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ABSTRACT

Doping Effect on the Anode Material Capability of 2D BN Nanosheets

In this thesis, the potential of BNN surfaces doped with Al, Cl, Co, Fe, Ga, O, P,
and S atoms as anode materials in K, Li, Mg, and Na ion batteries was investigated. Semi-
empirical tight-binding combined with meta-dynamics methods and density functional
theory were utilized to discover these properties. The effects of doping atoms on the
electronic structure and geometry of BNN surfaces were also studied. Changes in the
electronic structure and conductivity were reported by examining the HOMO-LUMO
orbitals and the energy differences between these orbitals.

Using previously reported experimental data and examining similar studies from
the literature, the atoms to be doped were chosen. While vacancies at the sites of boron
atoms in single-layer boron-nitride nanosheets were observed, vacancies formed by
nitrogen atoms were not observed, indicating that boron vacancies are much more likely
for the doping position. So that doping was performed on the boron atom. The level of
quantum calculations used in this work was validated using experimental data.
B3LYP/def2-SVP/D4/gCP level of theory is used for all calculations for BNN-nanosheets
studied in this thesis. The bond lengths and the HOMO-LUMO energy difference were
found to be nearly the same as the experimental data.

The conductivity of the BNN surface was increased with the doping process.
However, significant improvements are followed by doping of cobalt, iron, and sulfur
atoms with 35%, 34%, and 26% alteration, respectively. For a suitable battery
manufacture, the potential anode material should offer structures with high theoretical
specific capacity, low anode electrode voltage, and minimal volume change between
charged/discharged states. It was observed that none of the doped-BNN surfaces involved
in this study were suitable for the use of anode material in magnesium ion batteries. On
the other hand, they can be used as a negative electrode for potassium, lithium, and
sodium batteries. Their capacity in lithium is better than Na and K batteries. Our results
suggest that most of the doped BNN surface with ions studied in this thesis could be used
as anode materials. However, none of them owns a better battery capacity than classic

lithium batteries.
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OZET

2 Boyutlu BN Nanotabakalarm Anot Malzemesi Olma Kapasitesi
Uzerine Doping Etkisi

Bu tezde, Al, Cl, Co, Fe, Ga, O, P, S atomlari ile katkilandirilmis (doped) edilmis
BNN yuzeylerinin K, Li, Mg, Na iyon bataryalarinda anot materyal olarak kullanilma
potansiyeli incelenmistir. Bu o6zellikleri kesfetmek igin yari deneysel siki baglama
yontemleri ile meta-dinamik yontemler ve yogunluk fonksiyonel teorisi kullanilmistir.
Katkilanan atomlarinin BNN ytzeylerinin elektronik yapisi ve geometrisi Uzerindeki
etkileri de incelenmistir. Elektronik yapidaki ve iletkenlikteki degisimleri, HOMO-
LUMO orbitalleri ve bu orbitaller arasindaki enerji farklhiliklari inceleyerek raporlanmistir.

Daha once raporlanmis deneysel veriler kullanilarak ve literatiirde benzer
calismalar incelenerek katkilanacak atomlar secilmistir. Tek katmanli bor-nitrit nano-
tabakalarda boron atomlarinin oldugu noktalarda bogluklar gézlemlenebilirken, nitrojen
atomlarimn olusturdugu bosluklar gézlemlenmemistir. Bu durum, doping pozisyonu igin
boron bosluklarinin ¢ok daha olasi oldugunu géstermektedir. Bu nedenle doping, boron
atomu Uzerinde gergeklestirilmistir. Bu ¢alismada kullanilan kuantum hesaplamalarin
seviyesi deneysel veriler kullanilarak dogrulanmistir. BNN-nano-tabakalar igin tim
hesaplamalarda B3LYP/def2-SVP/D4/gCP teori seviyesi kullanilmigtir. Bag uzunluklari
ve HOMO-LUMO enerji farki, deneysel verilerle neredeyse ayni bulunmustur.

BNN yuzeyinin iletkenligi doping iglemi ile artirllmistir. Ancak, kobalt, demir ve
stlfur atomlariyla katkilama sirasiyla %35, %34 ve %Z26'lik onemli iyilestirmeler
saglamustir. Uygun bir pil Uretimi igin, anot materyalin ylksek teorik spesifik kapasiteye,
dustk anot elektrot voltajma ve yikli/ylksliz durumlar arasinda minimal hacim
degisimine sahip olmalidir. Higbir katkili-BNN ylizeyinin magnezyum iyon pillerinde
kullanilmak i¢in uygun olmadigi gézlemlenmistir. Ote yandan, potasyum pilleri, lityum
ve sodyum pillerine benzer performans géstermis olmasina ragmen lityum piller en iyi
performansi sergilemistir. Sonuglarimiz, bu tezde incelenen iyonlarla katkilanmis ¢ogu
BNN ylzeyinin anot materyali olarak kullanilabilecegini gostermektedir. Ancak, higbiri

klasik lityum pillerinden daha iyi bir pil kapasitesine sahip degildir.
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CHAPTER 1

INTRODUCTION

1.1.Batteries

The history of batteries starts with Alessandro Volta's invention of the Voltaic Pile
in 1800, which was the first device to produce a steady electrical current chemically.
Progress continued with the development of the lead-acid battery by Gaston Planté in
1859, the first rechargeable battery. Over the years, technology evolved to include nickel-
cadmium (NiCd) rechargeable batteries in 1899, followed by significant advancements in
the 20th century like alkaline, nickel-metal hydride (NiMH), and lithium-ion batteries.
Lithium-ion batteries, emerging in the 1990s, have become pivotal for portable
electronics and electric vehicles due to their high energy density and durability. Today,
battery technology continues to advance, focusing on higher efficiency and sustainability.

Technological and industrial improvements demand high energy as they proceed.
Especially, transformation of transportation from fossil fuel-powered vehicles to electric
vehicles requires sustainable rechargeable batteries. Energy density is one of the most
important aspects of rechargeable batteries because it provides portability, which paves
the way for the development of portable, small-sized electronic devices such as the
Internet of Things (IoTs) and cell phones. Another important property is that maximum
battery life cycle which contributes to sustainability. Today, efforts on to reduce
greenhouse gas emission by academy and industry is getting more important as the
climate change affect our lives. Unfortunately, most of the individual renewable energy
sources cannot supply energy constantly. Therefore, energy storage technologies are
getting more importance as the renewable energy sources become more popular. Yet,
production of such technologies should also be environment friendly. Otherwise,

reduction on the fossil-fuel usage would not effectively reduce greenhouse gas emission.



1.2.Li-ion Batteries

Today, li-ion batteries (LIBs) are the most widely used rechargeable batteries (M.
Li et al. 2018). There are many reasons for it to be so. Lithium, being the third lightest
element, possesses the smallest ionic radius among ions with a single charge. It also has
the lowest reduction potential, resulting in the highest potential for cell voltage (Nitta et
al. 2015). These basic properties make LIBs promising commercial batteries. Although
research on LIBs dates back to the 1970s, LIBs were successfully produced commercially
in 1991 by a Sony and Asahi Kasei (Goikolea et al. 2020). LIBs have relatively high
energy density, low capacity fading per cycle, low volume changes during
electrochemical cycling. For example, silicon as an anode material in LIBs has higher
theoretical capacity. However, it faces problems, such as large volume changes during
charging and discharging, leading to cracking, pulverization, and rapid capacity decay.
The most common anode material for the LIBs is graphite, which provide approximately,
372 mAh/g specific capacity (Jingxing Wu et al. 2019; Peled et al. 1996). Safety and
reliability concerns are the most important topic about the batteries, especially in electric
vehicles. Under certain conditions batteries poses risks. Especially, upon an oxidation or
at elevated temperatures, solid electrolyte interphase (SEI) layer can break down and
which could cause a thermal runaway potentially leading to a fire or explosion (Chombo
and Laoonual 2020).

There are several experimental and theoretical studies to offer a promising
alternative to traditional anode materials to achieve higher energy densities, longer life
cycles and faster charging rates. Shao and coworkers developed a composite made of
silicon oxycarbide (SiOC), derived from a polymer, integrated with a graphene aerogel,
which achieved a stable reversible charge capacity of 751 mAh/g at low charge rates
(Shao et al. 2020). Alternatively, another study is explored the theoretical investigation
of anode material capability of Si-doped y-Graphyne against lithium ion. Density
functional theory (DFT) and Ab Initio Molecular Dynamics (AIMD) simulations are
revealed that, favorable binding energies, high specific capacity, 1005.05 mAh/g, small
diffusion barrier and desirable average voltage (Duhan and Dhilip Kumar 2024). Open
circuit voltage (OCV) should not be very high or low to reduce safety risks such as
formation of dendrites which may cause an internal short circuit (Y. Huang et al. 2019;

L. Lietal. 2021).



1.3.Na-ion Batteries

Sodium is one of the most abundant element on earth and in the seas, and the
second lightest alkali metal after lithium. However, it’s larger ionic radius compared to
lithium may make it more difficult to maintain structural stability between cycles (Saritha
and Sujithra 2023). Sodium is much more abundant compared to lithium, making it a
desirable element for large-scale production facilities. The rapid increase in the number
of devices required by portable battery technology and industrial needs has led to the
search not only for high-energy-capacity batteries but also for cheap and durable
alternatives (Kubota and Komaba 2015). Historically, the first reversible sodium anode
cell (Na-TiS>) operating at room temperature was produced in 1980. However, the
dramatic drop in voltage after the first few cycles emphasized that this system was not
practical because it showed that the anode material's structure did not remain stable

between cycles (Newman and Klemann 1980).

Load

—— (), Discharge
=1 Q'"\.:"_

@

o
O
5. || 09 i
SIPCY P ol A~

Megative Electrode  Solid Electrolyle  ppositive Electrode

(Ma) (o -Alurnina) (S)
Discha
Z2Na + xS &*:_’WNEESX (EMF:2.08 ~1.78V)
l‘gﬂ'

Figure 1.1. NAS battery cell principle of operation (Source: Oshima, Kajita, and Okuno
2004)

Due to the overwhelming success of lithium batteries, research into sodium-based
batteries did not gain popularity for a long time (Gu et al. 2024). The limited resources of

lithium and the high costs associated with it made the integration into large-scale storage



systems challenging, delaying the search for new resources. However, the discovery of
sodium batteries capable of operating at high temperatures, such as Na>Sx (Hueso,
Armand, and Rojo 2013) began to draw more interest towards sodium batteries (see
Figure 1.1), especially with the issues experienced with lithium, and continued with
sodium-oxygen batteries (W. Liu et al. 2013). For instance, sodium-sulfur (NAS)
batteries operating at 300 degrees with B-alumina solid electrolyte (Oshima, Kajita, and
Okuno 2004), or Na/O2 batteries developed with carbon nanotubes and graphene
nanosheets (Jian et al. 2014).

In a study like this thesis, a boron-nitride nanosheet (BNN) was introduced, and a
DFT study was conducted on it as an anode material for Na-ion batteries. Phosphorus-
doped BNN emerged as a promising material for Na-ion batteries, producing a cell
voltage of approximately 2.13 V (Hosseinian et al. 2017). Not only doping but also
encapsulation can boost the electronic structure of anode materials by altering it. While
the B12N12 nanocluster yields a low voltage in interaction with Na-ion, after halide
encapsulation, it possesses a high voltage (Nejati et al. 2017). In another DFT study, it is
shown that doping a phagraphene nanosheet with boron and nitrogen could make it a
suitable material for Na-ion batteries. The lone pairs on the nitrogen atoms contribute to
an increase in the cell voltage (Saadh et al. 2024). Since 2010, research on Na-ion
batteries has gained significant momentum, and not only theoretical but also experimental
studies have begun to emerge (Kubota and Komaba 2015). One of the recent
developments is the high performance of the low-cost chiolite mineral containing sodium,
titanium, and iron in Na-ion batteries. This battery operates at low voltages while having
high Coulombic efficiency and provides reversible conversion-deconversion reactions
during charge-discharge cycles (Kang et al. 2023). Despite findings on Na-ion batteries
in 1980’s, today, however, the Swedish-based company Northvolt has introduced
commercial sodium-ion batteries, and the China-based Contemporary Amperex
Technology Co. (CATL) is planning to use sodium-ion batteries in electric vehicles and

move to the industrial production stage of these batteries (Anthony King 2023).

1.4.Mg-ion Batteries

Like sodium, magnesium is much more abundant on Earth than lithium, making

it more accessible. Although magnesium cations have a +2 charge, which is expected to



give Mg-ion batteries (MIBs) a higher capacity, this is not always the case, and it can
sometimes reduce ion mobility (Massé, Uchaker, and Cao 2015). One of the greatest
challenges with Mg-ion batteries, particularly, is the corrosive effects of electrolytes
containing chloride on battery components. The formation of a thick solid electrolyte
interphase (SEI) on the anode (with traditional electrolytes) can lead to the formation of
an irreversible passivating layer, which hinders the movement of Mg2+ ions. When the
ions become trapped on the anode, this results in a decrease in Coulombic efficiency (Lu
et al. 1999). Overcoming this problem relies on relatively recent studies, dating back
approximately a decade (Y. Guo et al. 2012; Tutusaus et al. 2015; Nelson et al. 2014).
Despite this and similar solutions, MIBs still harbor many practical issues. One of these
is the low reversible capacity due to the inability of magnesium, being a divalent structure,
to diffuse properly towards the cathode material (Shterenberg et al. 2014; Q. Guo et al.
2021).

Candidates for anode materials that can work effectively with Mg-ion batteries
have been demonstrated in many DFT studies. In one such study, it was shown that a
silicon carbide (SiC) monolayer has a low voltage and achieves a theoretical capacity of
683.99 mAh/g, with the system's conductivity also demonstrated (Kadhim et al. 2023).
Tin Diselenide (SnSe») is another potential structure for a Mg-ion battery anode material.
Using density functional theory, the scenarios of intercalation, conversion reaction, and
alloying reaction between Mg?" ions and SnSe» have been separately investigated. The
highest voltage (1.1 V) is observed in the intercalation process, which demonstrates that
this material could be a competitive and promising anode (Chakrabarti, Singh, and Thakur
2023). In one of the recent studies, 2D metal borides, similar to this thesis work, have
been examined as anode materials against metal ions (Li, Na, K, Mg). Low energy
barriers, which do not hinder the migration of ions, have been demonstrated, with the
highest theoretical capacity found for a well-stabilized CrB monolayer (Y. Wang et al.
2024). In another DFT study, the properties of boron doped, and nitrogen doped graphene
for Mg-ion batteries were examined. The structure doped with boron yielded much better
results compared to the one doped with nitrogen. The study showed that there was no
bond formation between the increasing number of ions and Mg ions, and it demonstrated
that this material is promising as an anode in Mg-ion batteries (Riyaz et al. 2022). In
addition to cage and monolayer structures, nanotube structures are also used in these types

of studies. For example, it has been demonstrated through DFT calculations that AIN



nanotubes can be used as a negative electrode material in Mg-ion batteries (Mei et al.

2021).

1.5.K-ion Batteries

Currently, the relative expense and irregular distribution of lithium on Earth
prevent lithium-ion batteries from being used as desired in sustainable, large-scale energy
storage systems. This situation prompts a search for low-cost, abundantly available
elements as alternatives to lithium. Alongside sodium and magnesium, potassium is
another important metal resource in this quest. While lithium has the lowest reduction
potential at -3.04 V, potassium comes second with a reduction potential of -2.92 V. This
characteristic provides a high potential for cell voltage and high energy density. In some
solvents, potassium cation's smaller Stokes radius and lower desolvation energy facilitate
its diffusion and increase conductivity, making it a viable factor for battery operation.
However, the large radius of potassium can hinder intercalation/deintercalation processes,
potentially resulting in poor cycling stability (S. Liu et al. 2021). This situation also causes
significant volume changes in the battery during ion migration processes, posing safety
risks. For reasons like these, KIBs are mostly in prototype stages rather than being
practically usable, as seen in most studies (Thakur et al. 2022). However, considering the
development processes of other batteries, it is possible to see their practical applications
in the near future.

Similar to other batteries, experimental and theoretical studies are observed in
potassium-ion batteries. It is known that doping graphene structures with nitrogen,
changes the atomic charge distribution and the hybridization between nitrogen's lone pair
and carbon's p electron alters the electronic structure and increases activity (H. Wang,
Maiyalagan, and Wang 2012). In a study conducted in 2016, it was found that nitrogen-
doped graphene layers have a 26% better theoretical capacity for K-ion batteries
compared to pristine graphene (Share et al. 2016). In another study, it has been shown
through first-principal studies that two-dimensional carbon-nitride monolayer structures
are promising anode materials for sodium-potassium ion batteries. The most stable
adsorption sites were identified, and a high storage capacity of 1076 mAh/g was found
(Bhauriyal, Mahata, and Pathak 2018). In another study, a carbon nanotube (CNT)-

containing dipotassium terephthalate composite electrode was confirmed experimentally



by XRD and FTIR spectroscopy, and theoretical studies also demonstrated the stability
of the intercalation of potassium atoms (Ghosh et al. 2020). In a similar study to this
thesis, di-boron di-nitride monolayer (0-B2N2) shows promising properties as an anode

for potassium ion batteries (Rajhi et al. 2023).

1.6.BN Nanosheets (BNN)

0z 04 06 nm

Figure 1.2. A boron monovacancy. (a) The phase image of reconstructed exit wave of a
region containing a boron monovacancy. (b) A line profile confirms the
missing atom is boron. (c) Simulated phase image and (d) line profile
involving the boron monovacancy. Scale bar = 0.2 nm. (Source: Jin et al.
2009)

Boron-nitride nanosheets (BNN) crystals were first synthesized in 2004. This
material primarily exhibits properties suitable for use in ultraviolet laser devices. Which
poses materials with a wide electronic band gap. Similar to BNN, gallium nitride (GaN)
and aluminum nitride (AIN) are also suitable for use in such devices. The main
requirement in these devices is a high band gap energy. BNN, GaN, and AIN have band
gaps of approximately 5.77 eV, 3.4 eV, and 6.42 eV, respectively (Watanabe, Taniguchi,
and Kanda 2004). However, for a material to be an ideal anode material, it first needs to
be a good conductor. In this study, BNN structures were doped with certain materials to
investigate changes in the electronic structure to explore if they reduce the band gap
energy and so increase conductivity of BNN 2D material. There are two possibilities for
doping BNN structures, meaning doping should be applied via either boron or nitrogen
atoms. A study in 2009 sheds light on this thesis. For the first time then, freestanding

boron nitride single layer was observed. In that study, defects on the hexagonal boron



nitride monolayer were revealed using high-resolution transmission electron microscopy
(HRTEM) and the exit-wave reconstruction method, and monovacancies were
determined (Jin et al. 2009). Many boron monovacancies were identified, but no nitrogen
monovacancies were found (see Figure 1.2). Therefore, doping boron atoms in the
structure is much more likely, and this study was conducted accordingly.

Numerous studies have examined the suitability of using other two-dimensional
materials besides the BNN structure. It was reported that the doping methods altered their
electronic structure to improve their anode material properties. For example, research has
been conducted on silicon-doped titanium carbide (Ti2C) (Das et al. 2022), cobalt-doped
a-Fe;03/Graphene (C. Li et al. 2023), and silicon-doped graphene for lithium-ion
batteries (H. Liu et al. 2022). Nitrogen-doped graphene has been studied for zinc-ion
batteries (Sun et al. 2024), while silicon and boron doped phosphorus carbides (PC3) have
been studied for sodium-ion batteries (L. Liu et al. 2023).

(a) (b)
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Figure 1.3. Crystal structures of (a) graphite and (b) h-BN. (Source: Tsuji et al. 2019)

Given that graphite is the most extensively utilized anode material in Li-ion
batteries, it is worthwhile to draw a comparison with hexagonal boron-nitride (h-BN)
nanosheets. Both materials exhibit low thermal expansion, and their interlayer distances
are nearly identical, being 3.35 A for graphite and 3.33 A for h-BN, respectively (see
Figure 1.3). Similarly, the carbon-carbon atomic distance (1.42 A) and the boron-nitride
atomic distance (1.44 A) are closely matched. Both materials are chemically inert. The
most notable distinction between them lies in their conductivity: graphite serves as a good
electrical conductor, whereas h-BN is an electrical insulator. However, the conductivity
of h-BN can be enhanced through appropriate doping. The most significant contribution
to the interlayer bond energy comes from the nonpolar C-C interlayer bonds in graphite

and the highly polar B-N bonds in h-BN (Hod 2012).



CHAPTER 2

COMPUTATIONAL METHODS

2.1.Density Functional Theory

Density functional theory (DFT) is a modern tool for investigating electronic
properties of materials within an acceptable margin of error, such as bond energies, barrier
heights, non-covalent interactions, excitation energies, charge transfer and spectroscopic
properties etc.

The root of the quantum chemistry is connected with solving attempts of the
Schrédinger equation. The most fundamental wavefunction-based approach is Hartree-
Fock (HF) method (Szabo and Ostlund 2012) in which overall many-electron
wavefunction of a system is approximated by a single Slater determinant. The main
drawback of the HF approximation is that movement of the electrons do not affect each
other. In other words, it neglects electron correlation. To recover the electron correlation
and reach to the exact wavefunction, more precise approximations are available. They
generally called post-HF approximations. For example, Mgller-Plesset perturbation
theory, configuration interaction, coupled cluster, multi-reference methods etc. Each of
these methods has its strengths and weaknesses, they provide the missing part of the
correlation energy of the HF approximation, and the choice of method depends on the
particular study. However, post-HF methods are more expensive than DFT. At this point,
DFT offers to compensate inaccuracy in HF and lower computational cost than post-HF
methods.

The root of the density functional theory is connected with two Hohenberg-Kohn
theorems (Hohenberg and Kohn 1964). The first theorem states that there is an unique
electron density rather than wave-function, and it consists of ground state properties of
many-electron system. The second theorem states that total energy of the system is a
functional of the electron density and reaches its minimum value for the correct ground
state density. Thanks to this approach, we have the opportunity to skip the solution of the
many-body Schrodinger equation. Although, Hohenberg-Kohn theorems determined the

foundation of the DFT, the practical implementation of DFT is achieved by Kohn-Sham



equations (Kohn and Sham 1965). The Kohn-Sham system simplifies the complexity of
the many-electron problem by constructing of a non-interacting system that provides a
simplified yet accurate enough description of the electron density as the original problem.

The Kohn-Sham system can be described by the following equation:

2

h
—%Vz + Verr (M| i (r) = g; (1) (2.1)

where ;(r) are the Kohn-Sham orbitals, ¢; are the orbital energies, Vrr(r) is
the effective potential, # is the reduced Planck constant, m is the electron mass and V? is
the Laplacian operator, representing the kinetic energy of the electrons. Therefore, the

density for an N-particle system is

p(r) = lepi(r)l2 (2.2)

In a noninteracting system, a Slater determinant of orbitals could represent the
wavefunction. However, exchange-correlation functional is the only unknown in the
Kohn-Sham approach except for the free electron gas, and the main problem of the DFT
emerges at this point. To solve the issue, there are many exchange-correlation
approximations such as, local-density approximation, generalized gradient approximation
etc. which influence the accuracy of the Kohn-Sham method directly (Orio, Pantazis, and

Neese 2009).

2.2.Computational Aspects

2.2.1.Conformer-Rotamer Ensemble Sampling Tool (CREST)

The two-dimensional square-shaped hexagonal boron-nitride structure
(B33N33Ha2») structure was first created using Python code. All distances between boron
and nitrogen atoms were set to the reference value of 1.45 A, and the outer atoms were
saturated with hydrogen atoms to minimize the boundary effect (Amorim et al. 2013).

Since the pristine structure and doped structures have 88 atoms, the degrees of

freedom are 258, which is relatively high and makes geometry optimization more
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challenging as it increases. Therefore, these structures created with Python code were not
directly optimized with DFT. Initially, a pre-optimization was performed using the
Conformer-Rotamer Ensemble Sampling Tool (CREST) program (Pracht, Bohle, and
Grimme 2020). The CREST program utilizes semiempirical tight-binding methods with
meta-dynamics driven search algorithm. This algorithm runs with the GFN2-xTB
method, and the lowest energy conformer is selected for DFT optimization. The GFN2-
xTB method, developed especially for organic, organometallic, and biochemical systems,
uses element-specific parameters, unlike semiempirical methods such as PM6, which use
element pair-specific parametrization. On account of the used parametrization and
techniques, with this method, it is possible to perform calculations like geometry
optimization and vibrational frequencies for a few hundred atoms up to the 86th element
(Radon) in the periodic table at the GFN2-xTB level (Bannwarth, Ehlert, and Grimme
2019).

The CREST program applies meta-dynamics simulation to find different
conformers, rather than simply altering angles or dihedral angles for generation. The logic
of this algorithm is essentially to create a potential energy surface (PES) while finding
different conformers with the help of root-mean-square deviation (RMSD) of atomic
Cartesian coordinates. As different conformers are found and different minima on the
PES are identified, the guiding force applied to the atoms enables the molecule's geometry
to overcome barriers and scan the PES. Therefore, this method makes it possible to find

"true" quantum chemical energy minima for some structures (see Figure 2.1).
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Figure 2.1. Schematic Schematic 1-D PES that is “filled” by several bias potentials over
time, which allows larger barrier heights to be overcome. (Source: Pracht,
Bohle, and Grimme 2020)
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2.2.2.0RCA Quantum Chemistry Package

ORCA is an AB Initio, DFT and semiempirical SCF-MO package (Neese 2012).
In this thesis, ORCA is used for the rest of the quantum chemical calculations. The
optimization of structures obtained with CREST at the DFT level was carried out using
the B3LYP (Becke 1993) functional with the def2-SVP (Weigend and Ahlrichs 2005)
basis set, as the B3LYP functional has been observed to yield good results for BNN and
similar two-dimensional materials in the literature (Lakshmy et al. 2023; Y. Liu et al.
2023; Ahmed et al. 2022; Hussain et al. 2018). Due to B3LYP functional’s particularly
inaccurate calculation of non-covalent interaction energies, dispersion 4 (D4)
(Caldeweyher et al. 2019) and geometrical counterpoise correction (gCP) (Kruse and
Grimme 2012) were applied to all calculations. Geometrical counterpoise correction is
required to compensate for basis set superposition errors (BSSE). Total electronic energy

1s calculated as:
Etotal = EDFT + Edisp + EgCP (23 )

where Eppr is the total energy of the DFT, Eg;q, is the dispersion correction
energy energy and Egcp is the geometrical counterpoise correction energy. Analytical

frequency calculations were also carried out to confirm local minimum structures at the

same level of theory.

2.3.Analysis Methods

As mentioned above, the calculations for the pristine BNN, doped-BNN and ion
loaded BNN structures were carried out at B3LYP/def2-SVP/D4/gCP level of theory. The

adsorption energy, ion capacity of per ion towards to the BNN surface is calculated as:

Eaas = Enmt—nost — Enost — NEy+ (24)

where n is the number of adsorbed metal ions on the surface, E,,j+_pos: 1S the
total electronic energy of the complex, Ej,s; is the total electronic energy of the doped-
BNN, E,, ,,+ is the total electronic energy of the n number of isolated metal ion.

The specific capacity (Cc; current per unit mass) is calculated as:
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Cec = (2.5)

MnM+—host

where z is the valency of the metal ion, F is the Faraday constant and M, +_j st
is the molar mass of the complex. Finally, the voltage of the negative electrode material

is calculated using Nerst equation:

AG
Veeu = — ﬁ (2.6)

where the AG is calculated like E 4, in the equation 2.4 except total Gibbs free
energy values are obtained from the analytic frequency calculations.

Structural parameters and molecular orbital diagrams are obtained with the aid of
VMD (Humphrey, Dalke, and Schulten 1996) and Avogadro (Hanwell et al. 2012)
packages.

Volume change per gram during the metal ion loading is calculated with Molovol
package (Maglic and Lavendomme 2022) by using Van der Waals volumes with the

equation:
AV =V =V, (2.7)

where V¢ is the Van der Waals volume of the optimized ion-loaded BNN structure

without ions, V; is the Van der Waals volume of the isolated optimized BNN structure.
2.4.Aim of the Study

The aim of this study is to examine whether BNN surfaces doped with Al, Cl, Co,
Fe, Ga, O, P, and S atoms have the potential to be anode materials in K, Li, Mg, and Na
ion batteries. Additionally, it seeks to clarify whether they could serve as alternatives to
typical lithium batteries. The cationic radii of K, Li, Mg, and Na are approximately 152,
90, 86, and 116 pm, respectively. Smaller cationic radii can facilitate easier intercalation
of ions and may result in smaller volume changes.

There are similar studies related to finding a suitable boron-nitride nanosheets as
anode material for ion batteries (Jingyi Wu et al. 2020; Khan, Ahmad, and Ahmad 2021;
Tapia et al. 2024). Likewise, dopants (Al, Cl, Co, Fe, Ga, O, P, S) were selected from the

13



similar studies present in the literature (Hosseinian et al. 2017). The anode behavior of
BNN and doped BNN surfaces are rarely studied, and existing articles are quite new
(Tyagi and Jaiswal 2022; Nazneen et al. 2023). Therefore, this study was initiated to

explore new promising anode material based on 2D BNN nanosheets.
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CHAPTER 3

RESULT AND DISCUSSION

3.1. Structures of Doped-BNNs

Figure 3.1. Optimized Boron-nitride nanosheet, dopant position (D) and nearest nitrogen
atoms to the dopant (N1, N2, N3)

Electronic structure calculations primarily require a "good" starting structure of
the molecule to be studied. In this study, a square-shaped hexagonal boron-nitride
structure (B33N33H22) was selected from the literature, and flawless geometry was created
with Python code. In this code all distances between boron and nitrogen atoms were set
to 1.45 A, and the outer atoms were saturated with hydrogen atoms to minimize the
boundary effect with , all distances between boron and nitrogen atoms were set to 1.45
A, and the outer atoms were saturated with hydrogen atoms to minimize the boundary
effect with a 1.09 A distance for the initial structure. In this thesis, the dopant atoms (Al,
Cl, Co, Fe, Ga, O, P, S) were placed at the position shown in Figure 3.1 (blue colored D
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atom). The nearest nitrogen atoms to the dopant on the square-shaped hexagonal boron-
nitride structure (B33N33H»2) are also shown in the Figure 3.1.

The effect of dopant atoms on the structure of BNN surface were examined by the
bond distances between the dopant atom and nearest three nitrogen atoms (see Table 3.1).
Depending on the bond order, Van der Waals radius of the dopant and interaction energies
between the dopant and nitrogen atoms bond distances could change. Our results showed
no unusual bond distances among all doped surfaces. Average bond distance of nitrogen-
hydrogen is found as 1.02 A, and average bond distance of boron-hydrogen is found 1.21
A. Bond distance of boron and nitride atoms are found in agreement with the literature
for the pristine BNN (Amorim et al. 2013). Therefore, it can be said that the performed
optimization calculations are acceptable.

The dihedral angle, N1, N2, N3, D was measured for all BNN-nanosheets to
compare the structure of the region around dopant with the same region in the pristine
structure. This angle also shows how distant the dopant from the BNN surface. In pristine
structure this angle is zero, it means the region is planar, and the dopant atom is in the
BNN surface. The deviation from zero shows how far the dopant atom has moved away

from the plane of the surface.

Table 3.1 Distances between the dopant and nearest nitrogen atoms in A and dihedral
angle of N1-N2-N3-D

Structure Name  D-N1 D-N2 D-N3 Dihedral angle of
N1-N2-N3-D
Pristine BNN 1.451 1.455 1.451 0.0
Al-doped BNN 1.733 1.737 1.734 18.5
Cl-doped BNN 1.957 1.695 1.949 1.1
Co-doped BNN  1.764 1.768 1.764 44.0
Fe-doped BNN 1.782 1.789 1.783 44.0
Ga-doped BNN  1.780 1.784 1.781 21.5
O-doped BNN 1.430 1.430 2.360 35.0
P-doped BNN 1.735 1.741 1.737 46.9
S-doped BNN 1.697 2.187 1.697 44.8
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Figure 3.2. Top view and side view of optimized Al-doped BNN structure

The planarity of the BNN is disturbed by the aluminum doping; the overall
structure of surface changed significantly, and it shows concave-like geometry (see
Figure 3.2). The three closest hexagonal holes to D atom became more wider with the
introduction of aluminum. Dihedral angle of N1-N2-N3-Al is 18.5°, so that it slightly
moved away from the center of the surface. Since aluminum is trivalent and it has 3
electrons in the outer shell, it’s able to bond with the surrounding nitrogen atoms, the N-

Al bond distance is found as 1.73 A.
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Figure 3.3. Top view and side view of optimized Cl-doped BNN structure

Chlorine doping significantly changes the geometry because chlorine atom cannot
form three bonds but can only form one bond (1.70 A) (see Figure 3.3). The lone pair
electrons on the chlorine and on the nitrogens that do not bound with the chlorine repel
each other (the distance is about 1.95 A).. This is why it locally changes the geometry
rather than completely, and the part that remains distant maintains planarity. The position

of the chlorine itself is almost same and the dihedral angle of N1-N2-N3-Cl is 1.1°.
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Figure 3.4. Top view and side view of optimized Co-doped BNN structure

The coordination number of cobalt could be up to six. It makes three bond in the
Co-doped BNN structure (see Figure 3.4), and average bond distance between the cobalt
and nitrogens is about 1.765 A. Cobalt doping caused a slight change on the planarity of
boron-nitride field, but it broke the planarity during optimization and moved out of the
surface. Thus, the dihedral angle of N1-N2-N3-Co is large with the value of 44°. The size
of the closest three hexagonal holes to the cobalt did not change meaningfully.
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Figure 3.5. Top view and side view of optimized Fe-doped BNN structure

The structure of the Fe-doped BNN surface is given in Figure 3.5. The structural
change in the Fe-doped BNN surface is similar to that of the Al-doped BNN, with slightly
less disruption to planarity and the formation of concave-like geometry as well. It still
manages to form three bonds with an average bond distance of about 1.785 A. As depicted
in Figure 3.5, two of the three hexagonal holes closest to the iron retain their hexagonal
structure while one of them exhibits a slight structural disturbance. However, iron itself
is largely repelled from the surface, just as cobalt is. The dihedral angle N1-N2-N3-D is
44° for both.
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Figure 3.6. Top view and side view of optimized Ga-doped BNN structure

Gallium forms compounds primarily in the 3+ oxidation state such as gallium-
nitride. Therefore, it can form three bonds in the BNN structure. The average bond
distances between the gallium and N1, N2, N3 are about 1.782 A, and the dihedral angle
of N1-N2-N3-Ga is 21.5°. The structural change in the Ga-doped BNN is almost similar
with the Al-doped BNN (see Figure 3.6). Both disturbed the planarity of BNN surface

and formed concave-like geometry.
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Figure 3.7. Top view and side view of optimized O-doped BNN structure

Structural changes in the O-doped BNN structure is similar to the Cl-doped BNN.
Oxygen has a bond length of 1.430 A with N1 and N2, while the distance with N3 is
2.360 A, and the dihedral angle of N1-N2-N3-O is 35°. Chlorine formed one covalent
bond with nitrogen atom and has three lone pairs, oxygen formed two bonds with N-atom
around it with one remaining lone pair on it. For this reason, it can be said that the
repulsive force between oxygen and nitrogen is lower, and so oxygen does not have a
bond with one of the N atoms near to it. Also, the planarity of the structure is almost not

affected (see Figure 3.7).
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Figure 3.8. Top view and side view of optimized P-doped BNN structure

Phosphorus formed bonds with three nitrogen atoms with an average bond
distance of 1.738 A. The phosphorus doping did not change the planarity of the structure
too much, it just caused a slightly concave geometry. Dopant is repelled from the center
due to the lone pair, which creates a defect site. The dihedral angle of N1-N2-N3-P

confirms this with a value of 46.9°.
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Figure 3.9. Top view and side view of optimized S-doped BNN structure

The structural change in the S-doped BNN structure is given in Figure 3.9, it is
similar that of Fe-doped BNN. It almost preserves the planarity on the boron-nitride field.
However, the sulfur is repelled from the center, and the symmetry is broken. Thus, the
dihedral angle of N1-N2-N3-S has a large value of 44.8°. The bond formation between
the sulfur and nitrogen is not clear as the others. The distance between the two of three
nitrogen and sulfur is about 1.697 A and for the last one 2.187 A. Therefore, two

hexagonal holes have shrunk while one has expanded.
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3.2.Electronic Structure of Doped-BNNs

Analysis of the electronic structure of the doped-BNNs could give an idea about
the conductivity, band gap, orbital compositions, and charge transfer states. According to
our calculations HOMO-LUMO gap of the boron-nitride nanosheet is about 5.89 eV at
B3LYP/def2-SVP/D4/gCP level of theory. This agrees with the measurements of single
crystal of hexagonal boron-nitride, which has a band gap energy of 5.77 eV (Watanabe,
Taniguchi, and Kanda 2004). The difference from the experimental data is only 0.12 eV.
Benchmark studies of the HOMO-LUMO gap energies, including B3LYP, show much
larger deviations from the reference values. Even mean absolute error of machine learning
boosted B3LYP HOMO-LUMO gap energies are around 0.15 eV (Zhang and Musgrave
2007; Pereira et al. 2017). Therefore, we can say that the chosen method is highly accurate
for the corresponding pristine structure. However, there are no reference values for

doped-BNNs and ion-introduced structures as they are not included in the literature.

Table 3.2 HOMO-LUMO energies, energy gap of the pristine BNN and doped-BNNss,
and percent change in the energy gap with respect to the pristine BNN.

HOMO LUMO

Structure Name V) V) Energy Gap (eV) %AEg
BNN -6.42 -0.53 5.89 -
Al-doped BNN -6.39 -0.75 5.64 4.17
Cl-doped BNN -5.34 -0.99 4.35 26.13
Co-doped BNN -6.17 -2.36 3.80 35.35
Fe-doped BNN -6.07 -2.20 3.87 34.16
Ga-doped BNN -6.39 -1.12 5.27 10.48
O-doped BNN -5.95 -0.58 5.38 8.65
P-doped BNN -5.69 -0.54 5.15 12.52
S-doped BNN -4.74 -0.41 433 26.43
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HOMO LUMO

Figure 3.10. HOMO, LUMO orbitals of pristine BNN

The HOMO and LUMO structures of pristine BNN nanosheet given in Figure
3.10 shows an intra-molecular charge transfer within the pristine BNN. The HOMO
electron density is localized on the lone pairs of nitrogen atoms, while the LUMO electron
density is found only on the lone pairs of boron atoms at the other edge. The nonbonding
p orbitals of nitrogen atoms act as acceptors, and the p orbitals of boron atoms serve as
donors. This is also confirmed by the molecular orbital (MO) coefficients of boron and
nitrogen atoms at the HOMO and LUMO levels. The highest MO coefficient value
correspond to the the nitrogen atoms is p orbital at the HOMO level, and p orbital at the
LUMO level for the boron atoms.
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HOMO LUMO

Figure 3.11. HOMO, LUMO orbitals of Al-doped BNN

As shown in Figure 3.11, there is a charge transfer between the aluminum and the
lone pairs of nitrogen atoms. Aluminum acts as a good acceptor, with electron density
primarily gathered on it at the LUMO, which has an s orbital character primarily for Al-
doped BNN. Meanwhile, the nonbonding p orbitals of nitrogen act as donors to the
aluminum. The HOMO-LUMO gap energy was reduced by only 4.17%, indicating that
the conductivity was not significantly affected by the Al-doping.
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HOMO LUMO

Figure 3.12. HOMO, LUMO orbitals of Cl-doped BNN

The Cl-doped BNN material does not exhibit charge transfer properties (see
Figure 3.12). The HOMO-LUMO orbitals are localized in the same region, consisting of
a mixture of s and p orbitals of boron, nitride, and chlorine. This mixture applies to the
LUMO as well. The MO contributions from the chlorine significantly higher in the
LUMO. The HOMO-LUMO gap energy of Cl-doped BNN is approximately 4.35 eV,
which is 26.13% less than pristine BNN. Therefore, chlorine doping has notably increased

the conductivity.
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HOMO LUMO

Figure 3.13. HOMO, LUMO orbitals of Co-doped BNN

The MO composition of HOMO of Co-doped BNN is similar to the HOMO of
pristine BNN, but electron density is less. Cobalt includes mixtures of p and d orbitals at
both the HOMO and LUMO levels, and there is no electron transfer between the two
energy levels. The energy gap of Co-doped BNN was found to be 3.80 eV, which means

it is 35.35% lower compared to the pristine structure. The doping effect considerably

increased conductivity.
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HOMO LUMO

Figure 3.14. HOMO, LUMO orbitals of Fe-doped-BNN

The effects of iron and cobalt, which are transition metals consecutively located
in the periodic table, on the electronic structure of boron-nitride are unsurprisingly similar
to each other. Even the energy gap is almost the same, at 3.87 eV. This means that iron
doping increased conductivity by 34.16%. Even if there is no electron transfer in the
structure, the migration of electrons from the non-bonding p orbitals of the nitrogen atom

to the p orbital of iron is observed.
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HOMO LUMO

Figure 3.15. HOMO, LUMO orbitals of Ga-doped BNN

According to Figure 3.15, there is no electron density on gallium in the HOMO
structure. According to the MO coefficients, gallium's s orbital is very dominant at the
LUMO structure. There is a charge transfer from the non-bonding p orbitals of nitrogens
to the s orbital of gallium between HOMO and LUMO. The HOMO-LUMO gap energy
was found to be 5.27 eV, and the conductivity increased by approximately 10%.
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HOMO LUMO

Figure 3.16. HOMO, LUMO orbitals of O-doped BNN

Figure 3.16 present a clear charge transfer in the O-doped BNN structure as well.
However, unlike in Al-doped BNN and Ga-doped BNN, while the electron density in the
HOMO is localized on the dopant, the LUMO does not host, so oxygen is acting as an
electron donor. The electron density in the LUMO is very similar to that of the pristine
structure. While the contributions of both oxygen’s and nitrogen’s p orbitals are observed
in the HOMO, only the contributions of the boron atoms' p orbitals are present in the

LUMO. The conductivity of the structure has decreased by only 8.65%.
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HOMO LUMO

Figure 3.17. HOMO, LUMO orbitals of P-doped BNN

The effect of phosphorus doping on the electronic structure is similar to that of
oxygen doping (Figure 3.17). The s and p orbitals of phosphorus atom contributed highly
to HOMO. However, electron density is localized on the p orbitals of boron atoms at the
LUMO. Dopant, N1, N2 and N3 atoms act as donors and boron atoms act as an acceptor,
which shows charge transfer property. HOMO is mainly consist of mixture of s and p
orbitals of phosphorus. The HOMO-LUMO gap energy was found to be 5.15 eV, and the

conductivity increased by approximately 13%.
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HOMO LUMO

Figure 3.18. HOMO, LUMO orbitals of S-doped BNN

The similar electronic structures of oxygen, phosphorus, and sulfur, being
nonmetals, affect their electronic structures in a similar manner. In fact, the impact of
oxygen and sulfur, both in group 6A, on the HOMO-LUMO levels is nearly identical.
However, sulfur contributes to conductivity much better than oxygen due to its higher
number of valence electrons. The energy gap is 4.33 eV, which has dropped by about
26% compared to the pristine structure. The largest contribution to the HOMO comes
from sulfur's nonbonding p orbitals, yet at the LUMO where the electron density on sulfur
remains very small. This indicates a charge transfer from sulfur to boron atoms at the one
edge of BNN. Electron density at the LUMO level is present only in the px orbital of

boron.

3.3.Anode Material Capability

The capability of doped boron-nitride as an anode material is the main subject of
this work. For this purpose, the maximum ion transport capacity is determined by
examining each structure individually. Tons: K, Li, Mg and Na were added sequentially
to the optimized doped BNN structures, and the number of ions was increased one by
one. If an ion was added to the top surface of the structure, the next one was added to the

bottom surface to ensure balance. All results of single ion addition were reported, even
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for the non-favorable ones. Cases, where ions did not adhere to the surface were not
included in the results section due to the non-converged optimization. Maximum ion
transport capacities are shown in Figures 19-26. Adsorption energies, voltage of the
corresponding negative electrode material, and theoretical specific capacities were
calculated.

The motion of the ions on the doped BNN surface is important for conductivity.
However, if a covalent bond forms between the ion and the surface, ion transportation is
not possible. It is similar to the formation of dendrites. Such situations not only shorten
the battery life but also has a safety risk. For Al-doped BNN, it was observed that the
structure is not suitable for magnesium-ion batteries because the magnesium ion comes
very close to aluminum and forms a covalent bond with the anode surface (see Figure
3.19). For lithium-ion battery it could hold up to three ions, and it has the best theoretical
specific capacity as 193 mAh/g. However, since the adsorption energy has a positive
value (0.32 kcal/mol), it seems unlikely to stably retain ions on the surface. Even when
we accept DFT's margin of error as 0.3 eV (6.9 kcal/mol), the possibility of this structure
being favorable still exists. However, looking at the voltage of the material, we can more
clearly see it is not favorable with a value of -1.19 eV. The negative value of the cell
voltage indicates that this system cannot be used practically in a battery. A negative
potential difference indicates that, the flow of electrons from the anode to the cathode is
not spontaneous and so the battery will not produce electricity. When we look at the
results for potassium and sodium batteries, we see that the BNN surface has a maximum
ion transport capacity of 2 ions.

The voltage of the negative electrode material and adsorption energies are
favorable for all these structures. Voltage values vary between 0.39 and 1.39 V, which
falls within the desirable range. In a typical battery, it is preferred for the voltage of the
negative electrode material to be between 0 and 2 volts (Landi et al. 2009). Otherwise, a
situation known as plating can occur on the anode. This can significantly degrade battery
performance and cycle life, and increase the risk of short-circuiting and thermal runaway,
leading to safety hazards. Results of the theoretical specific capacity showed that the
structure with 2 potassium ions has 113.25 mAh/g, while the structure containing 2
sodium ions has 127.80 mAh/g. For reference, in classic lithium batteries, this value is
approximately 372 mAh/g (Tarascon and Armand 2001).

Another important parameter is the volumetric change in the doped-BNN

structure with ion loading. This theoretical volume was calculated using Van der Waals
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volumes. In the calculation, ions loaded onto the surface were removed, and only the
volume of the surface was examined in its initial and final states. Having different
volumes of battery in charged and discharged states is not a desired characteristic and can
pose a safety vulnerability. The highest volumetric change was found to be 26.40 cm? for
magnesium ion and 13.54 c¢m® for three lithium ions per 100 grams of material,

respectively. For the other ions, this value was observed below 10 cm?.

i

Figure 3.19. Optimized structure of ion loaded top and side view of Al-doped BNN
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Table 3.3. Adsorption energy (Eags), voltage of the corresponding negative electrode
material (Veen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material
of Al-doped BNN

Name Eaas (keal/mol) Veen (V) Cc(mAh/g) AV (cm?®)

AI-BNN + K* -33.17 1.06 61.72 5.87
Al-BNN + 2K* -26.29 0.39 113.25 391
Al-BNN + Li* -41.23 1.39 66.66 6.88
AI-BNN + 2Li* -38.94 0.88 131.06 7.73
AI-BNN + 3Li* 0.32 -1.19 193.31 13.54
Al-BNN + Mg* -199.47 8.16 127.80 26.40
Al-BNN + Na* -37.20 1.23 64.10 5.94
AI-BNN + 2Na* -33.21 0.67 121.52 6.72

In the chlorine-doped BNN structure, all structures are thermodynamically stable
and can adhere to the surface (see Figure 3.20). However, we see that this structure is not
suitable for magnesium ion and lithium-ion batteries. Both ions bound to the surface with
a covalent bond. This situation can be understood when looking at the adsorption
energies. The adsorption energies for lithium and magnesium are quite high, at 117.90
kcal/mol and 278.81 kcal/mol, respectively (see Table 3.4). This could make ion
transportation impossible. When looking at potassium and sodium ions, it was observed
that they have a maximum capacity of 2 ions. In this example, the maximum capacity
voltage was observed to be 2.57 V for potassium and 2.54 V for sodium. Since the voltage
of the anode material being this high is not a desired situation, this material is not expected
to yield good results in practical applications. By analyzing the theoretical specific
capacities, we see that it is 111.26 mAh/g for potassium batteries, while for sodium
batteries, it is a maximum of 119.23 mAh/g. Examining the volume changes for 100
grams of material, we again see that the structures bonded with covalent bonds,
significantly change the surface's bond/dihedral angles, hence also altering the volume
significantly. This value is approximately 24 cm® for magnesium, while it is 15.44 ¢cm?
for lithium. For the remaining BNN structures, it was observed that there are volumetric
changes in the range of approximately 12.06-15.61 cm? between charged and discharged

states.
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Figure 3.20. Optimized structure of ion loaded top and side view of Cl-doped BNN

Table 3.4. Adsorption energy (E.ds), voltage of the corresponding negative electrode
material (Vcen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material

of Cl-doped BNN

Name Eads (keal/mol) Veen (V) Cc(mAh/g) AV (cm?®)
CIl-BNN + K* -80.41 3.03 60.54 12.06
CI-BNN + 2K* -78.77 2.57 111.26 14.44
CI-BNN + Li* -117.90 4.59 65.29 15.44

CI-BNN + Mg?* -278.81 11.62 125.27 23.99
CI-BNN + Na* -92.04 3.55 62.83 13.13
CI-BNN + 2Na* -77.14 2.54 119.23 15.61
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The tendency of magnesium ions to form covalent bonds is also valid within Co-
doped BNN. In fact, as seen in Figure 3.21, the magnesium ion has almost pushed cobalt
out of the structure and has settled itself in place. The fact that the magnesium ion has a
2+ charge and the presence of magnesium nitride among the compounds it forms with
nitrogen, indicating a propensity for this bond formation, could be causing magnesium to
yield poor results. As seen in Table 3.5, magnesium is bonded to the surface with a high
energy of 235.80 kcal/mol. Looking at the results in general, the ion capacity does not
exceed 2. The theoretical specific capacity for these structures varies between 106.09
mAh/g and 121.56 mAh/g. Unfortunately, even with the Co-doped BNN structure, the
energy density typical of lithium batteries could not be achieved theoretically. The cell
voltage, however, varies exactly within the sought range, between 0.10 V and 2.00 V. We
can confirm here that high voltage leads to plating. Upon examining the structure
containing magnesium, we observe a voltage of 9.77, which causes undesirable results.
The Van der Waals volume difference also possesses a desirably low value, varying
between 2.26 cm?® and 7.75 cm?® for 100 grams of material. As also seen in Figure 3.21,
when examining the optimized structures, no significant changes are observed in the

structure with ion loading.
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Figure 3.21. Optimized structure of ion loaded top and side view of Co-doped BNN

Table 3.5. Adsorption energy (E.ds), voltage of the corresponding negative electrode
material (Veen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material
of Co-doped BNN

Name Eads (kcal/mol) Veen (V) C.(mAh/g) AV (cm?®)

Co-BNN + K* -42.13 1.41 57.49 3.23
Co-BNN + 2K* -33.92 0.73 106.09 4.94
Co-BNN + Li* -56.47 2.00 61.75 4.65
Co-BNN + 2Li* -47.19 1.29 121.56 7.75
Co-BNN + Mg? -235.80 9.77 118.76 7.28
Co-BNN + Na* -49.47 1.73 59.55 3.98
Co-BNN + 2Na* -19.26 0.10 113.31 2.26
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When we loaded ions onto the BNN structure under the influence of iron,
interesting results were obtained. Magnesium ion loading does not lead to the formation
of a covalent bond (see Figure 3.22). The theoretical specific capacity is high, 226.85
mAh/g, due to magnesium's 2+ charge. However, when looking at the voltage values,
very high results was seen (see Table 3.6). This is not a desired outcome and may hinder
practical use. Another interesting result regarding magnesium is that volume contraction,
not volume expansion, is observed when one ion is added with the value of -1.78 cm?.
Examining other ions, the possibility of this structure being suitable for potassium or
sodium ion batteries is quite low. The maximum number of ions that potassium and
sodium can hold remained at 1. Therefore, a low energy density of approximately 58
mAh/g was observed for both. Even if the energy capacities are not high, the effects of
potassium and sodium ions on the change in volume and voltage values are within the
desired range. The results are better for lithium-ion batteries. The structure could be
optimized with a maximum of 3 ions, but when there are 3 ions, the adsorption energy
and voltage value do not seem to be at desired levels. In cases where it holds 2 lithium
ions, the voltage value is 1.14 V, and the change in volume for 100 grams is 7.10 cm?,
both of which are at a desirable level. However, the energy capacity is significantly lower

than typical lithium batteries, at 122.42 mAh/g.
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Figure 3.22. Optimized structure of ion loaded top and side view of Fe-doped BNN

Table 3.6. Adsorption energy (Eags), voltage of the corresponding negative electrode
material (Veen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material
of Fe-doped BNN

Name Eads (kcal/mol) Veen (V) C.(mAh/g) AV (cm?®)
Fe-BNN + K* -38.43 1.29 57.88 2.76
Fe-BNN + Li* -56.87 2.03 62.20 5.38

Fe-BNN + 2Li* -45.11 1.14 122.42 7.10
Fe-BNN + 3Li* -4.31 -1.01 180.77 11.89
Fe-BNN + Mg?* -194.34 8.09 119.57 -1.78
Fe-BNN + 2Mg?" -155.33 6.19 226.85 11.02
Fe-BNN + Na* -50.00 1.75 59.96 4.69
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For the Ga-doped BNN structure, the maximum ion holding capacity is 2 for K,
Li, and Na, while it is 1 for Mg (see Figure 3.23). All cases are thermodynamically
favorable. For potassium batteries, the cell voltage is within the desired range of 0.16-
0.85 V (see Table 3.7). The maximum theoretical specific capacity found is 103.87
mAh/g, and the change in volume when the battery is full is quite low at 4.71 cm”3. For
lithium batteries, this material has a relatively high voltage, ranging between 1.16 and
1.44 volts. Its maximum specific capacity is 118.66 mAh/g, but the change in volume
when holding two ions is quite high, with about 34 ¢m?® of volume expansion for 100
grams of material. A similar situation applies to magnesium ions. Even though it can hold
only one magnesium ion, there is about 20 cm? of expansion in volume. However, despite
the high theoretical capacity, the voltage value is quite high. Results for sodium-ion
batteries are similar to potassium. The specific capacity can go up to 110.79 mAh/g, while

the change in volume remains at 4.76 cm”3. The voltage value stays below 2 V as desired.
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Figure 3.23. Optimized structure of ion loaded top and side view of Ga-doped BNN

Table 3.7. Adsorption energy (Eads), voltage of the corresponding negative electrode
material (Vcen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material

of Fe-doped BNN

Name Eads (kcal/mol) Veen (V) C.(mAh/g) AV (cm?®)
Ga-BNN + K* -27.94 0.85 56.19 8.43
Ga-BNN + 2K* -21.03 0.16 103.87 4.71
Ga-BNN + Li* -42.43 1.44 60.26 8.72
Ga-BNN + 2Li* -40.83 1.16 118.66 34.01
Ga-BNN + Mg?* -172.14 7.11 115.98 20.08
Ga-BNN + Na* -38.65 1.29 58.16 7.87
Ga-BNN + 2Na* -35.33 0.73 110.79 4.76
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Unlike other BNN surfaces, the O-doped BNN structure could be optimized with
3 sodium ions, but again in the structure with 3 ions, the binding energies of the ions with
the surface are not favorable (see Figure 3.24). Therefore, we need to examine the
structure with 2 sodium ions. The maximum theoretical capacity can reach up to 124.63
mAbh/g, while the change in volume is only 8.72 ¢cm? (see Table 3.8). Looking at the
voltage, being in the range of 1.06 to 1.83 V also shows that O-doped BNN is a suitable
anode material for sodium under these conditions. Similar results were obtained for
potassium and lithium batteries. The maximum theoretical specific capacity for the
potassium-ion battery is 115.94 mAh/g, while for the lithium-ion battery, it was found to
be 134.68 mAh/g. The change in the Van der Waals volume of the surface is at most
10.82 cm?®. For potassium and lithium-ion batteries, the voltage value is high for lithium
but within a suitable range for potassium (0.64 — 1.40 V). When we come to magnesium,
the formation of covalent bonds between it and the nitrogens was observed again. The
high voltage value (10.18 V) and adsorption energy (244.61 kcal/mol) confirm this.

Moreover, the change in the Van der Waals volume is also high at 19.62 cm?.
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Figure 3.24. Optimized structure of ion loaded top and side view of O-doped BNN

Table 3.8. Adsorption energy (Eads), voltage of the corresponding negative electrode
material (Veen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material
of O-doped BNN

Name Eads (keal/mol) Veen (V) C(mAh/g) AV (cm?®)
O-BNN +K* -41.01 1.40 63.33 4.10
O-BNN + 2K* -31.03 0.64 115.94 7.20
O-BNN + Li* -60.68 2.20 68.53 4.27
O-BNN + 2Li* -52.48 1.52 134.68 10.82
O-BNN + Mg* -244.61 10.18 131.24 19.62
O-BNN + Na* -51.71 1.83 65.83 3.36
O-BNN + 2Na* -41.54 1.06 124.63 8.72
O-BNN + 3Na* 2.28 -1.23 177.45 13.35
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The results showed that the P-doped BNN structure is suitable for anode material
usage in potassium, lithium, and sodium ion batteries. However, the energy capacities did
not surpass those of commercial lithium batteries. The maximum energy capacities for
potassium, lithium, and sodium ion batteries were found to be 112.30 mAh/g, 129.79
mAh/g, and 120.43 mAh/g, respectively for the P-doped BNN. When looking at the
change in the Van der Waals volume for 100 grams of material, no significant change is
observed among these ions, which is desired. The maximum number of ions that can be
stored for the lithium battery was found to be 3, and this structure could be optimized.
Although the adsorption energy has a negative value, the voltage value of -0.99
theoretically indicates that the battery would not work in practice in this manner. When
magnesium ions were loaded into the system, the formation of a covalent bond was
observed again. Similar to the Co-doped BNN structure, the magnesium ion displaces the
dopant and positions itself closer to the surface at a shorter distance than the dopant. The
high voltage value confirms this situation while causing a significant change in the Van

der Waals volume.
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Figure 3.25. Optimized structure of ion loaded top and side view of P-doped BNN

Table 3.9. Adsorption energy (E.ds), voltage of the corresponding negative electrode
material (Vcen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material
of P-doped BNN

Name Eads (kcal/mol) Veen (V) C.(mAh/g) AV (cm?®)

P-BNN + K" -35.82 1.17 61.16 3.85
P-BNN + 2K* -23.67 0.28 112.30 4.79

P-BNN + Li* -53.15 1.89 66.01 4.49
P-BNN + 2Li* -44.67 1.25 129.79 2.09
P-BNN + 3Li" -2.33 -0.99 191.47 7.42
P-BNN + Mg?* -224.58 9.29 126.60 15.56
P-BNN + Na* -46.82 1.63 63.50 3.60
P-BNN + 2Na* -33.11 0.76 120.43 1.38
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According to DFT results, the likelihood of the S-doped BNN structure serving as
an anode material for potassium and magnesium ion batteries is low. When the second
ion was added to these batteries, the ions did not remain stable on the surface. A
theoretical specific capacity of 61.01 mAh/g was calculated for potassium, while for
magnesium, it was determined as 126.27 mAh/g. In this example, despite high adsorption
and high voltage for the magnesium battery, no covalent bond formation was observed.
This indicates a strong attachment of the sulfur dopant to the structure. In fact, with the
introduction of the magnesium ion, the Van der Waals volume in 100 grams of material
was calculated to decrease by 15.77 cm®. When examining the capacity of this structure
to serve as an anode material for the lithium-ion battery, it was shown to have favorable
adsorption (-49.53 kcal/mol) and cell voltage (1.42 V) values for 2 lithium ions. For the
sodium-ion battery, these values were -39.86 kcal/mol, while the voltage value was 0.94
V. For both ions, the maximum theoretical specific capacity of this structure was found
to be around 120-130 mAh/g. The changes in the Van der Waals volume in charged-
discharged states for 100 grams of material were advantageously low, at approximately 6
cm’.

The ion capacities and their nearest distances from the doped surfaces are
presented in Table 3.10, for the ions investigated in this study. Generally, the distances
from the surface to the ions tend to increase with the cationic size of the ions, with the
exception of Fe-doped and S-doped surfaces. For most anode surfaces, the maximum ion
capacity for the type of ion battery studied is found to be 2, except for Fe doped with Na
and K ions, and S doped with K ion. The nearest distances from the surfaces range
between 2.6 A to 2.9 A for Li ions, 2.9 A to 3.3 A for Na ions, and 2.7 A to 3.8 A for K

ions.
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Table 3.10. Ion capacities and their nearest distances (A) from the doped surfaces.

Ion capacity

Ion capacity

Ion capacity

Dopants )
R(Li-surface) R(Na-surface) R(K-surface)
2 2 2
Al
2.82 3.14 3.74
2 2 2
Co
2.8 3.29 3.76
2 1 1
Fe
2.85 32 2.89
2 2 2
Ga
2.81 3.06 33
2 2 2
o
2.61 2.93 3.18
2 2 2
P
2.7 3.29 3.34
2 2 1
S
2.66 3.08 2.7
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Figure 3.26. Optimized structure of ion loaded top and side view of S-doped BNN

Table 3.11. Adsorption energy (Eads), voltage of the corresponding negative electrode
material (Vcen), theoretical specific capacity (C¢) and theoretical volume
change between the charged and discharged states (AV) for 100 g of material
of S-doped BNN

Name Eaas (kcal/mol) Veen (V) C.(mAh/g) AV (cm?®)
S-BNN +K* -40.39 1.36 61.01 4.67
S-BNN + Li" -60.07 2.18 65.83 6.15

S-BNN + 2Li" -49.53 1.42 129.45 8.67
S-BNN + 3Li+ -10.24 -0.66 190.98 13.42
S-BNN + Mg*" -242.37 10.11 126.27 15.77
S-BNN + Na* -51.69 1.83 63.33 487
S-BNN + 2Na+ -39.86 0.94 120.14 6.45
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CHAPTER 4

CONCLUSION

In this thesis, the doping effect on the electronic and structural properties of 2D
BNN material have been investigated by quantum chemical calculations at the
B3LYP/def2-SVP/D4/gCP level of theory. The dopants which are Al, Cl, Co, Fe, Ga, O,
P, S atoms are used to address whether the doped BNN have the potential to be an anode
material for the K, Li, Mg, Na ion batteries.

The conductivities are discussed through the energy gap of HOMO and LUMO
orbitals. Semi-empirical tight binding combined with meta-dynamics methods and
density functional theory were utilized to discover these properties.

The conductivity of pristine BNN affected significantly by the Co, Fe and S
doping of BNN structure. The increase in conductivity is found as 35%, 34% and 26%
for Co, Fe and S respectively. The HOMO and LUMO structures showed that, Al and Ga
doped BNN have similar HOMO electron density, these dopants act as an electron
acceptor, the net charge transfer was observed from nitrogen atoms upon HOMO to
LUMO transition. On the contrary, O, S and P atoms donated their electrons to boron
atoms of corresponding doped BNN, they have almost the same electron density on
LUMO.

The BNN surface tilted by the doping Ga and Al atoms. The other dopants have
not affected much the overall surface structure, but cause a local change. CI atom stayed
on the planar BNN surface while the other dopant atoms located a little far from the BNN.

The goal was to achieve structures with high theoretical specific capacity, low
anode electrode voltage, and minimal volume change between charged/discharged states.
It was observed that none of the studied BNN structures favorable for the use in
magnesium ion batteries. Although magnesium's 2+ charge might suggest a higher
theoretical capacity, the strong interactions caused by the high charge and resulting high
voltage led to poor performance in the anode materials usage of it. Although potassium
batteries showed similar performance to lithium and sodium batteries, their heavier
weight per gram meant that the theoretical specific capacity could not compete with

lithium and sodium. Most of the doped BNN within this work could be used as anode

52



materials according to these results. However, none of them possess a better capacity than
classic lithium batteries.

Considering the ideal scenario for the suggested BNN structures to serve as anode
materials, the best results for Al-doped BNN were seen in its suitability for lithium-ion
batteries. Cl-doped BNN was found unsuitable as anode for any K, Li, Mg, and Na
batteries due to high voltage. Co-doped BNN showed the best results in lithium-ion
batteries. Fe-doped BNN performed best in lithium-ion batteries. The best results for Ga-
doped BNN were found in sodium-ion batteries. O-doped BNN, P-doped BNN, and S-
doped BNN showed the best performance in lithium-ion batteries and then in sodium-ion
batteries. Among all structures, the O-doped BNN structure exhibited the highest
performance with an energy density of 134.68 mAh/g.

For the sake of the computation time and resources, 2D-BNN monolayer model
was chosen in our calculations, we did not account the periodicity. If the periodic

boundary condition was included, we believe better energy densities could be obtained.
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