g)] and this behavior can be attributed to the single-
file nature of water causing improved axial diffusion. The high specific volume for water in (7, 7)
BNNT is a result of the entropic gain and the aligning tendency of water near the BN surface. In a
densely packed configuration, water tends to form well connected HB networks resulting in a
smaller dangling OH bond fraction. The sparse packing of water in the (7, 7) BNNT is
accompanied by a loss in HBs per molecule. The unfavourability in AU (i.e., AU becoming
positive) ensued by such a loss in HBs is compensated by a significant entropic gain [-TAS has
the highest negative value for (7,7) BNNT, see Fig. 4.2(a)] as well as a reduction in internal energy
(AU) due to the one-legged orientation caused by the favorable interaction between water
molecules and the BNNT surface. In this BNNT, while the dangling OH bond fraction is close to
that in the (6, 6) BNNT [see Fig. 4.3(a)], we see a noticeable drop in the rotational entropic gain
(TASRqt) as compared to the (6, 6) BNNT system [see Fig. 4.2(b)]. As the restriction on the in-
plane translational motion of the confined water molecules is less severe in the (7, 7) BNNT (D=1
nm) as compared to the water molecules confined in (6, 6) BNNT (D=0.85 nm), the hydrogen
bonding OH bonds do not align with the tube axis [see Fig. 4.1(b) and Fig. 4.4(c)]. At the same
time, the dangling hydrogens tend to stay further away from the oxygen atoms of the nearby water
molecules in the (7, 7) BNNT [see Fig. 4.4(c) and Fig. C1(a) (in appendix C)]: this is established
by the O-H RDF plot [see Fig. C1(a)], as discussed below. The third peak in the O-H RDF plot

corresponds to the distance between the oxygen atom of a water molecule and the dangling
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hydrogen atom of a neighboring water molecule. We clearly see that the location of this third peak
is shifted by 0.17 A towards the right for water in (7,7) BNNT, when compared to the water
confined in (6,6) BNNT. Consequently, the flipping tendency of a water molecule, about the axis
perpendicular to the plane of the molecule, is weakened in the (7, 7) BNNT [see Fig. C1(b) (in
appendix C)] resulting in a visible drop in the rotational entropic gain (TASrot) as compared to the
water molecules confined in the (6, 6) BNNT. This scenario is confirmed from the suppressed
rotational modes in the v =160-270 cm™ range [see Fig. 4.3(b)] for water in (7, 7) BNNT, as
compared to the water molecules confined in the (6,6) BNNT. Also, despite the average number
of HBs per molecule being similar in the (6, 6) and (7, 7) BNNT systems [see Fig. 4.3(d)], we see
a notable rise in the penalty associated with the internal energy (i.e., AU becomes more positive)
for the water molecules confined in (7,7) BNNT as compared to the water molecules confined in
the (6,6) BNNT [see Fig. 4.2(a)] owing to the weakening of the water-BNNT interaction energy

with an increase in the tube diameter [see Fig. 4.3(f)].

In the (8, 8) BNNT (D= 1.13 nm), water forms local high-density cluster-like regions that
are bridged by low-density chain-like structures of varying lengths [see Fig. 4.1(c) and Fig. C4 (in
appendix C)]. The cluster-like regions are characterized by dense hydrogen bond networks, while
the chain-like regions show HB connectivity similar to that of single file (chain-like) water (see
Fig. C4 and Fig. C5 in appendix C). In Fig. C5, 0.59 fraction of water molecules form two or less
HBs (this is characteristic of single-file or chain-like water), while 0.41 fraction of water molecules
form three or more HBs (this is characteristic of water molecules in cluster-like regions forming
dense HB networks). As such, the distinct rise in the average number of HBs per molecule in this
(8,8) BNNT system, as compared to the (6, 6) and (7, 7) BNNTS [see Fig. 4.3(d)], can be attributed

to these local water clusters. The cluster formation is also accompanied by a noticeable drop in the
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fraction of the dangling OH bonds [see Fig. 4.3(a)] resulting in a lower rotational entropic gain
(TASRqt) [see Fig. 4.2(b)], as compared to the (6, 6) and (7, 7) BNNT systems. Also, as evident
from Fig. 4.3(b), the presence of such clusters enhances the high-frequency rotational modes, while
the decline in fraction of the dangling OH bonds [see Fig. 4.3(a)] suppresses the low-frequency
rotational modes that were found to be dominant in the (6, 6) and (7, 7) BNNTSs. On the other hand,
the translational entropic gain (TASrans) for water in the (8, 8) BNNT system is similar to that in
the (7, 7) system and accounts for 65% of the total entropic gain [see Fig. 4.2(b)]. Fig. 4.3(e) shows
a red shift in the TDoS for water in (8, 8) BNNT, relative to the (7, 7) BNNT system, due to the
presence of chain-like regions that experience enhanced in-plane oscillations in the wider (8, 8)
BNNT. However, for water molecules confined in the (8,8) BNNT, the presence of the water
clusters ensures that the intensities of modes with a frequency larger than 50 cm™ tend towards
values similar to that of bulk water. Interestingly, the presence of clusters does not affect the
entropic contribution from the diffusional motions with a TDoS(0) value similar to the water
confined in the (7, 7) BNNT system [see Fig. 4.3(e)]. Finally, among all the BNNTSs considered in
this study, water has the most unfavorable internal energy in the (8, 8) BNNT: this is corroborated
by a positive AU associated with the presence of water inside the (8,8) BNNT [see Fig. 4.2(a)].
This distinct rise in the internal energy penalty is due to the combined effect of increased tube
diameter which results in a lower water-BNNT interaction energy per molecule [see Fig. 4.3(f)]
[as compared to the (7, 7) system, while we do notice an increase in the average number of HBs
per molecule from 1.8 to 2.3, see Fig. 4.3(d), the water-BNNT interaction energy drops steeply
from -5.3 to -3.9 kcal/mol, see Fig. 4.3(f)] and the presence of chain like regions where the HB
network is less dense (see Fig. C4 in appendix C). However, these two aspects also lead to a

reduced water density for the water confined in (8,8) BNNT [see Fig. 4.3(c)], which is conducive
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to the translational entropic gain in the system [see Fig. 4.2(b)] resulting in a net favorable free

energy change [see Fig. 4.2(a)].

In (9,9) (D =1.27 nm) and (10, 10) (D = 1.41 nm) BNNTs, water molecules exhibit a cage-
like structure [see Fig. C2(a) in appendix C] with majority of them forming three or more HBs
with the surrounding water molecules. These structures are characterized by a scarce water
population near the center of the tube [see Figs. C2(a, b) in appendix C]. Previous studies have
shown that water confined in CNTs of similar diameters exhibit ice-like structures with the average
number of HBs per molecule exceeding the bulk value.'®® However, we do not observe such
structures in BNNTSs as evidenced by Fig. 4.3(d), which shows the average number of HBs per
molecule is lower in all BNNTs of all diameters, as compared to the bulk. We attribute this
behavior to the presence of a significant fraction of dangling OH bonds in all the BNNT systems
[see Fig. 4.3(a)]. Specifically, in (9, 9) and (10, 10) BNNTs with cage-like water structures, the
energetic penalty due to the loss of HBs, otherwise present in ice-like water, is compensated by
the gain in entropy [see Fig. 4.2(a)] and the favorable interaction energy between the BNNT
surface and the interfacial water molecules in the one-legged configuration [see Fig. 4.3(f)]. Unlike
the hBN-water interface, such a one-legged orientation for water molecules was not found to be
favorable at the graphene-water interface.'® Consequently, the dangling OH bonds can be labelled

as structure breakers of water confined within the BNNTS.

For water confined in (9, 9) (D =1.27 nm), (10, 10) (D = 1.41 nm), (11, 11) (D = 1.55 nm),
and (12, 12) (D = 1.69 nm) BNNTs, the translational entropic change (TAStrns) IS the major
contributor to the total entropic change, which is favorable for water confined in all these BNNTSs
[see Figs. 4.2(a,b)]. Such favorable translational entropic contributions can be attributed to the

high specific volume [see Fig. 4.3(c)] and lower average number of HBs per molecule [see Fig.

82



4.3(d)] compared to the bulk water. The translation entropic gain is identical for water in (9, 9)
and (10, 10) BNNTSs due to the structural similarities of water in these systems [see Figs. 4.1(d, e)
and Fig. C2(a, b) in appendix C]. Similar reasoning can be applied to explain the comparable
TASTrans Values for water confined in (11, 11) and (12, 12) BNNTSs [see Figs. 4.1(f, g) and Fig.

C2(a, b) in appendix C].

Further, the variation of the rotational entropic gain (TASrot) with the BNNT diameters
follows the same trend as the fraction of dangling OH bonds for water confined in these BNNTS
[compare Figs. 4.2(b) and Fig. 4.3(a)]. This correlation follows from the fact that as the fraction
of dangling bonds decrease and falls below 0.5 (for cases of water confined in BNNTSs with larger
diameters), we see an increase in the proportion of water molecules donating both the hydrogens
and simultaneously accepting at least one HB (see Fig. C6 in appendix C). The resulting
restrictions on the plane of a water molecule [see Fig. 4.4(d)] tend to prevent free rotations, and
the high-frequency rattling motions become dominant, which is evident from the RDoS showing
bulk water like behavior for these systems [see Fig. 4.3(b)]. Nevertheless, for all the BNNT sizes
considered in this study, we do see a considerably higher dangling OH bond fractions (> 0.2)
compared to bulk water (0.13) and as a result the rotational entropic gain (TASrot) is favorable for

water confined in all these BNNTS [see Fig. 4.2(b)].

Finally, the contribution from relative internal energy (AU) to the total free energy change
(AA) is significantly weak (ranging from 15% to 0%) for water confined in these BNNTs. The
energetic penalty due to the loss in HBs and the energetic favorability caused by water-BNNT
interaction tend to balance each other in these systems and result in the relative internal energy

contributions to remain small.
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4.4 Conclusion

In summary, we employ ReaxFF based MD simulations to unravel that highly favorable entropic
effects drive the filling of mildly hydrophilic BNNTSs having diameters ranging from 0.85 nm to
1.69 nm and water is more stable inside BNNTSs of all these diameters as compared to water in the
bulk. Such a non-intuitive favorable role of entropy, given the conventional wisdom that
confinement leads to entropic unfavourability, has been earlier demonstrated during the water
filling of CNTs.2%® However, we show that the factors that drive the favorable entropy-driven water
filling of BNNTSs are significantly different from that of the CNTSs. These factors range from the
predominance of dangling water-OH bonds leading to a dominance of the rotational entropic
effects for the BNNTs with extreme confinement (D = 0.85 nm) to the dominance of the
translational entropic effects associated with the presence of single-file water structures or chain-
like water regions and/or high specific water-volume for larger BNNTs. We anticipate that our
findings will lay the groundwork for developing applications such as filtration, desalination, and

energy storage and conversion using interactions of water with nanomaterials such as BNNTSs.
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Chapter 5: Hydrogen Bond Strength and Kinetics of Nanoconfined Water in
Boron Nitride Nanotubes

5.1 Introduction

Water structure in presence of strong (few nanometers or sub-nanometers) confinement
has been extensively studied,***%” owing to some of the most fascinating effects demonstrated by
water in such confinements, including ultra-fast transport,®®>%%® spontaneous filling of
hydrophobic nanotubes,'® phase transition under most unexpected conditions,'®® hybrid
materials,*®’ significant changes in properties such as melting point, boiling point, density, and
surface tension,’®® etc. Non-bonded water-water interactions, such as water-water hydrogen
bonding, is an important factor governing water behavior in such extreme confinements.?0-202 For
example, hydrogen bonding has been known to dictate the nature of water diffusion inside CNTs
of varying diameter,2%3-2% graphene nanochannels of different nanochannel heights,?%® 2% and self-
assembled ionic liquid crystal?®® unidirectional proton transport in fluorinated CNTs,?% etc. Water-
water HBs trigger water clusters inside a confinement: such clusters get broken in contact with
certain types of nanoconfinement material (e.g., nanomaterial composed of fluorous compounds)
resulting in very fast water transport in such nanoconfinement.®®® In our recent study, we
established that such disruption of the hydrogen bond (HB) formation associated with the presence
of dangling -OH bonds lead to the spontaneous filling of boron nitride nanotubes (BNNTS) of sub-
nanometric diameters.?°

While the importance of water-water hydrogen bonding inside strong confinements has
been thoroughly established, there remains several gaps in understanding the very nature of such
HBs inside confinement. For example, the manner in which the progressive increase in the extent

of confinement leads to the alterations of the conditions that define the formation of water-water
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HBs and the corresponding energetics of such hydrogen bonding, the confinement-driven changes
of the kinetics of hydrogen bonding (e.g., how stable is a hydrogen bond or once a HB is broken
how quickly it re-forms), etc. have not been extensively explored. In this chapter, we address these
issues considering water confined inside BNNTSs of varying diameters. In our previous study, we
have delineated in great details the manner in which BNNTs of different diameters lead to entropy-
driven water filling of BNNTS, with the factors dictating the favorable entropy changes and the
corresponding water structure, being strongly dictated by the BNNT diameters.?! In this chapter,
we shall study the properties of the HBs inside such BNNTs of various diameters with these
properties being entirely governed by the corresponding BNNT-diameter-specific water structures.
Specifically, our results demonstrate that depending on the confinement, the characteristics of the
PMFs (potential of mean forces) dictating the water-water HBs significantly changes. These PMFs
are plotted as functions of r and 8, where r denotes the inter-oxygen distance or the distance
between the oxygen atoms of the two water molecules participating in the hydrogen bonding and
6 denotes the angle between the OH bond and the line joining the oxygen atoms. We observe
completely isolated HB basins in BNNTs with strong confinement, which is in stark contrast to
the HBs in bulk or larger diameter BNNTSs where there is a second nearby PMF well to which the
HB basin is connected via a saddle point. At the same time, we obtain most remarkable BNNT-
diameter-dependent kinetics of the HBs. The specific single-file water structure inside sub-
nanometer-diameter BNNT ensures that the hydrogen bonds formed inside such BNNTSs are stable
over a much longer time period, as confirmed by the corresponding auto-correlation function,
dictating the lifetime of the HBs, decaying to a large non-zero constant value at long times.
Similarly, the same water structure ensures that such HBs, once broken, show a strong tendency

to re-form. These are highly generic and unprecedented information on the behavior of the HBs as
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functions of the nano and sub-nanoconfinement, which motivate the need for a deeper

investigation on the nature and properties of HBs inside nanomaterial-based confinements.

Figure 5.1. Graphical representation of r and 6 coordinates used to describe the hydrogen bonding
configuration between a pair of water molecules.

5.2 Results and Discussions

To study the hydrogen bonding thermodynamics for water confined in boron nitride nanotubes
(BNNTS), we performed the ReaxFF MD simulations of water confined in five different BNNTs
with chiral indices (6, 6), (7, 7), (8, 8), (10, 10), and (12, 12) respectively. The diameters of these
BNNTSs range from 0.85 nm to 1.69 nm with the (6, 6) BNNT having the smallest diameter and
the (12, 12) BNNT having the largest. In addition, we also carried out bulk water simulations so
as to highlight the effect of BNNT-based confinement on water hydrogen bonding relative to bulk
water. First, in order to identify hydrogen bonding configurations between pairs of water
molecules, we need to device appropriate HB definitions for the various systems considered in this

study. The generic geometry-based HB definition for water involves cutoff values for the inter-
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oxygen distance (r), and the angle () between the OH bond and the line joining the oxygen
atoms?*2%3 (figure. 5.1). The most widely used criterion for bulk water is r < 3.5 A and 6 < 30°.2'%
214 However, these specific cutoff values and the resulting rectangular boundary, located on the
2D PMF (W(r,6)) mapped using (r, 8) coordinates, may not be appropriate for identifying HB
configurations among water molecules present in non-bulk-like environments. In particular, for
water inside the sub-nanometer and nanometer wide nanotubes, the shape and size of the PMF
basin corresponding to the HB configurations can differ significantly from that of the bulk water.
Figure. 5.2 shows the 2D PMFs (W(r,0)) corresponding to water-water HB basins for all the
systems considered in this study. From these results, we can easily identify the above-discussed
differences between bulk water, and water confined in BNNTs of various diameters. To be
specific, we see a striking contrast between the PMFs of bulk water and water confined in (6, 6)
and (7, 7) BNNTs (with diameters of 0.85 nm and 1 nm, respectively). For water present in these
extreme confinements, we see completely isolated HB basins unlike in bulk water, where the HB
basin is connected to a nearby PMF well, which is centered around larger r and # values and
correspond to the second hydration shell, via a saddle point. In our previous study,?'° we identified
that water takes an axially ordered single-file structure in (6, 6) and (7, 7) BNNTs. As a result, in
these extreme confinements, a given water molecule is well separated from other water molecules
that are not its nearest neighbors (i.e., not part of its first solvation shell) and the inter-oxygen
distances corresponding to the second solvation shell in bulk water are not accessible to pairs of
water molecules in these single-file structures (see figure. 5.3). In the (8, 8) BNNT, as the nanotube
diameter increases, the ordered single-file structure disappears and we start to see high-density
clusters of water molecules joined by low-density chain-like regions. This water structure results

in the appearance of the second hydration PMF-well situated close to the HB basin (see figure.
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5.2). Similarly, with further weakening of confinement in (10, 10) and (12, 12) BNNTSs, the PMF
maps approach the behavior similar to the water molecules in the bulk and accordingly, the HB

basin gets separated from the nearby well by a saddle region (see figure. 5.2).
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Figure 5.2. Two dimensional potentials of mean force (2D PMF) as functions of r and & for water
molecules in BNNTs with chiral indices (6, 6), (7, 7), (8, 8), (10, 10) and (12, 12) as well as for
water molecules in the bulk. Bhargav: The continuous black contour line and the adjacent label in
each figure indicate the boundary separating the hydrogen bond basin and the corresponding PMF
value at this boundary line respectively.
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From the 2D PMF data shown in figure. 5.2, we have determined the appropriate water HB
definitions for all the systems considered in this study by choosing a continuous iso-surface with
a PMF value beyond which the volume enclosed by the iso-surface increases discontinuously
(please refer to the methods section for details). The iso-surface corresponding to the HB definition
for each system can be found in figure. 5.2. Using these definitions, we have computed the average
number of HBs formed by a water molecule (Nng) in each system (see Table. 5.1). For bulk water,
our findings show the Nug to be 3.62, which is close to the values reported in previous studies
following similar approaches to develop HB definitions. Inside the BNNT, Nng decreases
significantly: smaller the BNNT diameter more prominent is this decrease. For single file water
[in (6, 6) and (7, 7) BNNTSs], we see Nng values lower than 2 indicating that each water molecule
is connected to less than or equal to two adjacent water molecules in the single file structure. Such
a behavior stems from the water molecules taking an axially ordered single-file structure in (6, 6)
and (7, 7) BNNTSs causing the water molecules to be well separated from other water molecules
that are not their nearest neighbors (see figure. 5.3). On the other hand, for water confined in
wider BNNTSs [i.e., in (10, 10) and (12, 12) BNNTSs], we see Nug values greater than 3 as a
significant fraction of water molecules form three or more HBs with surrounding water molecules

in these systems.
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System Nus
Bulk water 3.62
(6, 6) 1.74
(7,7) 1.88
(8,8) 2.35
(10, 10) 3.04
(12, 12) 3.29

Table 5.1. Average number of hydrogen bonds formed by each molecule in all the systems
considered in this study.
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Figure 5.3. Radial distribution functions between oxygen atoms for water molecules in the bulk
and in BNNTSs with chiral indices (6, 6), (7, 7), (8, 8), (10, 10) and (12, 12).
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Further, we have explored the HB kinetics for confined and bulk water modeled in this study using
a chemical dynamics-based analysis.?*? In this process, we first compute the HB autocorrelation
function (C(t)) using a HB population operator h(t) which equals 1 if a HB is present between a

given pair of water molecules and 0 otherwise. As such, the HB autocorrelation function is given

by

_ (h(®Oh(0)
CO=Zpon @)

This function gives the conditional probability that a pair of water molecules are hydrogen bonded
at time t, given that there exists a HB between this pair at time zero.?*2 As shown in figure. 5.4(a),
C(t) decays the fastest towards zero for bulk water and the rate of decay generally decreases with
an increase in the degree of confinement (i.e., as the BNNT diameter decreases) except for (6, 6)
BNNT. However, unlike other systems, C(t) for the water molecules confined in (6, 6) and (7, 7)
BNNTSs tend to decay towards a finite value below 0.5. In these extreme confinements, where
water takes a single-file structure with Npg close to 2, a given water molecule is restricted to
forming HBs with the same two neighboring water molecules for the entire duration of the
simulations. As a result, if a pair of water molecules are found to form a HB through one of the
four hydrogen atoms at t=0, the probability of finding the same HB at t=00 would be approximately

0.25 (one of four possible HBs).

Figure 5.4(b) shows the time dependent conditional probability [n(t)] that an initially hydrogen
bonded pair of water molecules stay within the HB vicinity with the initial bond broken. n(t) can

be expressed as:

_ (HO[-r®]A0)
n® = "o @)
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Here, H(t) equals 1 if the tagged pair of molecules are separated by a distance within the HB
vicinity and 0 otherwise. In a given system, a pair of water molecules are considered to be in HB
vicinity if their inter-oxygen distance is less than the maximum value of r that lies on the HB

boundary.

For single file water, in (6, 6) and (7, 7) BNNTSs, n(t) relaxes toward a value larger than 0.5
following the same reasoning as described in the above paragraph. Whereas in other systems, n(t)
increases at shorter times and then relaxes towards zero at longer times. This behavior indicates
that, in these systems, once a HB breaks between a pair of molecules, the water molecules either
relax back toward forming the same HB or diffuse away from each other.?*2 Here, the latter seems
to be the case as evident from figure 5.4(c) which shows the time dependence of C(t)+n(t). Here,
C(t)+n(t) gives the time dependent conditional probability that a pair of initially hydrogen bonded
water molecules stay within the HB vicinity. For systems where water molecules do not form a
single-file structure [i.e., in bulk and in (8, 8), (10, 10) and (12, 12) BNNTSs], C(t)+n(t) rapidly
decays towards zero indicating that as time progresses, pairs of water molecules diffuse away from
each other after a HB is broken. In contrast, for single file water, i.e., for water confined in (6, 6)
and (7, 7) BNNTs, C(t)+n(t) decays toward values near 0.9 due to the fact that nearly every pair

of adjacent water molecules stay within the HB vicinity forming one of four possible HBs.

Further, in order to obtain the forward rate constant (k) of HB breaking and the backward rate

constant (k") of HB formation, we computed the reactive flux HB correlation function K(t) given
by

K(t) = =50 (3)

K(t) can be related to C(t) and n(t) via the following relation
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K(t) = kC(t) — k'n(t) 4)
Here, we used the C(t), n(t) and K(t) data for 1ps <t <20ps to compute k and & .

From the above relations, the HB lifetime can be obtained using
1
T = 3 (%)

Assuming that hydrogen bond breakage can be described as an Eyring process,?*> we can relate

the Gibbs free energy of HB breaking to 7,5 using the following equation
h AG
T = 17 €XPG7) (6)
Here, h is the planks constant, kg is the Boltzmann constant and T is the temperature.

Table 5.2 shows the HB lifetimes (zy5) and AG for water in all the systems modeled in this work.
We see that bulk water has the smallest AG followed by water confined in (6, 6) BNNT. For other
confined systems, AG is inversely proportional to the nanotube diameter with water in the (7, 7)

BNNT exhibiting the largest AG.

Our previous study?'® shows that, in the (6, 6) BNNT, water molecules have low translational
entropy due to extreme radial confinement restricting in-plane translational motions. However, in
the (6, 6) BNNT, water molecules possess high rotational entropy, which is due to the flipping
rotations of water molecules in this system and such water flipping involves regular HB breakage.

Thus, the small AG for water in the (6, 6) BNNTs is favored by rotational entropic gain.
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Figure 5.4. a) HB autocorrelation function (C(t)), b) time dependent conditional probability for a
pair of initially hydrogen bonded water molecules to be within the HB vicinity but with the initial
bond broken (n(t)), and c) the sum of C(t) and n(t) for water molecules in the bulk and in the

confined systems considered in this study.
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System AG (kcal/mol) Typ (ps)
Bulk water 1.8142 3.3550
(6, 6) 1.8999 3.8735
(7,7) 2.0129 4.6815
(8, 8) 1.9629 4.3051
(10, 10) 1.9483 4.2011
(12,12) 1.9277 4.0587

Table 5.2. HB lifetimes (zy5) and Gibbs free energy of HB breaking (AG) for water in all the

systems considered in this work.

5.3 Conclusion

In summary, we use ReaxFF MD simulations to study the effect of BNNT induced
confinement on water hydrogen bond kinetics and strength by obtaining appropriate HB
definitions from the 2D PMF maps for each system. We see that in very narrow BNNTSs (with sub-
nanometric diameter), we observe completely isolated HB basins unlike in bulk water, where the
HB basin is connected to a nearby PMF-well via a saddle point. Also, subtle changes in water
structure between (6, 6) and (7, 7) BNNTS result in significant differences in water HB strengths
with the water confined in a (6, 6) and (7, 7) BNNTSs showing the weakest and strongest HBs

respectively, among confined systems.
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5.4 Methods

All the simulations are performed using the ReaxFF!"® package implemented in LAMMPS
MD engine.® 1"t The ReaxFF force field parameters were obtained from.?* The production data
was obtained from simulating bulk water and confined water (in approximately 10nm long
BNNTSs) in the canonical ensemble (NVT). The temperature was maintained at 300 K using Nosé
Hoover thermostat® 8 with a damping constant of 100 time-steps and a time step of 0.25 fs was
used for all the simulations. More details regarding the simulation procedure such as the
equilibration process, bulk water simulations and obtaining appropriate confined water densities

can be found in our previous study.?'

We obtained the hydrogen bonding definitions based on the distance-angle (r, 6) coordinates using
the corresponding two dimensional potentials of mean force [W(r,6)]. Here, r and & represent the
inter-oxygen distance and the angle between the OH bond and the vector joining the oxygen atoms
(£HO4Oa) (figure 5.1). Only the smallest & among the four possible values, for a given pair of

water molecules, was considered for sampling. W(r,6) is given by the following equation:
W(r,0) = —kgTg(r,0), @)

Here, g(r,0) is given by the ratio between the average number of water-oxygen atoms in a shell
between r+dr and r centered around a given water-oxygen atom, with the corresponding ZHO40Oa
angle between 6+dé and 6, in the presence and absence of intermolecular interactions. The latter
can be obtained using (47r°pdr)(Prandom(6)d6), where the Prandom(8) represents the random
probability distribution of & for non-interacting water molecules. Prandom(@) for the bulk water is
calculated using the distribution of @ between water molecules with r > 10 A. Whereas, Prandom(8)

for confined water (in each BNNT), was obtained by performing two additional simulations with
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only a single water molecule inside the BNNT. We started these two simulations with different
initial configurations, and the & distribution for a pair of non-interacting confined water molecules
was obtained by superimposing these water molecule trajectories on each other.?!® The random
probability distribution of & (Prandom(#)) Was given by the ZHO4O, values sampled from these
superimposed trajectories. In addition, the non-interacting particle distribution was modified as
(fe.gu(r).472pdr) (Prandom(6)d0), for confined water in BNNTS, to take the excluded volume effects
into consideration in a confined system.”® Here, gu(r) the uniform profile for a cylindrical

confining geometry is given by:1"™

Vo

gu(r) = (2n)3fd3QPCyl(Q)’ (8)

where, V, is the volume and P, (Q) is the form factor!’® of a cylindrical cell with radius R, and

length L, which is given by:

2 —12
Pey(@ = [y dulioC2)] [0 ©

Here, J; is the first order Bessel function and j, is the zero-order spherical Bessel function. The
correction parameter fc accounts for the surface roughness and was adjusted so that the radial

distribution function (RDF) between the water oxygen atoms tends towards one for large r.

In figure. 5.2, we show the 2D PMF for water in all the systems considered in this study. The HB
diving boundary was obtained by considering the iso-surface with a PMF valued beyond which
the volume enclosed by such surface increases discontinuously. The HB boundary for each system

is shown using a continuous black contour line in figure. 5.2.
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Chapter 6: Conclusions and Future Scope

6.1 Conclusions

This thesis employs all-atom MD simulations to probe the structure, properties, and
thermodynamics of water and ions confined within a hydrophilic nanotube (BNNT) of nanometric
and sub-nanometric radii. The results, elucidated in four separate chapters, bring out the effect that
extremely strong confinement can have on ion/water structure and mobility, and water

thermodynamics and hydrogen bonding characteristics.

First (in chapter 2), we unravel the unique endohedral and non-covalent nanotube-water-
electrolyte hybrid structure that develops when an electrolyte solution containing a large
concentration of salt with a large anion (e.g., LiTFSI salt) is forced into a BNNT of 1 nm diameter.
This hybrid structure is characterized by the presence of the repeating and axially separated non-
overlapping blocks of the TFSI anion and the Li-ion-solvated water molecules. We confirm the
highly stable nature of this hybrid by separate free energy calculations; this stable nature leads to
(a) the TFSI anions being present in a highly trapped immobile state, (b) water molecules being
present in a zero-dimensional liquid state, and (c) the hybrid showing very little structural changes
even after being subjected large temperature changes or changes in the salt concentration of the

surrounding medium.

Second (in chapter 3), we study the response of this hybrid when subjected to an
electrostatic potential difference. The presence of the non-overlapping and immobile blocks of
water molecules (solvating the highly mobile Li-ion) and TFSI anion, coupled with the TFSI
anion’s greater tendency to enter an empty 1-nm-wide BNNT before hydrated Li* ion, eventually

leads to the fascinating situation where there is the water-free localization of the TFSI anion near

101



the negative electrode. WISE systems, with a very large concentration of the electrolyte salt (e.g.,
LiTFSI), has been specifically designed to ensure such water-free localization of the anion at the
negative electrode. In this work, we show that the periodic and immobile structuring of the Li-ion-
solvating water molecules and TFSI anions ensures that such localization is possible at a much

smaller concertation of the LiTFSI salt.

Third (in chapter 4), we study the thermodynamics of water filling BNNTs of different
diameters. We find that the favorable entropy changes promote the filling of the BNNTSs. This is
highly counter-intuitive, stemming from the fact that encapsulation of water molecules in
confinement is expected to lead to loss in the degrees of freedom of the water molecules making
the process entropically unfavorable. However, in the present case, entropy becomes the driving
factor: of course, the type of the favorable entropy depends on the exact diameter of the BNNT.
For BNNTs of very small diameters (< 1nm), the favorable rotational entropic component,
stemming from the presence of the dangling water OH bonds that do not participate in hydrogen
bonding, promotes the filling process. On the other hand, for 1-nm BNNT, the translational
entropic component dominates driven by the enhanced in-plane motion of the water molecules
present in a single-file structure and spanning a significant radial expanse inside the BNNT.
Finally, for BNNTs with larger diameters, the favorable translational entropic component
associated with either the presence of chain-like water regions inside the BNNT or the presence of
a high specific water volume and reduced number of HBs per molecule ensure the preferable water

filling of the BNNTSs.

Fourth (in chapter 5), we study the hydrogen bonding between water molecules confined in such
BNNTSs and explain the effect of the specifics of the water structures, as a function of the BNNT

diameter, in deciding the energetics and kinetics of such water-water HBs. For example, in very
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narrow BNNT (with sub-nanometric diameter), we observe completely isolated HB basins unlike
in bulk water, where the HB basin is connected to a nearby PMF well via a saddle point. Also,
subtle changes in water structure between (6, 6) and (7, 7) BNNTSs result in significant differences
in water HB strengths with the water confined in a (6, 6) and (7, 7) BNNTSs showing the weakest

and strongest HBs respectively, among confined systems.

6.2 Future Scope

This dissertation attempts to shed light on the behavior and properties of water molecules
and ions inside a well-known nanomaterial, namely BNNT. Such understanding is critical for

promoting the usage of non-carbon-based nanomaterial.

As immediate future problems, the computational framework established in different
chapters of this dissertation can be leveraged for studying (1) the BNNT filling thermodynamics
and the resulting water structure and hydrogen bonding for electrolyte solutions containing salts
of ions of different valences and sizes; (2) electrohydrodynamic liquid transport inside BNNTSs of
different diameters; (3) formation of different types of nano-hybrids for cases where water is mixed
with salts of different charges and sizes of cations and anions; (4) effect of electric fields,
temperature gradients, and other perturbations on such nano-hybrids and the mechanisms in which

such perturbations can be utilized for various applications.

As long-term future problems, the framework proposed in this dissertation can be extended
to analyze the behavior of water and ions inside other non-carbon-based materials. For example,
the analysis proposed in chapters 4 and 5 can be utilized to understand the filling, structure, and

properties of water inside MXene nanochannels and nano-membranes.?6220 Recent studies have
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focused on interesting behavior and properties of water inside MXene nanochannels;?6-219
however, analysis focusing on the thermodynamics and kinetics of water behavior inside such
nanochannels remain less studied. Water behavior inside other kinds of nanomaterial-based
nanoconfinements that will be benefitted by such analysis include nanochannels and nanopores
composed of M0S;,2%: 222 WS,,22 etc. Like the properties and structures of the water molecules in
such nanoconfinements, equally interesting will be elucidating the effect of large-concentration of
salts of ions of different sizes and valences in water behavior (e.g., in the formation of water-salt-
nanomaterial-based nanohybrid and the stability of such nano-hybrids) in strong
nanoconfinements fabricated with such novel nanomaterials. Finally, our analysis method will be
useful for understanding the interactions of hydrated and charged biomaterials (e.g., charged and
counterion-screened DNA molecules in water solution) with such nanomaterials: for example, our
simulations will provide the framework for developing simulations towards understanding the
dynamics of a DNA molecules through a nanopore of such nanomaterials for sensing and
sequencing,??*2%" developing nanomaterial based nano-carrier for the delivery of therapeutic
229

proteins,??® fabricating MXene/Protein based nanocomposites for biomedical applications,

developing biological cell-laden MXene nanocomposite based bio-inks,?% etc.

The application space of water-non-carbon-based-nanomaterial interactions is ever
expanding; from energy solutions, water treatment, and healthcare to flexible electronics and
sensors, water-nanomaterial interactions are becoming ubiquitous. Under such circumstances, this
dissertation provides an important foundation for advancing our understanding of interactions of
ions and water with very well-known, but much less studied nanomaterial, namely BNNT, and in
the process, promises to develop strategies for understanding water and ion interactions with other

nanomaterials, such as MXene, MoS2, WS>, and many more.
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Appendix A

Supporting information for chapter 2 is presented here.
Al. Nonbonded Potentials and Corresponding Parameters

The 12-6 Lennard-Jones interaction energy is expressed as:

o1 12 o1 6
Uiy = 4e [(r—u) - () ] (AD

and the Coulombic interaction energy is given by:

_q4qj
UCoulombic - 41r£0ri]-' (AZ)

In equations Al and A2, &;; is the depth of the LJ potential, g;; is the interatomic distance at which the LJ
interaction energy between atoms i and j is zero, g; and q; are the charges of atoms i and j, r;; is the

interatomic distance between atoms i and j, and ¢, is the permittivity of vacuum. The values of the

nonbonded interaction parameters for all the atom types are provided in Table Al.
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Atom 6 (A ¢ (Kcal/mol) Charge (e)
Li 2.12645 0.01828 1.0000
NTFsi 3.25000 0.17000 -0.6600
Strsi 3.55000 0.25000 1.0200
Orrsi 2.96000 0.21000 -0.5300
Crrsi 3.50000 0.06600 0.3500
Fresi 2.95000 0.05300 -0.1600
Owvater 3.16600 0.15530 -0.8476
Hwater 0.00000 0.00000 0.4238
BennT 3.45300 0.09490 0.76000
NBNNT 3.36500 0.14500 -0.76000

Table Al. LJ parameters and charges for all the atom types considered in the present study.
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Interacting groups LJ interaction energy Electrostatic interaction energy
(kcal/mol) (kcal/mol)
TFSI - BNNT -45.51 -2.29
Li* - BNNT -0.36 -3.25
Water - BNNT -3.55 -0.14

Table A2. Decomposition of the interaction energy between the BNNT and the salt ions and water
molecules confined inside the BNNT. The interaction energies between TFSI - BNNT, Li* -

BNNT, and water-BNNT are normalized by the respective number of TFSI" ions, Li* ions, and

water molecules inside the BNNT.
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a) b)

Figure Al. Simulation snapshots of the nanotube hybrid during umbrella sampling simulations to
obtain free energy curves for LiTFSI pair at a) the lower end (near z = 0 A) and b) the upper end

(near z = 100 A) of the nanotube. The snapshots are generated using OVITO.1®
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Appendix B

Supporting information for chapter 3 is presented here.
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Figure B1. Simulation Set-up. Simulation snapshot of 10 m LiTFSI aqueous solution filling in
1-nm-diameter BNNT a) in the absence of applied electric potential difference and b) in the
presence of an applied electric potential difference of 5 V [negative (-2.5 V) and positive (2.5 V)
electrodes are labeled accordingly]. All the simulation snapshots are generated using OVITO.1%
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Figure B2. Filling profiles of LiTFSI filling in 1 nm-wide BNNT. Dynamics (quantified by the
variation of the corresponding number of TFSI" ion, Li* ion, and water molecules) of the first 300
ps filling of the 1-nm-diameter BNNT with (a) 10 m LiTFSI WISE, (b) 5 m LiTFSI WISE, (c) 10
m LiTFSI WISE in the presence of an applied electric potential difference of 5 V [for the set-up
shown in Fig. B1(b)], and (d) 5 m LiTFSI WISE in the presence of an applied electric potential
difference of 5 V [similar set-up as Fig. B1(b)]. We see that for all the cases, TFSI" ion enters the
tube first followed by the water molecules, and the Li* ion.
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10 m LiTFSIin 1 nm wide BNNT with AW =5V
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Figure B3. Radial Distribution of the lons and Water Molecules Confined in 1 nm-diameter
BNNT in the Presence of an Applied Electric Potential Difference of 5 V. Radial distribution
of the different atoms of the TFSI" ion, Li*ion, and the oxygen atom of the water molecule for (a)
10 m LiTFSI confined in 1-nm-diameter BNNT and (b) 5 m LiTFSI confined in 1-nm-diameter
BNNT. For these cases, an electric potential difference of 5 V has been applied between the
electrodes with -2.5V applied at the negative electrode which is present at one end of the BNNT
with the other end open to bulk electrolyte [see Fig. B1(b) for the MD simulation snapshot
confirming the set-up].
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Figure B4. Distribution of the lons and Water Molecules at the Positive Electrode.
Distribution of nitrogen atoms (representing the TFSI" ion), Li* ion, and water oxygen atoms for
(@) 10 m LiTFSI near the positive electrode (2.5V) and (c) 5 m LiTFSI near the positive electrode
(2.5V). Subfigures (b) and (d) show the corresponding MD simulations snapshots, generated using
OVITO,* of the electrolyte distribution near the positive electrode.
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Figure B5. Free energy curves. Free energy curves, as a function of axial position with respect
to the BNNT entrance, corresponding to the entry of TFSI" ion and Hydrated Li (Li" along with its
primary hydration shell) from bulk 5 m aqueous LiTFSI solution into the 1 nm wide empty BNNT
in the presence of an applied electric potential difference of 5 V (with an electric potential of -2.5
V at the negative electrode). The set-up is identical to that elucidated in Fig. 3.6D. The cyan line
indicates the BNNT entrance. The snapshots, generated using OVITO,!? above each curve show
the axial position of TFSI ion and hydrated Li associated with their free energy minima inside the
1 nm wide BNNT. The error bars were estimated using the Monte Carlo bootstrap algorithm.”
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10 m LiTFSI filling in 1 nm wide BNNT with AW =5V
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Figure B6. Multiple Filling Profiles of 10 m LiTFSI filling in 1 nm-wide BNNT. Ten different
filling profiles (for the first 500 ps) of 10 m LiTFSI into 1 nm wide BNNT in the presence of an
applied electric potential difference of 5 V. These profiles are obtained from ten different filling
simulations performed with various initial system configurations.
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5 m LiTFSI filling in 1 nm wide BNNT with AW =5V
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Figure B7. Multiple Filling Profiles of 5 m LiTFSI filling in 1 nm-wide BNNT. Ten different
filling profiles (for the first 500 ps) of 5 m LiTFSI into 1 nm wide BNNT in the presence of an
applied electric potential difference of 5 V. These profiles are obtained from ten different filling
simulations performed with various initial system configurations.
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Figure B8. Axial Distribution of the lons and Water Molecules of 1 m LiTFSI Confined in 1
nm-diameter BNNT in the Presence of an Applied Electric Potential Difference of 5 V (a)
MD simulation snapshots showing the entire system for the case of 1 m LiTFSI WISE confined in
1-nm-diameter BNNT. For this case an electric potential difference of 5 V is applied across these
systems. The negative and positive electrodes are labeled accordingly and the electric potentials
associated with those electrodes are -2.5 V and 2.5 V respectively. One end of the BNNT is placed
near the negative electrode, while the other end is open to the bulk. (b) Axial distribution of the
nitrogen atoms (representing the TFSI™ ion), Li* ions, and water oxygen atoms (representing the
water molecules) inside the 1-nm-diameter BNNT. The green lines indicate the presence of a
negative electrode with a potential of -2.5 V. (¢) MD simulation snapshots showcasing the
distribution of the different species including the local arrangement of salt ions and water
molecules inside the 1-nm-diameter BNNT. In (c) atoms surrounding the BNNT were removed,
to provide a clearer picture of electrolyte distribution inside the BNNT. All the simulation
snapshots are generated using OVITO.1® The axial distribution profiles confirm that while the
localization of the TFSI™ ion, inside the 1-nm-diameter BNNT, still persists near the negative
electrode, the Li* ion concentration peak is more deviated away from the negative electrode and
there is a lack of lithium near the negative electrode at this weaker value of the LITFSI salt
concentration.
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Figure B9. Axial Distribution of the lons and Water Molecules of 5 m LIBETI Confined in 1
nm-diameter BNNT in the Presence of an Applied Electric Potential Difference of 5 V (a)
MD simulation snapshots showing the entire system for the case of 5 m LIBETI WISE confined
in 1-nm-diameter BNNT. For this case an electric potential difference of 5 V is applied across
these systems. The negative and positive electrodes are labeled accordingly and the electric
potentials associated with those electrodes are -2.5 V and 2.5 V respectively. One end of the BNNT
is placed near the negative electrode, while the other end is open to the bulk. (b) Axial distribution
of the nitrogen atoms (representing the TFSI" ion), Li* ions, and water oxygen atoms (representing
the water molecules) inside the 1-nm-diameter BNNT. The green lines indicate the presence of a
negative electrode with a potential of -2.5 V. (¢) MD simulation snapshots showcasing the
distribution of the different species including the local arrangement of salt ions and water
molecules inside the 1-nm-diameter BNNT. In (c) atoms surrounding the BNNT were removed,
to provide a clearer picture of electrolyte distribution inside the BNNT. All the simulation
snapshots are generated using OVITO.X% A careful study of these distributions reveals that there
is the water-free localization of the BETI ion at the negative electrode inside the 1-nm-diameter-
BNNT.
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5 m LiBETI filling in 1 nm wide BNNT with AW =5V
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Figure B10. 5 m LIiBETI Filling in 1 nm-wide BNNT in the Presence of External Electric
Potential Difference. Dynamics (quantified by the variation of the corresponding number of
BETI ion, Li* ion, and water molecules) of the first 600 ps filling of the 1-nm-diameter BNNT
with 5 m LIiBETI WISE in the presence of an applied electric potential difference of 5 V [set-up
as shown in Fig. B9(a)]. We see that, BETI ion enters the tube first followed by the water
molecules, and the Li* ion.
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Electrolyte TFSI block | TFSI block ' Water block = Water block
concentration thickness in | thickness in | thickness in | thickness in

axial direction | radial direction | axial direction | radial direction
10m 9.1A 52 A 6A 4.8 A

5m 9.1A 52 A 13.6 A 48 A

Table B1. Block Thickness. Average thickness of “blocks” of water molecules and TFSI™ ion
confined in a 1-nm-diameter BNNT in presence of an applied potential difference of 5V

Note B1. Properties of Axial Non-overlapping Blocks of Water Molecules And TFSI- lon in
1-nm-diameter BNNT in Presence of an Applied Voltage Difference

Inside the 1-nm-diameter BNNT, we observe distinct, non-overlapping axial blocks of
TFSI ion and the water molecules (see Fig. 3.1 in the chapter 3 for a schematic illustration). We
define a block as the region inside the 1-nm-diameter BNNT, where the axial density of TFSI ion
(water molecules) is non-zero while the axial density of water molecules (TFSI™ion) is zero. Using
this definition of “block”, we can clearly differentiate between the TFSI blocks and water blocks

inside the 1-nm-diameter BNNT based on the axial distribution profiles.

Under such circumstances, we provide (see Table B1) the average block thicknesses of the
1-nm-diameter BNNT-confined blocks of TFSI ion and water molecules in presence of an applied
potential difference of 5 V [i.e., the system configuration shown in Fig. B1(b)]. Please note that
here we only provide results for the case of a 1-nm BNNT in presence of an applied voltage.
However, such block formation equally occurs for the case of a 1-nm BNNT in absence of an
applied voltage (see Fig. 3.2 in the main paper).

As can be seen from the thickness values for different blocks provided in Table B1, the thickness

of different blocks in 1-nm-diameter BNNT is not always similar. The axial thickness of the
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TFSI blocks is similar, for both 5m and 10m LiTFSI confined in 1-nm-diameter BNNT, since
each TFSI block is comprised of one TFSI™ ion and the length of the TFSI" ion along its longest
dimension is independent of concentration. However, the axial thickness of the water block is
different for both the two cases. This is due to the fact that each water block for 5m-case contains
more water molecules on an average as compared to the 10m-case. The radial thickness of the
blocks of TFSI™ ions and water molecules are similar for both 5m and 10m LiTFSI in 1-nm-

diameter BNNT due to their similar radial distribution profiles, as shown in Fig. B3.

The procedure that we have employed to calculate the thicknesses of the water and TFSI ion
blocks is described as follows. First, we calculated the approximate average TFSI ion block axial
thickness in the following manner. The farthest distance, in the axial direction, between the atoms
of a TFSI™ ion was averaged over all the TFSI™ ions inside the tube for the last 5 ns of the simulation
run. To calculate the axial thickness of the TFSI™ ion block, we summed the above-obtained
distance with the van der Waals diameter of TFSI fluorine atoms (since fluorine atoms are the
farthest apart in the axial direction). This thickness approximately equals to the length of TFSI
ion along its longest dimension®® as this dimension is aligned parallel to the axis of the 1-nm-

diameter BNNT.

Using this TFSI block axial thickness, we calculated the average water block axial thickness using
the following expression:
Water block axial thickness

_ length of BNNT — (number of TFSI blocks X TFSI block axial thickness)
B number of water blocks '

120



Finally, we calculated the radial thickness of both the water and TFSI™ ion blocks using the radial
density profiles given in Fig. B3. We considered the radial distance, from the BNNT axis, beyond
which the radial density of TFSI atoms (or water oxygen atoms for the case of water block)

vanished, and the block thickness in the radial direction is twice this radial distance.
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Appendix C

Supporting information for chapter 4 is presented here.

a) b)
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Figure C1. a) Oxygen-hydrogen radial distribution functions for water confined in (6, 6) and (7,
7) BNNTSs. Here, the first and second peaks correspond to the O-H covalent bonds and O-H
hydrogen bonds respectively, while the third peak represents the distance between the oxygen atom
of a water molecule and the dangling hydrogen atom of a neighboring water molecule. b)
Normalized rate of water molecule flipping about the axis perpendicular to the molecular plane in
(6, 6) and (7, 7) BNNTS.
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Figure C2. a) Cross-sectional snapshots and b) water-oxygen radial density profiles for water
molecules confined in BNNTS of various diameters.
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Figure C3. Time series of simulation snapshots highlighting (a) the rotation of a water molecule
about the axis parallel to the hydrogen bonding OH bond and b) the flipping of a water molecule
about the axis perpendicular to the molecular plane, in the (6, 6) BNNT.

Low density chain-like region

High density cluster-like region

Figure C4. Simulation snapshot highlighting the low-density chain-like regions and the high-
density cluster-like regions in the water structure inside a (8, 8) BNNT.
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Figure C5. Average fraction of water molecules forming 0, 1, 2, 3 and 4 hydrogen bonds inside
a (8, 8) BNNT.
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Figure C6. Average fraction of water molecules donating both hydrogens and accepting at least
one HB for water confined in (8, 8), (9, 9), (10, 10), (11, 11) and (12, 12) BNNTSs.

127



Figure C7. Simulation setup showing a 4-nm long open-ended (6, 6) BNNT soaked in bulk water
comprised of 3000 water molecules. The boron and nitrogen atoms at the open ends were
functionalized using hydroxide (OH) and hydrogen (H) groups respectively.

Figure C8. Simulation setup showing an infinitely long (12, 12) BNNT filled with water.
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Figure C9. The two-dimensional potentials of mean force for a) bulk water and b) water confined
in (6, 6) BNNT. The black contour lines represent the boundary separating the HB basin. The

colorbars have the units of kcal/mol.

BNNT chiral index Simulation length Production length | Water count per nm
(6, 6) 1.5ns 1ns 3.003
7, 7) 1.5ns 1ns 3.614
(8, 8) 2.5 ns 1.5ns 5712
9,9 1.5ns 1ns 12.26
(10, 10) 1.5ns 1ns 17.258
(11, 11) 1.5ns 1ns 25.38
(12, 12) 1.5ns 1ns 31.442

Table C1. Total simulation lengths, production lengths and the resulting BNNT-confined-water
number densities obtained from the NPT simulations of open-ended BNNTS, of various diameters,

soaked in bulk water.
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