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Abstract

Boron has a unique complex atomic structure formed by electron-deficient, multi-center
bonding, which results in a broad range of physical and chemical properties. When compared
to other elemental nanomaterials, boron-based nanomaterials exhibit uncommon behaviours
due to their distinct bonding characteristics. Due to their reactive nature, boron nanoparticles
are generally unstable and prone to defect formation, which greatly affects their optical
properties. Due to these unique properties of Boron, this thesis focuses on the synthesis of low-
dimensional boron nanomaterials with a special focus on understanding of origin of
photoluminescence and the impact of structural defects on photoluminescence. In summary,
this thesis provides a detailed understanding of the defect—property relationship in boron-
based nanomaterials, explains the luminescence originin boron nanodots, boron oxide
nanoparticles, and critically assesses synthesis methods to produce borophene. These findings
open the door for engineering defects in boron nanostructured materials in future

optoelectronics and fluorescence sensing applications.
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Chapter.1

Introduction of thesis:

This chapter introduces the basic boron crystalline structures and allotropes along with the
number of defects in boron, types of defects and the role of defects in Boron exfoliation
(Fragmentation). Then it focuses on the boron nanomaterials, their synthesis and the optical
properties of boron nanomaterials. Finally, the chapter concludes with the aims and objectives

of the thesis and the organisation of the thesis.

1.1. Boron crystalline structures and allotropes

The structure of crystalline boron, with its unique arrangement of icosahedral units, is one of
the most fascinating and complicated among elemental solids. Boron exists in various
allotropes, with B-rhombohedral boron (B-B) being the most stable and intensively studied
[1,2]. It displays a very complicated cluster-based structure dominated by B1; icosahedra, which
act as the basic building blocks of the crystal. A B1; icosahedron is composed of 12 boron atoms
grouped at the vertices of a regular icosahedron, which is one of the five Platonic solids, as

shown in Figure 1.1 [3].

Figure 1.1 Stick and ball model of the B1, icosahedron in elemental boron.



The By icosahedra have five-fold symmetry, Iy, twelve vertices, and ten faces. Each boron atom
in the icosahedron forms five intra-icosahedral bonds, using three-center two-electron (3c—2e)
bonding, which is necessary due to boron electron deficiency. Unlike carbon, nitrogen, or
oxygen, boron possesses only three valence electrons; therefore often prefers to make many
covalent bonds, frequently more than three. The imbalance between the number of valence
electrons and the required bonding results in electron-deficient bonding. When boron interacts
with other atoms, it should fill its octet (8 electrons); however, it only shares three electrons,
which is an odd number. In order to maximize stability and bonding, boron utilizes multi-center
bonding; hence, the boron icosahedron is only stabilized by multi-center bonds involving

orbitals that delocalize over the whole cluster.

A three-center two-electron (3c—2e) bond is a type of electron-deficient chemical bond in which
three atoms share two electrons. It is commonly found in compounds and elements where the
number of valence electrons is insufficient to form traditional two-center two-electron (2c-2e)
covalent bonds between all neighbouring atoms. This bonding is observed in boranes and
crystalline boron, due to the boron trivalent nature [4]. In a 3c—2e bond, three atoms (often
aligned linearly or triangularly) are involved, and only two electrons are shared among the three
atoms. This creates a bond that is weaker than a typical covalent bond but still delocalized and

stabilizing.

In B-rhombohedral boron (B-B), the unit cell forms a three-dimensional network of Bi
icosahedra linked by interstitial boron atoms [5,6]. Some atomic sites are only partially
occupied, resulting in B-B unusual non-stoichiometry. Despite being composed of just one

element, it has one of the most complicated structures among elemental solids.

According to the Hoard model, the unit cell of B-B contains 105 atoms, [7] with 15 non-
equivalent boron positions (B1 to Bis) in the unit cell, and R-3m symmetry (structure formula
(B12)a(B2s)2B). The single Bis atom is in the cell center connecting to two Bs units (each of
which consists of three partial icosahedral clusters) through Bis sites along the [111], direction
as shown in Figure 1.2 [8]. Later, the B-B1os structure was refined and determined to contain 320

atoms in the hexagonal unit cell with five additional partially occupied sites (POS) [2]. The most



occupied of these POS, are B13 (74.5% occupied) and B1s (27.2% occupied), (Figure 1.2(a)), the

other POS sites have partial occupancies <10%.

Figure 1.2 (a) Structure of B-Bios with the partial occupation site Bigshown with a half red half white ball,
viewed along [111]; direction. (b) The Bas-B-Bys unit in the B-B crystal structure. The B,s units are
represented by orange balls. The B3 site is represented by the purple balls. Reproduced with permission

from ref. [8]

The icosahedra are positioned at specific lattice points and connected through inter-icosahedral
bridging atoms and partial occupancy atoms. The B1> units do not share atoms directly. Instead,
they are connected via inter-icosahedral boron atoms located between them, chains or linkages
that involve non-icosahedral boron atoms or partially occupied sites. The shorter distances of
intra-icosahedral distances with respect to the inter-icosahedral distances indicate a weaker

bonding. The Bi, icosahedra form a three-dimensional network, serving as the structural



framework of the crystal. These icosahedra are mostly aligned with the crystal axes, but some

are distorted due to strain and the partial occupancy of interstitial sites.

The a-rhombohedral phase (a-Boron), stable at lower temperatures instead, consists of
interconnected icosahedra. The structure is simpler than B-B, with just 12 atoms per unit cell,
forming B1; icosahedra. The icosahedra are closely packed together in a distorted cubic close-
packed pattern. Each Biz unit in a-Boron forms strong covalent intercluster bonds with six

surrounding icosahedra. (Table 1.1)

Table 1.1 Main structural properties of a-Boron and B-Boron.

Feature o -Boron B -Boron
Unit cell size 12 atoms 105 atoms (Hoard model)
Icosahedral bonding Strong and direct Indirect with bridging atoms
Bonding type 2c—2e + 3c—-2e Mostly 3c—2e, highly
delocalized
Interstitial sites Absent Present, partially occupied
Structural symmetry Higher symmetry Lower due to complexity

In both a- and B-B, the icosahedra are connected via inter-icosahedral boron atoms that bridge
the polyhedra. The bonding is not uniform, and some bonds are two-center, while others are
multi-center. Partial occupancies of interstitial sites and distortions in B-B create an energetically
favourable but asymmetric lattice, leading to non-stoichiometry and increased structural

complexity.

Boron's strong covalent bonds and lack of electrons allow it to build a wide variety of structures.
Besides the a-rhombohedral and B-rhombohedral phases, there are also a-tetragonal, B-
tetragonal, and y-orthorhombic allotropes. [9]. Each type has its own arrangement of Bi

icosahedral units and usually develops under high pressure, as shown in Figure 1.3 [10,11].
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Figure 1.3 a) Allotropes of crystalline boron. Reproduced with permission from ref [11].

1.2. Defects in crystalline boron

The complex structure of B-B leads to various defects that influence its properties and
fragmentation behaviour. Since B-B is not a layered material, the term exfoliation in literature is

actually defect-driven fragmentation of boron.

B-B shows several possible defects, such as point, linear, and planar defects. Point defects such
as Vacancies, which consist of missing boron atoms at lattice sites, especially within or near the
icosahedra, are one type. Self-interstitials, which are formed by extra boron atoms occupying
interstitial non-lattice positions, are also commonly observed and necessary for structural
stability of boron through partial occupancies of interstitial sites [12]. Other point defects
include antisite defects, where atoms occupy positions of a different sublattice type. In pure B-

B, since all atoms are boron, the classical definition of antisite defects cannot be applied.



However, the occupation of crystallographically inequivalent sites by boron atoms can also be
interpreted as antisite-like disorder. On the other hand, in doped B-B, true antisite defects,
formed by impurities such as C, N, O, or doping metals, can exist on B sites[13,14]. B-B can
tolerate a range of compositions close to pure B, forming non-stoichiometric phases with

variable occupancy rates of the interstitial sites [15].

Line defects, such as dislocations, are a type of linear defect commonly observed in crystalline
materials. They generally form during the crystal growth or by mechanical deformation.
Dislocations in B-B can, in principle, also be observed, but they are far more constrained than in
metals or simple ceramics. More important defects are the stacking faults, characterized by the

disruptions in the stacking sequence of atomic planes.

The presence of multiple structures, such as fragments of amorphous, a and B phases, is also
often observed in B-B crystals. Such a type of polymorphic disorder can lead to internal strain
and symmetry breaking. In polycrystalline boron, grain boundaries can trap amorphous boron
regions, while void defects may form during sintering or high-pressure synthesis, and surface

disorder at grain boundaries impacts thermal and electronic transport.

The multi-center covalent bonds in B-B, unlike the van der Waals forces in graphite, do not allow
the formation of natural cleavage planes. However, defects, interstitial vacancies, and partial
occupancies in B-B can create local weak regions that serve as ticking time bombs for
exfoliation. Table.1.2 summarizes typical defects present in B-boron, the origin of defects and

their effect on the properties of boron.



Table.1.2 Summary of defects in B-Boron

Effect on Structure and

Defect Type Structural Description Origin / Cause .
Properties
Systematic absence of B atoms at L . Stabilize the structure
L. . o Built-in into the B-B lattice .
Intrinsic specific crystallographic sites, B13 . electronically; control
. . . . due to electron deficiency . .
Vacancies vacancies; Interstitial (partially polymorphic stability; introduce

occupied): Bis—B2o sites

and bonding frustration

localized states in the band gap.

Partial Occupancy

/ Split Sites

Several positions partially occupied
by B (statistical disorder, Bis—B2o
sites)

Geometric frustration in
packing of Bi2icosahedra
and interstitials

Contributes to non-stoichiometry,
high configurational entropy, and
low thermal conductivity

Substitutional
Defects
(Impurities)

Replacement of B by C, N, O, Si, or
metals (i.e., Mg, Al, Li)

Contamination during
synthesis or intentional
doping

Change the electronic structure,
conductivity, and stability; may
pin defects or modify hardness

Self-interstitial
Defects

Extra B atoms occupy interstitial
voids between icosahedra

High-temperature synthesis
or non-equilibrium growth

Distorts local bonding; can change
lattice constants and electronic
density

Planar Defects
(Stacking Faults)

Linear Defects
(Dislocations)

Misalignment of B1z icosahedral
layers along rhombohedral planes

Line defects threading through
icosahedral framework

Growth defects, mechanical
stress, or irradiation

Plastic deformation,
mechanical stress during
growth

Enable partial slip, may assist
“exfoliation-like” cleavage, affect
phonon transport

Rare due to brittleness, but when
present they localize stress and
weaken mechanical strength

Surface Defects

Broken bonds and reconstructions
on crystal facets

Cleavage, grinding, or
nanostructuring

Increase surface reactivity; can
nucleate oxidation or defect-
assisted chemical exfoliation.

Complex Defect
Clusters

Vacancies + interstitials forming
non-periodic local motifs

Intrinsic electronic
frustration in B-B

Affect diffusion, may act as
nucleation sites for phase
transformations




1.3. Amorphization of B-Boron

When subjected to intense mechanical stress or high pressure, the complex structure of B-B can
exhibit a peculiar phenomenon of structural rearrangement, which leads to the amorphization

of the crystal [16,17].

The amorphization of B-B is a complex process and not yet fully understood phenomenon, but
should be considered when discussing the effects of the processes of “exfoliation”. It involves
the disappearance of long-range crystalline arrangement while retaining local structural motifs,
especially the By, icosahedra. B-B is susceptible to amorphization because partially occupied
sites (POS), which represent intrinsic structural frustrations, make the crystal metastable and

predisposed to collapse under perturbation.

The delicate balance in boron bondings between multiple-center covalency and electron-
deficient networks is sensitive to mechanical stresses or doping. Interstitials and antisite defects
already distort the lattice. When their concentration increases, such as through mechanical
stress, the B;, icosahedra survive locally, but their long-range order vanishes, resulting in

amorphous boron structures.

1.4. The potential role of defects in “exfoliating” B-Boron

The Defects in B-B strongly influence how easily its layers or fragments can be separated
(“exfoliated”), whether by mechanical, chemical, or thermal means. Defects can both facilitate
“exfoliation” by providing “weak spots” where bonds are already strained or broken, and can
also hinder it by pinning layers together or creating dangling bonds that require extra energy to

passivate.

Vacancies weaken the neighbouring bonds making exfoliation easier, but an excess of vacancies
cause amorphization. The formation of self-interstitial defects with extra boron atoms creates
local compressive strain which facilitate the intercalation of solvents or ions easier, but excess of

these defects bind adjacent layers more strongly, making “exfoliation” or fragmentation more



difficult. The formation of stacking faults, with a local mismatch in the sequence of icosahedral
layers, acts like built-in “cleavage planes”. The energy required to separate at a stacking fault is
lower than in perfect crystal regions, so “exfoliation” often propagates along these faults, giving
larger, flatter flakes. Finally, the effect of surface defects and edge imperfections, such as
dangling bonds, missing icosahedra, or reconstructed edges at the crystal surface, should also

I "

be considered. During chemical “exfoliation” the surface defects are preferential sites for
chemical functionalization, i.e., oxidation and hydrogenation. Once functional groups bind, they

create repulsion or steric hindrance between layers, causing them to repel each other.

In real B-B crystals, multiple types of defects coexist, even if the combined effect on exfoliation
can be non-additive. Low defect density tends to produce large, high-quality flakes but requires
harsher “exfoliation” conditions, stronger solvents, and higher sonication power. Moderate
defect density is often optimal; in fact, weak points can initiate clean layer separation under
mild conditions, yielding large area 2D boron sheets. At the other extreme is a high defect
density, which may lead to brittle breakdown and poor structural integrity of the resulting

sheets, resulting in more debris than true “exfoliated” flakes.

The several methods used for “exfoliation” can rely to a different extent on the presence of
defects. Mechanical routes, such as sonication, ball milling, are favoured by the presence of
linear and planar defects. Chemical methods based on intercalation or oxidation, on the other

hand, rely more on point and surface defects.

In summary, defects in B-B may appear as a double-edged sword for “exfoliation” or better
fragmentation of the crystal. When present in moderate amounts, they decrease the energy
barrier and facilitate crack propagation, promoting separation and formation of crystalline
layers. In excess, the defects may undermine structural integrity, leading to the formation of
fragments of uncontrolled dimensionality. Effective “exfoliation” protocols, therefore, should
aim to introduce just enough defects, and possibly heal them afterward, to achieve large, high-

quality 2D boron sheets.



1.5. Nanomaterials of Boron

Like other materials, boron nanomaterials also exist in all dimensions,(2D, 1D, OD) each having
distinctive characteristics. The electron-deficient nature of boron makes these materials very
vulnerable to oxidation, which may lead to mischaracterization. Interestingly, oxidation
produces various other type of nanomaterials also, including oxidized boron nanosheets, [18]
borophene oxide,[19] boron oxide nanoparticles (See our case Chapter.4), [20] boron oxide

nanodisks, [71] and other boron oxide-based nanostructures.

1.5.1. 2D Borophene/Boron nanosheets

The difference between borophene and boron nanosheets is not well understood in literature.
Figure 1.4 shows a schematic comparison of the differences between boron nanosheets and

borophene.

Borophene, a two-dimensional allotrope of boron, can have various structural polymorphs both
crystalline and amorphous depending on two key parameters, first is the hexagon-hole density
(n) and second is the coordination number (CN). The hexagon-hole density defines the ratio of
hexagonal vacancies to total lattice sites, influencing the distribution of voids within the boron
lattice, while the coordination number reflects the number of neighboring boron atoms each
atom is bonded to, governing the local bonding environment. Based on different combinations
of these parameters, borophene forms several distinct phases, including the honeycomb
(n=1/3), x3 (n=1/5), B2 and Bz (n=1/6), and a (n = 1/9) structures, each with unique atomic
arrangements and symmetry, as illustrated in (Figure 2a-f) [21]. Apart from these -2H-
borophene and a’-4H-borophene also another form of borophene called hydrogenated
borophene [22]. The instability of borophene and complex bonding make the formation of

single phase of borophene difficult and hence getting mix phases is common.

On the other hand, boron nanosheets are thin sheets of boron often oxidized, amorphous and
lack the characteristics long range order of borophene. In short, the boron nanosheets are

actually fragmentation of B-boron by top-down method.

10



It is also important to clarify another common misconception: as discussed, boron is not a
layered material, so the term exfoliation does not applied to it. Sonication of boron leads to
fragmentation, breaking the bulk material into smaller flakes or fragments rather than forming
true 2D uniform layers. These fragments are often non-uniform because the process is
influenced by intrinsic defects in the boron structure. Additionally, the high reactivity of the
fragmented surfaces makes them prone to oxidation, further affecting their stability.
Consequently, these limitations effectively rule out the possibility of synthesizing borophene via

top-down methods from bulk B-B.

Epitaxial Borophene B-Boron Fragmentation

- Metallic substrate: Ag(111)
- Boron deposition

- Formation of B,, / X; lattices
- Vacancy-ordered triangular
motifs

- B-B with B,, icosahedra

- Cracks are defect activated,
propagate along stacking faults
- Thin irregular nanosheets,
partly oxidized

- Retains B-B motifs

v True borophene (substrate-

stabilized) Not borophene

Figure 1.4 Comparison between true borophene synthesis (epitaxial growth) and B-B “exfoliation”
(defect-driven fragmentation).

So based on above discussion the complex bonding of boron gives different products in two
approaches below.

(1) Bottom-up growth of borophene on substrate by different boron precursors [23].

(2) Top-down fragmentation of boron into thinner boron sheets [24].

11
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Figure 1.5 Different phases of 2D borophene. Reproduced with permission from ref [21,22]

Bottom-Up synthesis

Bottom-up methods, such as chemical vapor deposition (CVD) and molecular beam epitaxy
(MBE), involve the growth of boron layers on substrates like Cu (111),[25] Al (111) [26] where
the substrate stabilizes the electron-deficient 2D structure. Common precursors for bottom-up
growth include boron powder and boron-containing precursors like B;0s, BoHs and NaBH4
[27,28]. For example, Campbell and coworkers reported the growth of borophene on Ag (111)

substrate via MBE process using boron as precursor (Figure 1.6) [29]. The resulting borophene
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has multiple polymorphs, mainly the By, and Xs phases, with unique arrangements of boron
atoms and periodic vacancies to maintain its 2D structure. According to current knowledge, the
most reliable and accurate method to obtain monolayer borophene is the bottom-up synthesis

approach.
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Figure 1.6 Borophene bottom-up synthesis and characterization. Reproduced with permission from ref

[29].

Top-down synthesis

Until now severatop-down approaches haveeenappliedto synthesize 2D boron materials by
sonication,[30] ball milling, [31] solvothermahydrothermal[32] electrochemical exfoliation,
[33] Hu mme méethsd, [34] low temperature liquid exfoliatio35 and micromechanical
exfoliation[36] and in the end they produce boron nanosheets or oxidized farosheets. So,
exfoliation of bulk boron mostly results in boron nanosheets, boron nanoparticles, or boron
oxide—containing amorphous phases, but not true borophene with a periodic 2D lattice.
Furthermore, without a stabilizing metal substrate, borophene tends to oxidize or reconstruct
due to its intrinsic instability in ambient conditions. These characteristics of borophene rule out
top down specially exfoliation as a viable method for synthesis. Chung et al. [37] demonstrated
that planar defect like twin boundaries and stacking faults cause the the cleavage of boron (i.e.

Along B-B {001}) plane produces the defective boron nanosheets as shown in Figure 1.7.
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Figure 1.7 Role of planar defects in the exfoliation of B-boron. Reproduced with permission from ref [37]

1.5.2. 1D Boron Nanomaterials

Due to unique bonding and electron deficit nature of boron, the 1D nanomaterials of boron

exist in different structures and allotropes which includes nanowires, [38] nanocones, [39]

nanoribbons [40] and nanobelts [41] etc. The variations result from the unique bonding

arrangement between boron atoms, which allow for the generation of both crystalline and

amorphous frameworks. Table 1.3 shows the summary of some 1D boron nanomaterials

synthesized until now.

Table 1.3 Summary of 1D Nanomaterials Synthesis.

1D nanomaterial Precursors Synthesis Ref

Nanowires Boron Laser ablation, (1300 °C) [42]

Nanoribbons Diborane CVD, (925 °C) [43]
(B2He)

Nanocones Boron CVD, (1000-1200 °C) [39]

Boron Oxide

Boron whiskers Diborane Plasma enhanced CVD [44]
(B2He)

Nanobelts Boron Laser ablation (700-1000 °C) | [45]
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1.5.3. OD boron nanomaterials

Zero-dimensional boron nanomaterials represent a new class of nanostructures, often referred
as borophene quantum dots (QDs), boron quantum dots, or boron nanodots. Despite the total
amount of research papers on BDs rapidly rising, the origins of their photoluminescence (PL) are
still poorly understood. Like 2D boron materials, OD boron structures are also commonly
mischaracterized, with some being identified as borophene QDs despite the absence of
borophene-specific structural fingerprints. However, the impact of surface oxidation, the high
oxygen concentration of the material, and the potential creation of boron oxide phases are
generally ignored, despite their importance in determining the optical properties.

Top-Down Synthesis

The preparation of pure boron quantum dots (BQDs) is very difficult owing to boron's tendency
to oxidize, particularly as particle size decreases. With size reduction, boron's surface reactivity
rises, resulting in oxidation and amorphization, making it challenging to create crystalline and
phase-pure BQDs. Even after controlling synthesis and centrifugation, most reported samples
show wide XRD peaks suggesting strong amorphization and XPS spectra showing the existence
of oxidized boron species. The most widespread techniques for synthesizing boron dots are top-
down approaches, which include breaking down boron powder into tiny fragments. [46] As
shown in Figure 1.8. Lin et al [47] synthesized the boron dots by sonication of bulk boron. The
synthesized quantum dots exhibited an average lateral size of 3.6 nm. "They demonstrated that
as the size of bulk boron decreases, the degree of amorphization increases, and the oxidation of

boron to form boron oxide also becomes more pronounced.
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Figure 1.8 Synthesis and characterization of boron quantum dots. Reproduced with permission from Ref

[47].

Bottom-Up Synthesis

Using molecular precursors is less common due to the peculiar bonding of boron, but a report
by Wang et al. [48] showed that hydrothermal treatment of boric acid and ammonium
pentaborane (180 °C, 12 h) yields ~6.4 nm crystalline boron quantum dots (Figure 1.9). The
limited success of bottom-up methods is attributed to boron’s electron-deficient, networked

bonding, which resists easy nucleation into small particles.
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Figure 1.9 (a) Bottom-up synthesis of crystalline boron quantum dots and TEM image. Reproduced with

permission from Ref [48].

1.6. Optical Properties of Boron nanomaterials

According to Werheit and coworkers, B-Boron is a p-type semiconductor having band gap in the

range 1.4-1.6 eV [49]. When it is transformed into nanomaterials, its band gap changes

drastically according to size and defects [50,51].

1.6.1. Ultraviolet-Visible absorption

Boron nanomaterials often show the absorption long tail in UV region extending to visible
region. The defects in boron nanomaterials can increase the absorption intensity and can
extend the absorption tail [52]. For instance, as shown in Figure 1.10, the OH functionalization
in so called borophene not only can increase the absorption intensity but also contribute to
band gap tunning [53]. In summary, When Boron is fragmented into nanostructures, new

absorption bands emerge in the UV and visible ranges because of many defects. These new

0
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absorption bands ultimately contribute to the photoluminescence upon corresponding

excitation.
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Figure 1.10 Uv-vis spectra of OH functionalized borophene and corresponding band gap increase with

centrifuge speed. Reproduced with permission from Ref [53].

1.6.2. Photoluminescence

The origins of photoluminescence (PL) in boron nanomaterials is not fully understood since it
results from unique boron structural distortions and complex defect-associated electronic
transitions. The unusual bonding properties of boron, which include variable coordination and
electron deficiency, lead to the creation of a variety of defect states. These include B-O, B-OH,
and B-H centers, which opens the band gap and serve as radiative recombination sites
responsible for light emission [54]. Boron nanomaterials show low quantum vyield due to
defects. In attempt to enhance the quantum efficiency of boron nanomaterial researchers try to
dope or functionalize boron nanomaterials with some other material but at the same time they
mischaracterized the resulting material. For example, Barman et al. [55] reported the synthesis
of arginine functionalized borophene quantum dots and their use in fluorescent sensing of folic

acid (Figure 1.11).

However, the authors overlook the possibility that arginine can be converted into carbon dots

[56]. In addition, the boron content in their XPS survey is significantly lower (Negligible), while
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the carbon content is considerably higher. This suggests that the observed photoluminescence

originates from carbon dots formed during the synthesis rather than boron dots.
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Figure 1.11 Synthesis of arginine functionalized borophene quantum dots and its XPS survey spectra.

Reproduced with permission from Ref [55].

1.7. Aims and Objectives of thesis

The present thesis focuses on accomplishing three specific objectives: (1) Synthesis of boron
low dimensional materials and its characterization (2) Study of defects inducing optical
properties. (3) understand the fragmentation mechanism of bulk boron. This thesis examines
how structural properties in materials affect the optical properties, especially

photoluminescence.

1.8. Organization of thesis

Chapter 1 already introduced this thesis, covering the boron basic crystal structure and
allotropes, defects in boron, Amorphization in boron, role of defects in exfoliation, boron
nanomaterials and its synthesis. The specific focus was given to 2D boron and 0D boron

nanomaterials.

Chapter. 2 summarizes the list of chemicals and reagents used, as well as the equipment

needed for material synthesis and characterization.

Chapter 3 presents the scalable synthesis of boron nanodots (BDs) by thermal degradation of
NaBHs in air with optimized defects. Comprehensive characterization using TEM, AFM, DLS,

XPS and FTIR reveals that B-H and B-O controls the photoluminescence properties of boron
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nanodots. The prepared boron nanodots exhibit the UV-blue fluorescence (416 nm). The
fluorescence lifetime shows the two lifetime decays belonging to band to band and defect

mediated transitions.

Chapter 4 presents the green synthesis of boron oxide nanoparticles (BONs) by combining
ultrasonication of crystalline boron followed by thermal annealing in air. This approach
produces B,0s with high oxygen defects which act as photoluminescence centers. TEM, AFM,
and DLS confirmed the formation of nanosized particles, while XPS together with FTIR
revealed abundant B—O groups. The produced BONs show blue fluorescence controlled by
defects. This green synthesis produces highly pure, defect rich BONs with potential

applications in sensing and photonics.

Chapter 5 clarify the fact that top-down methods like sonication and ball milling of bulk boron
do not produce borophene. Comprehensive analysis reveals that the origin of
photoluminescence is structural distortions and oxygen defects after boron fragmentation.
This study can be standard for the future claims of borophene synthesis by top-down

methods.

Chapter 6 concludes the thesis by summarizing all the results discussed in this thesis and

short outlook.
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Chapter. 2

2.1. Chemicals and Characterizations

This chapter includes a full list of the chemicals, reagents, and instrumental resources used

during the research (See tables below).

Table 2.1.1 Chemicals and reagents

Name CAS Number Purity % Producers
Crystalline Boron Pieces 7440-42-8 99.7% Sigma-Aldrich
Boron Powder 7440-42-8 95 % Sigma-Aldrich
Sodium Borohydride 16940-66-2 98 % ABCR
Dialysis tubing, N/A N/A Sigma-Aldrich
benzoylated
Potassium Bromide (KBr) 7758-02-3 99 % Sigma-Aldrich
Table 2.1.2 Solvents and Liquids
Name CAS Number Purity % Producers
Ethanol 64-17-5 99.9% Supelco
Milli-Q-Water - - -
Isopropyl alcohol (IPA) 67-63-0 99.7% Carlo Erba
Dimethylformamide (DMF) 68-12-2 99% Sigma-Aldrich
Hydrogen Peroxide solution 7722-84-1 50 wt % in Sigma-Aldrich
(H20) water
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Table 2.1.3 List of equipment and Softwares

Name Manufacturer
Analytical balance CRYSTAL 100 CAL CE - Gibertini Elettronica
Sonicator Analogic ultrasonic bath Mod. AU-32 (3.2 L)

. CE muffle Furnace
High-temperature furnace

Centrifuge NEYA 16
Laboratory water Mili-Q, Integral 15 Water Purification System
purification system
UV lamp (254

Spectroline (ENF-280C/FE
and 365 nm) pectroline ( /FE)

Origin Pro 2021

Origin Lab Corporation

Image J (TEM analysis) Open-source Software

OPUS
Bruker

Gwyddion (AFM analysis) Open-source Software

2.2. Characterizations

FTIR spectroscopy analysis was performed with an infrared Vertex 70 interferometer (Bruker).
The spectra were recorded in the range from 4000 to 400 cm™ with 4 cm™ resolution and

128 scans. The Powder samples were measured by preparing KBr pellets in absorbance mode.

Raman measurements were performed by a “Senterra” Raman microscope (Bruker,
Germany) under laser excitation at 785 nm (1 mW power, 5 mW, 10mW),,. The spectra were

collected with a resolution of 3-5 cm™ with different integration time (10, 30s).

Atomic force microscopy (AFM) measurements were carried out at room temperature using
an NT-MDT NTEGRA microscope. The powder samples were dispersed in solvent then drop-

casted on a silicon wafer and finally dried in air.
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Transmission electron microscopy (TEM) measurements were performed using JEOL JEM
1400 Plus microscope, JEOL 2100F and FEI Talos F200S instrument operating at different
accelerating voltage (100, 200 kV).

Dynamic light scattering (DLS) analysis were performed by using a Zetasizer Nano series
(Nano-S90) device (Malvern Instruments, Westborough, MA, USA) configured in backscatter
mode (8 = 173°; laser wavelength of A = 633 nm) at room temperature (25 °C). The DLS

measurements were carried out by dissolving the solid powders in water.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed using EA 125 Omicron
electron analyzer with five channeltron, PHI Versa Probe 4 instrument (Japan) and Thermo
SCIENTIFIC ESCALAB Xi+. The measurements were carried out with an Al Ka X-ray source at

an energy of 1486.7 eV at base pressure of 1071° mbar.

UV-vis spectra were measured in the range of 200—700 nm with a bandwidth of 1.5 nm by

using a UV—vis Nicolet Evolution 300 spectrophotometer (Thermo Fisher Scientific, USA).

Fluorescence spectra were obtained using a Nanolog spectrofluorometer (Horiba Jobin
Yvon), with a slit width of 3 nm for both excitation and emission. The measurements were
conducted over a wavelength range of 250-700 nm. The same instrument was also used to
measure the fluorescence lifetime with NanoLED-340 and 270 as the excitation light sources.

The obtained lifetime curves were fitted by DAS6 v6.5 and origin software.

X-ray diffraction (XRD) measurements were done by drop-casting powder samples onto a
silicon wafer. The data were collected by using a Bruker D8 Discover diffractometer in
grazing-incidence geometry, utilizing a Cu Kal line with a wavelength of 1.54056 A in 26

mode in the range from 10° to 80°.
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Chapter.3

Exploring Defect Induced Fluorescence in Boron dots

This chapter provides a fundamental understanding of the photoluminescence emission
mechanism in boron dots, which remains a subject of debate regarding whether the emission
originates from true quantum confinement effects or defect-related states. Comprehensive
characterization techniques, including TEM, AFM, XPS, FTIR, and photoluminescence
spectroscopy, reveal that the interplay between boron-hydride and oxygen functional groups
modulates the photophysical properties of boron dots. This study proves that defects are the

main source of emission in boron dots.
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3.1. Introduction

Boron nanodots are optically active, zero-dimensional nanomaterials that exhibit unique
structural and electronic properties [57]. The unusual optical response of boron-based
materials, particularly their fluorescence, is mostly caused by defects within their structure [58].
These defects serve as active sites for electronic transitions, enhancing fluorescence and
facilitating unique photophysical characteristics [59]. These defects include vacancies, oxygen
defects and lattice distortions, which frequently occur during synthesis or subsequent
treatments including thermal annealing and irradiation [75]. For instance, elevated temperature
treatments may introduce oxygen-containing functional groups into the structure, altering the
material's electrical characteristics and generating localized states that increase fluorescence
[60]. Additionally, irradiation methods may enhance defect density, fine-tune the bandgap, and
improve optical characteristics [61] Defect control in boron dots presents unusual challenges
due to precise control over defect density. Unlike other zero-dimensional materials, boron is
especially vulnerable to oxidation, making its synthesis and defect control particularly difficult
[62]. This work allows for a more in-depth analysis of the structure-property link in boron

nanodots, which has previously been ignored.

In this work, we developed a simple method for the synthesis of fluorescent boron nanodots
(BDs) having B-H and B-O defects. The nanodots are obtained by thermal degradation of NaBH4
in air by step wise heating and cooling steps without use of hydrogen reflux. This method avoids
the use of complex processes, costly instruments and ultra-high vacuum conditions. Step wise
heating is important factor in modulating the optical response and tunning the emission
properties. The BDs obtained by this process have various oxygen defects which give
fluorescence properties to BDs. By comprehensive characterizations we are able clarify the

defect-optical properties relationship in BDs.
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3.2. Experimental section

3.2.1. Synthesis of Boron nanodots

Boron nanodots were synthesized by three step thermal degradation of NaBH4 (Figure
3.1). Initially, 2 g of sodium borohydride powder was treated in air at 490 °C for 2 h with a
heating ramp of 10 °C min~! after which it was allowed to cool to room temperature.
Immediately after, the powder was treated at 550 °C for 30 min with a 5 °C min~! heating
ramp and then cooled again to 20 °C. In the third step, the sample was heated at 600 °C for
another 30 min, with a 5 °C min! heating ramp, followed by cooling to 20 °C. The obtained
powder was sonicated for 30 min with the addition of 10 mL of water. The resultant solution
was then centrifuged at 9000 rpm for 20 min to remove larger and unreacted materials. The
supernatant underwent further purification through dialysis in water for 3 days using a
dialysis bag with a molecular weight cut-off of 2000 Da. The final solid material was

obtained after drying at 60 °C. A single-step thermal treatment of NaBH, at 450 and 600 °C

for 2 h was also attempted (vide infra), but it did not yield any fluorescent product.

...............................................................................................
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Figure 3.1 Scheme showing boron nanodot synthesis steps. The inset graph shows the thermal

treatment process of NaBH, in the air.
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3.3. Results and discussion

3.3.1. Morphology and structure

The TEM images (Figure 3.2a, b) confirmed the formation of nearly round shaped dots with an
average size around 4.5 nm and size dispersity of 22%. Atomic force microscopy (AFM) analysis
showed that smallest particles exhibit height of roughly 5 nm which is consistent with the
average size in TEM image (Figure 3.2c). Dynamic light scattering (DLS) measurements showed
hydrodynamic diameter of 5.9 nm (Figure 3.2d), consistent with TEM results which indicates

good dispersion in water with low aggregation.

Size / nm

Figure 3.2 (a) TEM image of BDs along with size distribution in the inset (X is the calculated average size
and o the standard deviation of the nanoparticles). (b) Enlarged TEM image of the selected rectangular
area in Figure 3.2a (c) AFM analysis of BDs along with height profile in the inset (d) DLS analysis of BDs.

The blue line is a guide for the eyes.
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Figure 3.3 Raman spectra of boron nanodots.

Figure 3.3 shows the Raman spectrum of boron nanodots in 200-1200 cm™ range. The strong
band at 753.4 cm™ can be attributed to the Eg vibrational mode of B-B cluster. [63] The other
band at 1074.2 cm™, which is attributed to the A + Eg vibrational modes of B-B clusters. [22]
This band can also be associated with B-H rocking or deformation modes, indicating the

presence of boron-hydrogen interactions.

FTIR was used to examine the structural features and chemical environment of precursor NaBH,4
and the dots prepared. Fig. 3.4a shows the FTIR spectra of precursor NaBHa in the 4000—400
cm™ range. The O-H stretching region shows four bands at 3417, 3475, and 3550 cm™ and
3227 cm™L. [64] Two overlapping bands at 1618 and 1638 cm™ correspond to H-O—H bending.
[65] The band at 1100 cm™ is attributed to bending vibrations of the BH4 group. [66] The bands
near 1400 and 800 cm™ are attributed to B—O stretching vibrations while those at 2224, 2291,
and 2386 cm™ are the characteristic stretching vibrations of the BH4 group. [67,68]. Upon
conversion of precursor NaBH4 into dots some new and distinctive features appear in the FTIR
spectrum (Figure 3.4b). In particular a new absorption band at 2479 cm™ appeared which is B-H
stretching and it is also shifted with respect to BH4 group present in precursor NaBH4 [69]. This

band shows the formation of Boron hydride (B-H) functional groups in nanodots.
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Figure 3.4 FTIR absorption spectrum of NaBH; in the 4000 - 400 cm™ range. b) FTIR absorption
spectrum of BDs in the 4000 - 400 cm™ range. c) FTIR absorption spectra of BDs (green line) and NaBH,
(black line) in the 1500-750. d) FTIR absorption spectrum of BDs in the 4000-3000 cm™ range.

The absorption bands at 1461, 1350, 1256, and 1138 cm™ are attributed to B-O stretching,
indicating the formation of boroxy species [ 70,71]. Furthermore, the band in lower
wavenumber region (1000, 945, 888, and 714 cm™) shown in Figure 3.4c corresponds to B—B
stretching and bending modes [72,18]. Figure 3.4d presents the FTIR spectra of BDs in the
3800-3000 cm™ range which gives information about hydroxylated boron functional groups (B-
OH) and adsorbed water. The spectrum in this region exhibits the broad OH stretching region
with at least four bands showing distinct hydroxyls species from adsorbed water to surface
hydroxyls groups. [73] The band at 3248 cm™ shows the adsorbed water molecules and the
band at 3432 cm™ shows the hydrogen bonded hydroxyl groups in long chain B-OH.[74] The
band at 3559 cm™ corresponds to non—hydrogen-bonded hydroxyls in short-chain B—OH, while

the band at 3744 cm™ arises from isolated or terminal hydroxyl groups [75].The infrared spectra
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depict a quite complex scenario where different B-OH species interact with each other or with

the water molecules coming from the environmental moisture
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Figure 3.5 (a) Full scale survey scan of BDs; (b) The corresponding atomic ratio in BDs.
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Figure 3.6 High-resolution C 1s spectrum of BDs.
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The XPS analysis offered important insights into the chemical environment and defects in boron
nanodots. Figure.3.5 presents the X-ray Photoelectron Spectroscopy (XPS) survey analysis which
indicates the presence of small percentage of sodium in boron nanodots. The residual sodium in
the product likely originates from surface-bound sodium-containing species, likely formed
during the high-temperature thermal degradation of sodium borohydride. The high-resolution C
1s spectrum displays three chemical environments: C—C at 284.8 eV, C-0 at 286 eV, and C=0 at
288.7 eV respectively (Figure.3.6). Interestingly, no peaks associated with B-C or B—O-C bonding

were detected, indicating that the observed carbon is adventitious carbon.

Figure 3.7a shows the high-resolution B 1s Spectrum which can be deconvoluted into two peaks
187.5 eV and 188.7 eV, attributed to B-B bonding and B—O bonding, respectively. The B 1s
spectrum was calibrated for accuracy using C 1s spectrum to 284.8 eV shown in Figure 3.7b
shows the O 1s spectrum which also confirmed the B-O bonding. The presence of oxygen
species is indication of oxygen defects, and these defects alter the optical and electronic

properties [76,77].
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Figure 3.7 (a) High-resolution B 1s XPS spectrum of BDs (b) High-resolution O 1s XPS spectrum of BDs.
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3.3.2. Optical Properties

The role of defects on optical Properties was studied by UV-Visible Spectroscopy,
photoluminescence and life-time studies of BDs. Figure 3.8a presents the UV-Vis absorption
spectra of precursor NaBHs and the prepared BDs. The NaBH4 does not absorb in the visible
range, whereas the BDs display a strong UV absorption with a distinct tail extending up to 600
nm, indicating efficient light absorption in the visible range as well. This can be attributed to
oxygen defects (bridging and non-bridging oxygen) and Oxygen vacancies in BOH structures
[78,75].In addition, the broad absorption also gives the semiconducting properties to BDs [79].
The band gap of the BDs measured by Tauc Equation using UV-Vis data (See Figure 3.8a inset
and Supplementary information). The Tauc plot reveals a band gap (Eg) of 4.25 eV for the BDs
which is much higher than the bulk boron band gap of 1.41 eV. The larger band gap compared
to bulk boron is due the effect of hydrogenation (B-H) which tends to modulate the electronic
properties, leading to a bandgap opening and ultimately giving semiconductor properties [80].
At the same time oxygen defects cause the lattice distortion and are responsible for changing
the electronic properties [81]. On the other hand, the band gap is also dependent on the

structural and chemical environment [82].
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Figure 3.8 UV-Vis spectra of NABH, (Black line) and BDs (Green line); inset: Calculated band gap by Tauc

plot. (b) Fluorescence map of the borophene dots (x-emission, y-excitation, z-false colour intensity scale).
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The photoluminescence (PL) spectra of the boron nanodots (BDs) were collected by dispersing
the BDs in water in 3D excitation-emission-intensity mode (Figure 3.8b). The BDs emit in the
near UV-blue region with a maximum of 416 nm (2.98 eV) under excitation at 290 nm (4.25 eV).

So larger band gap by B-H and oxygen defects are responsible for PL modulation in BDs.
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Figure 3.9 (a) UV-Vis spectra of as prepared BDs (Green line) and 200 °C treated BDs. (b) Calculated band
gap of 200 °C treated BDs by Tauc plot. (c) 3D excitation emission spectra of BDs treated at 200 °C (d)
FTIR absorption spectrum of as prepared and 200 °C treated BDs in the 4000 - 400 cm™ range.

To further explore that oxygen-related defects are responsible for the photoluminescence, the
boron dots (BDs) sample were thermally treated at 200 °C. After thermal treatment of BDs, the
bandgap further increased from 4.25 eV to 4.72 eV. (Figure 3.9b). The emission maximum blue
shifted from 416 nm to 395 nm, and the fluorescence intensity dropped significantly from 2.4 x

107 to 1.4 x 105, about a 17-fold decrease (Figure 3.9c). The O—-H, B-H, and B-O vibrational
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bands in the FTIR spectra of the as-prepared and thermally treated BDs (Figure 3.9d) exhibit
significant modifications, which correspond to changes in the BDs' chemical environment. So
this further clears that B-H and B-O are main functional groups which control the optical

properties of BDs.
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Figure 3.10 3D excitation emission spectra of (a) NaBH,4 (b) NaBH, treated at 450 °C for 2h in one step (c)
NaBH, treated at 600 °C for 2h in one step (d) FTIR spectra of NaBH,4 (black line) and the products

obtained from direct thermal treatment of NaBH, at 450 °C (red line) and 600 °C (blue line) for 2 h.

Additionally, the product produced by direct heat treatment of NaBH4 at 450 or 600 °C produces
no observable fluorescence (Figure 3.10). A closer examination of the FTIR spectra of these
samples reveals important insights about the material structure (Figure 3.10d). The sample
treated directly at 450 °C has an intense band ascribed to B-H stretching (2479 cm™t), while the

bands that are related to B-O vibrations (see Figure 3.4) are absent or hardly noticeable (red
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line). This shows that, under static conditions (no gas flux), the breakdown of NaBH4 prevents
the BDs from oxidizing in the air. The sample treated at 600 °C seems significantly oxidized (e.g.,
band ay 1128 cm™), despite the reduced intensity of the B-H stretching at 2479 cm™.This further
proves that B-H and B-O are primary contributes to PL of BDs consistent with previous findings

in other boron-based nanomaterials [83,84].
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Figure 3.11 (a) Time resolved photoluminescence curve of boron dots (BDs). (b) Scheme showing energy
band photoluminescence lifetime mechanism (CB = conduction band, VB = valence band).

Time-resolved photoluminescence measurements were performed (excitation at 266 nm,
emission at 420 nm) by dispersing BDs in aqueous solution. (Figure 3.11a). The fitting was done
using biexponential decay model using specific equation (See supplementary information note
2) and the fitting results are summarized in Table 3.1. The short lifetime component (t; = 2.08
ns) corresponds to fast band-to-band recombination, while the longer lifetime (t, = 10.20 ns)
arises from defect-mediated transitions (Figure 3.11b). This dual decay behavior further
supports the above results, confirming the coexistence of intrinsic and defect-related states as

the origin of BDs photoluminescence.

Table 3.1 Fitting parameters of BDs

Sample A1 (%) T1 (ns) A (%) T2 (ns) R Square Yo

BDs 66.0+04 2.08+0.02 34.00+0.4 10.20*0.09 0.9983 0.60 .0001
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3.4. Conclusion

This study overcomes the challenges of defect engineering in boron dots by optimizing synthesis
and thermal conditions, offering key insights into tuning defect-driven photoluminescence. This
study provides simple and scalable approach for synthesizing boron nanodots by thermal
degradation of NaBH4 under ambient conditions. The synthesis successfully introduces oxygen
related defects which are responsible for photoluminescence behavior, with characterization

confirming that B—H and B—O functional groups responsible for the optical response.

The photophysical studies showed that the BDs exhibit blue fluorescence originate from defect-
mediated electronic transitions. Time-resolved photoluminescence measurements revealed two
distinct lifetimes, confirming the coexistence of band-to-band and defect-related emission
processes. Furthermore, the results showed that stepwise thermal treatment of NaBH3 is crucial
for achieving the optimal defect density, as single-step thermal treatment failed to produce
fluorescent products. Additionally, the combination of B-H and B—O functional group studied by
FTIR was identified as a main functional group for the photoluminescence intensity and

emission wavelength.
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Chapter.4

Boron oxide nanoparticles exhibiting defect-activated photoluminescence

This chapter discusses the synthesis of boron oxide nanoparticles obtained directly from
crystalline boron. The synthesis is achieved by green method using water as solvent avoiding
organic solvent to get the pure boron oxide nanoparticles. The purpose of green synthesis is to
avoid contamination and explore the origin of photoluminescence. The synthesis consists of two
successive steps: (1) ultrasonication of crystalline boron in water, and (2) subsequent thermal
annealing in air. The first step allows for the formation of nanoparticles containing
nonstoichiometric oxo-hydroxy BOH compounds, while the second induces dehydration and
further oxidation of the boron species. The thermal treatment controls the number of defects
formed during dehydration, and the defects control the nanoparticles photoluminescence. The

defects mainly are non-bridging oxygen within trigonal BOs units.
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4.1. Introduction

Diboron trioxide (B203) is commonly known as boric anhydride, a key material in glass industry
and also used in ceramics and amorphous coatings [85, 90]. In the amorphous y-B,0s structure,
the B,03 units typically form boroxol rings, [86] which are six-membered rings formed by
alternate three-coordinate boron and two-coordinate oxygen atoms, corresponding to the
boroxine molecule HsBsOs, as depicted in Figure 4.1 [87,88]. In glassy B,Os, the fraction of
boron atoms in boroxol rings varies from 0.73 to 0.83. A proportion of 0.75 indicates equal
distribution of ring and non-ring units [89]. Boric anhydride is a hygroscopic substance that
readily changes to boric acid (HsBOs) or defective oxo-anion derivatives.
CI‘-

B
~
o~ o

B B
- ~N

Figure 4.1 Boroxol ring in B20s structure.

Similarly, due to boron oxide (B,O3) hygroscopic nature, and it can readily absorb moisture
which facilitates the defects in its structure. These defects can be further triggered by aging,
irradiation and thermal treatment. It's noteworthy that defects in structure like oxygen
vacancies and unsaturated bonds have been linked to photoluminescence. Boric acid has unique
localized defects in the BOH structure, such as boron-centered radicals, boron oxygen hole
centers (BOHC), or boron electron centers (BEC), which build up after the annealing of boric acid
to boric anhydride [75]. BECs have been linked to electron trapping at an unoccupied site of
nonbridging oxygen inside tetragonal BO4 units. BECs play an important role in boron oxide
photoluminescence by activating radiative decays in the blue area of the visible spectrum. Boric
acid displays phosphorescence when heated at its melting point; however, the emission
diminishes with high-temperature treatments, resulting in the transformation of boric acid into
boric anhydride. Unlike boric acid whose photoluminescence arise by partial dehydration during

thermal annealing. In this study, oxidized boron nanoparticles are produced by the oxidation
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and simultaneously hydration of bulk crystalline boron during ultrasonication in water. These
two techniques demonstrate contrasting strategies for controlling defect generation in boron
oxide materials. Conventional techniques to produce boron-based nanomaterials frequently
require costly tools, complicated steps, hazardous substances, and chemical reactions that
might add impurities, which can lower the purity and performance of the final product. These
techniques restrict the preparation of luminescent materials that need high-purity products
instead [90]. Another issue is that using organic solvents in the bottom-up approaches makes it
practically hard to inhibit B—O-C bonds formationin the structure that modify the
characteristics of the material a lot, particularly at the nanoscale level.

In this study, we aimed to establish an effective and environmentally friendly synthesis avoiding
the use of harmful chemicals and solvents, which could be a source of contamination. The main
advantage of utilizing ultrasonication for nanoparticles formation in water is the elimination of
organic chemical reagents, which considerably minimizes the possibility of altering the boron
oxide structure. This is especially important for examining the photoluminescence properties of
boron-based materials, as it is yet unclear if the presence of impurities could operate as an
additional source of emission. Furthermore, the proposed production process avoids the use of
toxic reactants while adhering to the 12 criteria that characterize the so-called green chemistry

approach.

4. 2. Experimental Section

4.2.1. Synthesis of Boron Oxide Nanoparticles (BONs)

The synthesis strategy has been developed simply for making boron oxide nanoparticles (BONs)
directly from crystalline boron. While the approach is straightforward in its final form, it is the
result of several optimization attempts as producing nanoparticles from a complex
boron precursor using only water as a solvent offers substantial obstacles to overcome. The
Boron Oxide Nanoparticles (BONs) were synthesized by ultrasonication processing of crystalline
bulk boron, as illustrated in Figure 4.2. First, crystalline boron pieces were ground into a fine
powder with a mortar. Then, 100 mg of grinded crystalline boron powder were dispersed in 5

mL of water (H20) in a 20 ml glass vial which was sealed immediately using paraffin film. After
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24 h sonication the dispersion was filtered through a 0.22 um (220 nm) syringe filter. Finally,
the powder was obtained after drying in oven at 60°C overnight.

After drying, 10 mg of as prepared BONs were taken in a crucible and further treated at 200 °C,
300 °Cand 400 °Ciin air for 1 h in a muffle furnace.

Crystalline Boron Pieces

(b)

T
9

/
== Bulk B
Dlspersmn in
Water / Sonication
Boron Powder LTS i .
@] pa Filtration ......‘ '
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Uv Day ® In water
Light Light NPs

Figure 4.2 (a) Scheme showing BONs synthesis process. (b) Optical images of bulk boron dispersed in

water (left image), after sonication (middle image) and after filtration (right image).

4.3. Results and Discussion

4.3.1. Morphology and Structure

Figure 4.3ab presents the XRD pattern of crystalline bulk boron and as prepared boron oxide
nanoparticles. The bulk boron diffraction pattern corresponds to B-rhombohedral boron
(JCPDF# 01-080-0323); See supplementary information for Rietveld refinement. After
ultrasonication followed by filtration, the sample does not show any characteristic peaks that
could be attributed to a crystalline phase, but a broad featureless hump between 20° and 30°

emerges, indicating amorphization and successful size reduction induced by the sonication

process [91].
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Figure 4.3 (a) XRD pattern of bulk boron. (b) XRD pattern of as-prepared boron oxide nanoparticles

(BONSs).

The average size of the as-prepared BONs was examined using DLS analysis. The average size
observed corresponds to 101.9 nm in dimension, with a size range spanning from 50 to 300 nm
(Figure 4.4a). This result is also consistent with the AFM measurements of the BONs deposited

on a flat substrate. According to AFM measurements, bigger particles have an average height of

about 300 nm, whereas smaller particles measure between 50 and 100 nm (Figure 4.4b inset).
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Figure 4.4 (a) Particle distribution and particle size of the as-prepared sample measured by DLS. The blue

line is a guide for eyes. (b) AFM image of as-prepared BONs. The measured particles are indicated with 1,

2, and 3. Inset: Height profile of as-prepared BONs 1, 2, and 3.
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The morphology of BONs was determined using TEM. Figure 4.6a,b shows the TEM images
collected on the as-prepared material and after the different thermal treatments, and the bulk
boron TEM at different magnifications is shown in Figure 4.5. The observed morphology is
typical morphology of materials obtained via top-down liquid exfoliation [92] and is
representative of nanoflake-like structures with polydisperse size. The as-prepared sample
shows fragments with irregular morphology and size from =50 to 120nm, even though some
finer particles are also present. Observation of the thermally treated samples reveals that
overall, the nanoflake-like morphology is generally retained, although the images suggest

aggregation and coarsening (Figure 4.6¢c-f).

Figure 4.5 TEM images of Bulk Boron at 1 um (a-d) and 500 nm (e-f) magnifications.
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Figure 4.6 Transmission electron microscopy images of the sample obtained upon exfoliation of

crystalline boron: as-prepared (a,b); after heat treatment at 200 (c), 300 (d,e), and 400 °C (f).

Figure 4.7a shows the raman spectra of bulk boron and the as prepared BONs which shows the
five distinct bands at 454, 618, 804, 1100, and 1220 cm™, which correspond to the vibrational
modes of Bsg!, A1g, Ag2, Bigl, and Agi of the B-rhombohedral boron [93,94].

The Raman spectrum of the as-prepared BONSs also reveals a similar band fingerprint, indicating
an incomplete conversion of bulk boron to boron oxide after ultrasonication. This result
contrasts with the nanoparticle’s XRD pattern, which shows no diffraction peak related to
crystalline structure. However, it is important to emphasize that Raman spectroscopy is a much
more sensitive technique than X-ray diffraction to identify the presence of crystalline phases.
Similar phenomena have been previously observed in studying nanocrystalline anatase clusters.

[95].
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Figure 4.7 (a) Raman spectra of bulk boron (black line) and as-prepared BONs (red line) in the 200-1400
cm™ range. (b) FTIR absorption spectra of bulk boron in the 4000-400 cm™ range. (c) FTIR absorption
spectra in the 4000-400 cm™ range of as-prepared (red line), 200 (blue line), 300 (green line), and 400 °C
(purple line) BONSs. (d) Enlargement of the FTIR absorption spectra in the O-H region between 3700 and
3000 cm™, as-prepared (red line), 200 (blue line), 300 (green line), and 400 °C (purple line) BONS.

Figure 4.7a displays as a reference the FTIR absorption spectrum of bulk boron in the 4000-400
cm-1, while Figure 4.7c shows the as prepared BONs and thermally treated samples. The
degree of hydration in the samples has been studied using the O-H region in the 4000-2750
cm™! range, which displays the variations in B-OH and O-H stretching modes with the thermal
treatment. The main component of the large band is centered at around 3400 cm™ and

originates from the O-H groups of B-OH in the boroxol rings. Another intense band peaking at
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around 3250 cm™ is also present. This band overlaps the 3400 cm™ signal, but it is clearly
detected in the as-prepared and 200 °C BONs, while it appears as a shoulder in other samples.
This band is assigned to O-H stretching of absorbed water. Interestingly, the OH band is also
detected in the boron crystalline precursor because B-O bonds are also present (vide infra).
Another component in the O-H region overlaps around 3600 cm™ and becomes more intense
with respect to the other bands in the 400 °C BONs. This component is attributed to isolated
B-OH or non-hydrogen- bonded hydroxyl species that remain on the nanoparticle surface. The

bands at 2927, 2875, 1082, 790, 556, and 464 cm™! are related to B-B vibrations. [72,96].

In general, the absorptions in the 1300-1500 cm™ interval can be attributed to B-O stretching
vibrations of the BOj3 structural unit (with the vibrations inside the borate ring) and nonbridging
B-O bonds. [97,98] A more detailed analysis of the 1515-1275 cm™ range, therefore, can
support a better understanding of the chemical structure of the nanoparticles. Interestingly, the
broad band detected in that region appears composed of three overlapping contributions.
These components can be deconvoluted and monitored to understand the loss of water

because of thermal treatment (Figure 4.8).

The bands at 1464, 1422, and 1386 cm™ in the 200 and 300 °C BONs correspond to distinct B-O
stretching vibrations in different chemical environments of borate species. The general shift of
the B-0O band to higher wavenumbers can be attributed to the link of nonbridged oxygen atoms
to BOs unit [99]. The peak at 1464 cm™2, therefore, is associated with B- O stretching vibrations
in trigonal BO3 nonbridging oxygen groups, indicating boron atoms bonded to three oxygen
atoms in a nonbridging configuration [100]. Conversely, the bands at 1422 and 1386 cm™ are

attributed to BOs in the borate rings [101].

As previously observed, only the nonbridging oxygen atoms in trigonal BOs units contribute to
fluorescence. According to spectrum of the 400 °C-treated sample, on the contrary, exhibits
only a residual presence of the 1464 cm™ component, suggesting that the dehydration at the

highest temperature causes deep structural changes in the nanoparticles.
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Figure 4.8 FTIR absorption spectra in the 1515-1275 cm™ range of (a) as-prepared BONs and after
thermal treatments at (b) 200, (c) 300, and (d) 400 °C (black lines). The red, blue, and green lines are the

deconvoluted components assigned to the B-O vibrations.

Figure 4.9 presents the B 1s region for all the samples, while Table 3.1 lists the percentage of
the fitting component. The B 1s spectra have been deconvoluted into three components
corresponding to different chemical bonds: elemental boron (B—B) at 186.8 eV, boron suboxides
(BxOy) at 188.2 eV, and boron trioxide (B203) at 191.8 eV [102]. In the bulk boron sample, the
integral of the peak at 186.8 eV reveals that 81.5% of the boron atoms existed in the elemental
form, with the remaining 18.5% present as BxOy. The XPS analysis indicates, therefore, that the
boron crystalline precursor is already partially oxidized, likely in the surface and edge areas. The
as-prepared sample shows a substantial difference, with a decrease in elemental boron to
60.6% and an increase in B,Oy to 39.4%, while the B,Os component remains undetectable. This
suggest that ultrasonication only causes the incomplete oxidation of boron to suboxides,
inducing the formation of BOH groups. As the thermal treatment temperature increases, the

B.O3 content also increases. The higher B,O3 amount suggests that the thermal treatment
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promotes the oxidation of boron suboxides to boron oxide (B,Os3) through dehydration

processes.
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Figure 4.9 B 1s XPS spectra of bulk boron, as-prepared (exfoliated) and 200, 300, and 400 °C BONs. The

dots represent experimental points, the orange curves, the fitting components and the red line the fit.

The black line is the baseline.

Table 4.1 Chemical Bonds (%) Calculated by Fitting the XPS Spectra in the B 1s Range.

Sample B-B BxOy B203 BxOy:B203
(186.8 eV) (188.2 eV) (191.8 eV)
Bulk Boron 81.5% 18.5 --- --
sAs Prepared 60.6% 39.4 -- --
200°C 45.0% 321 229 1.40
300 °C 33.0 25.0 42.0 0.60
400 °C 35.2 32.2 32.6 0.99
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4.3.2. Optical Properties

Figure 4.10 presents the UV-Vis absorption spectra of BONs and the sample treated at different
temperatures. The as-prepared and 400 °C samples show different baseline absorbance
compared to the 200 and 300 °C samples, mainly due to enhanced light scattering from larger
aggregates (300—400 nm). The 200 and 300 °C samples display a broad absorption band shifting
from 275 to 340 nm with increasing temperature, which is attributed to the formation of
defective BOH structures containing bridging and non-bridging oxygen atoms and oxygen

vacancies which is consistent with theoretical and experimental studies of BOH systems.
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Figure 4.10 (a) UV-vis spectra of the as-prepared sample (black line) and samples treated at 200 °C
(red line), 300 °C (blue line), and 400 °C(green line). The spectra have been collected using a dispersion

of the nanoparticles in ethanol. (b) Enlargement of the spectra in the 215-400 nm range.

Interestingly, the absorption bands in the 200 and 300 °C spectra correlate well with the
corresponding rise in fluorescence emission at similar excitation wavelengths. Figure 4.11
displays the photoluminescence map of the as-prepared and 300, and 400 °C treated BONs
dispersed in ethanol. After ultrasonication, the as-prepared BONs exhibit very weak
fluorescence. However, upon heating at 200 °C, the BONs fluorescence in the blue region, with
maximum emission around 425 nm and a corresponding maximum excitation at about 340 nm.

When the BONs are treated at 300 °C, the fluorescence is much weaker but still detectable
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without any shift in the emission wavelength. Finally, a thermal treatment at 400 °C results in

complete fluorescence quenching.

The comparison among the different analytical techniques employed to characterize the BONs
allows for correlating the material structure with the related photophysical properties. The
fluorescence of BONs is affected by the presence and balance of nonstoichiometric BxOy and
B,0s3, as evidenced by XPS and FTIR analyses. The as-prepared sample lacks B;0s3, as indicated
by XPS, and shows no fluorescence due to the low amount of nonbridged oxygen atoms (FTIR

bands at 1464 cm™).

At 200 °C, the formation of borate rings (B203 = 22.9%) and the nonbridging oxygen atoms (FTIR
band at 1464 cm™) activate the radiative decay pathways responsible for the emission in the
blue. The Bx0y:B;0s3 ratio of 1.40, therefore, appears as a kind of threshold between emissive

defect centers and borate rings.

As the temperature of treatment increases to 300 °C, XPS analysis reveals that the B,O3 content
rises to 42.0%, with a BxOy:B20s ratio value of 0.60. At the same time, the intensity of the signal
correlated to nonbridging oxygen in the FTIR changes, leading to a reduced fluorescence
emission.

Finally, in the 400 °C BONSs, nearly equal amounts of B,03 (32.6%) and BxOy (32.2%) are
detected by XPS, while from FTIR, we observe the disappearance of the nonbridging oxygen
band. Because of this chemical state, the nanoparticle emission is completely quenched as the

material lacks the structural defects that trigger the photoluminescence.

Thus, the combination of XPS, FTIR, and steady-state spectrofluorimetry demonstrates that the
presence of nonbridging oxygen atoms drives the fluorescence of the BONs. Moreover, these
defects are correlated to an ideal ratio between BxOy (such as the tetragonal boron oxides) and

amorphous B20s, composed of trigonal boron and bicoordinated oxygen rings.
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Figure 4.11 3D emission (x-axis)—excitation (y axis)—intensity (false color scale) map of (a) as-prepared

BONSs, (b) 200, (c) 300, and (d) 400 °C BONs dispersed in ethanol.

Figure 4.12 shows the time-resolved photoluminescence measurements which is performed by
dispersing BONs in aqueous solution under the excitation at 340 nm and emisison at 425 nm.
The fitting was done using biexponential decay model and the fitting results are summarized in
table 4.2 The results shows the lifetimes of 3.1 and 9.0 ns for the 200 °C BONs and 1.8 and 8.4
ns for the 300 °C BONs indicating radiative transitions with a fast component (1.8-3 ns) followed
by a slower decay (8—9 ns). The faster decay of 300 °C BONs suggests less efficient emission in
comparison to 200 °C likely due to surface defects and reduced hydroxylation from thermal

dehydration of BONSs.
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Figure 4.12 Fluorescence lifetime curves (Aex = 340 NnM, Aem = 425 nm) of the 200 and 300 °C

BONs (a and b, respectively). The dots are the experimental measures, while the continuous red

line is the fitting curve.

Table 4.2 Fluorescence lifetime fitted results via a double-exponential-type formula.

Sample 11 (ns) I1 T2 (ns) I2 X2 lo

200 °C 3.085+ 1329.850 £ 9.020 733.940 0.998 16.089
0.055 26.580 0.171 28.685 0.320

300 °C 1.790 £ 84.998 8.352 + 430.057 0.997 19.101
0.030 4.242 0.097 4,717 0.310
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4.4. Conclusion

In Summary, an effective and green method developed for the synthesis of boron oxide
nanoparticles. This method eliminates contamination with organic molecules, which can be
potential source of photoluminescence in boron-based materials. Ultrasonication processing of
bulk boron vyields polydisperse nanoparticles with a size of 50 to 120 nm and sheet-like
morphology. The produced nanoparticles composed of oxo- and hydroxy-boron species
surrounding a pristine bulk-boron core, as revealed by Raman spectroscopy and XPS. The
dehydration process by thermal treatment of nanoparticles induces the defects (non-bridging
oxygen) in trigonal BOs unit. The defects induce photoluminescence in the blue region. The
emission efficiency significantly depends on the number of defects which can be correlated
specific FTIR absorption bands and the ratio of boron nonstoichiometric (BxOy) to stoichiometric
diboron trioxide (B203), as measured by XPS. Furthermore, this study is a step forward towards

understanding engineering of defects in boron-based nanomaterials.
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Chapter. 5

Reality of Free standing Borophene

This Chapter demonstrates that the so called free standing borophene by sonication and ball
milling is in fact oxidized boron flakes or fragments. The sonication and ball milling is performed
in different environments. Comprehensive characterization including optical and chemical
composition reveals that the photoluminescence origin is formation of oxygen defects in the
form of boron oxide and boric acid and structural distortions caused by these defects. The
claims of borophene synthesis by sonication and ball milling in literature is misinterpretation as
our study proves that top-down methods yield highly oxidized boron fragments or flakes.
Additionally, organic solvents, specifically DMF is not suitable for sonication processing because
of carbonization of DMF itself and the possibility of formation of carbon dots cannot be ignored.

This study establishes a threshold to validate top-down claims about borophene synthesis.
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5.1 Introduction

Since the discovery of graphene, the thirst for finding new 2D materials is growing day by day
[103]. Among them is relatively new 2D material borophene, a monolayer polymorph of boron
[104]. Borophene is very different from graphene and other 2D materials van der waal
materials. Bulk Boron is non van der waal material and its room temperature stable allotrope is
rhombohedral boron (B-B) which is three-dimensional complex framework having Bi
icosahedra interconnected [105]. Therefore, obtaining monolayer 2D borophene from bulk
boron presents significant challenge. After the first reported synthesis of borophene in 2015 on
substrate by bottom-up method, [106] researchers have focused on synthesis of free standing
borophene by top-down method. The sonication, ball milling, solvothermal treatment and
sometimes combination of two techniques is widely used to synthesize borophene [107,108].
The resulting product synthesized by these methods are often reported as borophene
nanosheets and borophene quantum dots and the properties specially photoluminescence

properties are reported as quantum confinement effect [109].

Despite the considerable development of the literature on borophene, our experimental
findings emphasize the complexity of synthesis techniques and the challenges in getting real
borophene, raising major questions about the actual origin of properties, particularly
photoluminescence. Furthermore, the synthesis involves the use several solvents and
different conditions, which results in variations in structure, shape, size, and defects in the final
material. Keeping in view of these factors the comprehensive examination of synthesis of
borophene by these methods and critical analysis of origin of properties specially

photoluminescence is need of the hour.

In this study we present a comprehensive and critical analysis of most frequently used method:
sonication and ball milling of boron powder for borophene synthesis. Through parallel synthesis
in different environments including water, post thermal treatments at 200, 300, and 400 °C, in
H,0, and DMF. Comprehensive characterization demonstrates that the resulting material is not
borophene, but it is oxidized boron flakes or fragments. Additionally, DMF is unsuitable for

sonication, as it leads to carbonization, thus the DMF does not even produce oxidized boron
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products. We demonstrate that the optical properties arising from the formation of oxygen
defects which are boron oxide and boric acid and these defects are also responsible for the

structural distortion of resulting material.

5.2. Experimental Section

The synthesis of different samples is depicted in Figure 5.1

5.2.1. Sonication in Different solvents.

100 mg of bulk boron powder was dispersed in 5 mL of deionized water and DMF in a 20 mL
glass vial separately, which was sealed immediately. The dispersion was then ultrasonicated for
8 hours. Following sonication, the dispersion was centrifuged at 7000 rpm for 20 minutes to
remove the bulk boron powder. The supernatant was carefully collected after centrifugation.
After centrifuging, the dispersion was filtered through a 220 nm syringe filter. The filtered
dispersion was then dried in an oven at 60°C overnight. The water prepared sample was

subsequently thermally oxidized at temperatures of 200 °C, 300 °C, and 400 °C.

5.2.2. Sonication in Hydrogen Peroxide (H.03)

100 mg of bulk boron powder was dispersed in 5 mL of H,0; in a 20 mL glass vial, which was
sealed immediately. The dispersion was then ultrasonicated for 8 hours. Following sonication,
the dispersion was centrifuged at 7000 rpm for 20 minutes to remove the bulk boron powder.
The supernatant was carefully collected after centrifugation and subjected to dialysis to remove
residual impurities. After dialysis, the dispersion was filtered through a 220 nm syringe filter.

The filtered dispersion was then dried in an oven at 60 °C overnight.

5.2.3. Ball Milling

The bulk boron powder was mechanically treated for 10 hours in a planetary mill (450 rpm)
with a powder-to-ball ratio of 1 in air (labeled as BM in air). Similarly, the bulk boron powder
was mechanically treated for 10 hours in a planetary mill (450 rpm) with a powder-to-ball ratio

of 1in argon. (labeled as BM in argon).
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(a) Sonication in Different Solvents
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Figure 5.1 Scheme showing the synthesis of different samples by sonication and ball milling of boron.

5.3. Results and Discussion

5.3.1. Morphology and Structure

Figure 5.2 presents the X-ray diffraction (XRD) pattern of bulk boron, sonicated boron in water

(As Prep H20) and ball milled samples prepared in air and argon. For the bulk boron powder

XRD pattern most of the peaks can be assigned to B-boron structure (JCPDF 11-0618). This

means that major part of the bulk boron powder used as precursor is B-boron.

After sonication and ball milling in water diffraction peaks completely disappeared, which

suggest the loss of long-range crystallinity. This amorphization is common when sonication or

ball milling is applied to B-boron [110,20]. The reason commonly is caused by defect assisted

cleavage of boron.
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Figure 5.2 (a) XRD pattern of bulk boron powder along with as sample in water. (b) XRD pattern of bulk

boron and ball milled sample in air and argon.

Figure 5.3 and 5.5 present the TEM images of sonicated and ball milled samples respectively.
The images demonstrate that sonication and ball milling process successfully fragment the -
boron into flakes like structure. High-resolution TEM (HRTEM) analysis reveals an interlayer d-

spacing of 0.32 nm and 0.33 nm for sonicated samples which correspond to the characteristic

interlayer distance of boron [111,112].

Figure 5.4 displays the inverse FFT images of sonicated samples which reveal a lot of structural
distortions and dislocation after the sonication process. The structural distortion and dislocation
can be attributed to formation of oxygen defects [76]. These defects not only change the

structure but also the electronic properties.

Similarly, the TEM and HRTEM images of samples ball milled in air and argons confirm the
formation of flakes like structure. The HRTEM images reveals the d spacing of 0.42 nm which
corresponds to (015) plane of boron [113]. The inverse FFT images of both samples indicate no
observable structural distortion after ball milling process. This indicates that the ball milling

process caused less oxygen defects as compared to sonication process.
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Figure 5.3 TEM image of (a) As prepared (H,0), (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) As Prepared (H203).
HRTEM images of (f) As prepared (H20), (g) 200 °C, (h) 300 °C, (i) 400 °C, (j) As Prepared (H,05).

(a) As Prep (H,O) (b) 200 °C (c) 300 °C . (d)400°C : (e) As Prep (0 )

(f) As Prep (H,0) | T ) 200 °C P

Figure 5.4 TEM image of (a) As prepared (H,0), (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) As Prepared (H,0,).
Inverse FFT images of (f) As prepared (H,0), (g) 200 °C, (h) 300 °C, (i) 400 °C, (j) As Prepared (H,0,).
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BM in Argon (f

Figure 5.5 (a, b, ¢ ) TEM, HRTEM and inverse FFT images of ball milled in air sample. (c ,d, e) TEM,

HRTEM and inverse FFT images of ball milled in argon sample.

Figure 5.6. presents the AFM images and height profiles of sonicated and ball milled samples.
The AFM images showed that the size of the samples changed a lot depending on the
conditions. The as-prepared sample in water showed size of 2.5 nm, which increased
approximately to 4, 200, and 250 nm after thermal treatment at 200, 300, and 400 °C,
respectively. In contrast, the as prepared sample in H,0; showed the size of approximately 15

nm.

The ball milled in air and argon samples showed the size 15 and 20 nm respectively. It is
important here that in case of boron the height measured by AFM corresponds to fragments or

grains of B-boron and not directly linked to true 2D polymorphs.
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Figure 5.6 AFM images and height profiles of (a, b) As Prep (H20), (c, d) 200 °C, (e, f) 300 °C, (g, h) 400 °C,

(1, j) As prep (H203), (k, 1) Ball milled in air and (m, n) Ball milled in argon sample.
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Figure 5.7 (a) High-resolution B 1s XPS spectrum of (a) Bulk boron, (b) as prepared (H,0), (c) 200 °C, (d)
300 °C, (e) 400 °C, (f) As Prepared (H,0,), (g) Ball milled in air and (h) Ball milled in argon.

Table 5.1 Elemental Percentage of each element in all samples from XPS survey.

Sample B % 0% C% B:O
Bulk Boron 71.04 14.15 14.81 -
BM in Argon 66.08 12.72 21.20 3.11
BM in Air 68.51 12.80 18.69 3.66
As prep (H20) 43.45 25.45 31.10 1.70
200 °C 45.65 21.70 32.65 2.10
300 °C 44.04% 35.83 20.13 1.22
400 °C 42.99% 41.36 15.65 1.03

As Prep (H202) 31.69 49.14 19.17 0.64
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For the bulk boron, the B 1s spectra is deconvoluted into two components, B-B (187.5 eV) and
BxOy (188.2 eV) respectively [114,20] (Figure 5.7a) In contrast, the samples prepared by
sonication, B 1s spectra is deconvoluted into three components: B-B (187.5 eV), BxOy (189 eV),
and B,0s3 (192 eV) [47]. The as-prepared sample in water display the component B,03
exhibiting a B:O atomic ratio of 1.70. (Figure 5.7b) As the temperature increases, the
components B,Oy and B>Os increase, and B-B decreases. So the corresponding B:O atomic ratios

also changed with the thermal treatment as shown in Table 5.1.

In the as-prepared H,0,, bulk B,Os is formed, exhibiting a B:O atomic ratio of 0.64, which is very
close to the expected stoichiometric value of 0.66 for the B,0s structure (Figure 5.7f). The
lower value of B:O indicates higher oxygen content and can also be attributed to boron
vacancies. This higher oxygen content is responsible for the structural distortion in boron and

act as a oxygen defects.

High-resolution B 1s spectra of ball milled samples showed only two components, one at 187.5
eV, attributed to B—B bonds, and another near 188.0 eV, corresponding to BxOy. Importantly, no
peak is observed around 192 eV, the characteristic region for B,0s, confirming that no B,0s is
formed during ball milling. The absence of B,Os and the overall low oxygen content indicate that

the ball milling caused less oxidation as compare to sonication.
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MMWMM N e ”
5 .
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2 ——BMinArrl 2
= £ 057 881
MNW o~
119
04 Boron Powder 0.04
200 400 600 800 1000 1200 200 400 600 800 1000 1200
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Figure 5.8. (a) The Raman spectra of bulk boron, ball milled in air and ball milled in argon sample. (b)

Raman spectra of as Prepared H,0, sample in 200-1200 cm™ range.
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To further investigate the structural features after the sonication and ball milling raman analysis
were performed, however we were unable to collect the Raman spectra of all the samples,
probably due to small Raman scattering cross section due to light mass of Boron and sample

complexity.

Figure 5.8 presents the raman spectra of bulk B,O3 and the as prepared sample in H,0,. The as-
prepared H,0, sample exhibits a sharp characteristic line at 881 cm™ which can be attributed to
OH bending in tetragonal BOH [115]. Th lines at 500 cm™ and 1164 cm™ belong to B-O
stretching. The others at 210 and 184 belong to OH asymmetric stretching. The overall Raman

of as prepared H,0; shows the complete oxidation of boron.

Figure 5.8c shows the bulk boron raman spectra the peaks located at 435, 637 and 804 cm™ are
assigned to the Bsg!, A1, Ag?, vibration modes respectively. The sample prepared by ball milling
air and argon showed the similar Raman spectra as of B-boron but slightly shift of peaks due to
size reduction. In short, the ball milling produces the similar Raman profile as of bulk boron and no

characteristic raman peak of borophene is observed.

Figure 5.9. presents the FTIR spectra of all the samples which shows that most of the bands can
be attributed to boric acid and boron oxide. For the sonicated samples and thermally treated
samples the most intense band at 1464 cm™ corresponds to B-O stretching [116]. The bands at
1192 and 888 cm™ correspond to B-O bending (BOH) and B-O stretching (BOH). The band at 800
and 640 cm™ corresponds to BOH bending. The band at 540 cm™ corresponds to asymmetric
bending of OBO [116]. As the thermal treatment increases the dehydration process starts and

the loosely bonded BOH starts to loose.

The as preprared H,0, shows the same spectra but the bands are more pronounced and it is

attributed to complete oxidation of boron to boron oxide.

While the ball milled sample in air and argon showed the slighty different spectra from the
sonicated samples with less intense and shifted band which can be attributed to less oxidation

as compare to sonicated samples.
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Figure 5.9 FITR spectra of all the samples, (a) bulk boron in 4000-400 cm™ range, (b) As prepared in H,0,
200 °C, 300 °C and 400 °C in 4000-400 cm™ range (c) As prepared in H,0, in 4000-400 cm range (d) Ball

milled in air and argon in 4000-400 cm™ range.

5.3.2. Optical Properties

The UV-Visible absorption spectra as-prepared sample in water and the thermally treated
sample at 200 ° C, 300 ° C, and 400 ° C is shown in Figure 5.10. It showed a broad absorption tail
extending into the visible range. This absorption behavior is commonly attributed to absorption
by oxygen defects in BOH systems. Similarly, the absorption spectrum of the sample prepared in
H,0, also showed broad absorption, with prominent bumps at approximately 250 nm and
300 nm (Figure 5.10b). Similarly, the absorption spectra of the ball milled samples showed the
same shape, a long tail extending to the UV region. In summary the UV—Visible absorption

spectrum showed that the absorption is attributed to defects states in all the samples.
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Figure 5.10 (a) UV-vis spectra of the as-prepared H,O sample and samples treated at 200 °C, 300 °C and
400 °C. (b) UV-vis spectra of the as-prepared H,0, sample. (c) UV-vis spectra of the Ball milled in air

argon sample.

As shown in Figure 5.11a, the as-prepared in water sample displays a broad emission band
centered at 480 nm when excited at 300 nm. Upon thermal treatment at 200 °C, the emission
remains centered at 480 nm with the same excitation wavelength (300 nm), but the PL intensity
increases significantly. Further thermal treatment at 300 °C induces a noticeable blue shift in
the PL maximum to 420 nm, along with a shift in the excitation wavelength to 340 nm. A
subsequent increase in temperature to 400 °C results in an additional blue shift, with the
maximum emission shifting to 400 nm while maintaining excitation at 340 nm. The observed PL
behaviour can be attributed to higher oxygen content (XPS) and formation of boron oxide
species. The FTIR further supports this with various bands related to boric acid and boron oxide.
The formation of boric acid and boron oxide ultimately creates structural distortion as seen by

TEM, together these factors control the PL behaviour.

After PL measurements, the as-prepared sample in DMF was ruled out from further studies due
to the likelihood of carbon dots generation from the solvent. As demonstrated in Figure 5.12a,
sonication of pure DMF solvent without use of boron powder in similar conditions produced a
fluorescent product. Similarly, when boron is sonicated in DMF solvent the resulting product
demonstrated the almost similar PL behavior (Figure 5.12b). This clearly shows that the
measured fluorescence is predominantly caused by carbon dots generated during solvent

breakdown during sonication, rather than by the boron material itself.
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Figure 5.11 (a-d) 3D Photoluminescence map in the 250- 700 nm range of as-prepared (H,0) and
thermally treated samples at 200 °C, 300 °C, and 400 °C (x emission, y-excitation, z-false colour intensity
scale). (e) 2D Photoluminescence map of as prepared (H.0) and thermally treated at 200 °C, 300 °C and
400 °C under excitation wavelength of 300 nm (f) 2D Photoluminescence map of thermally treated at

300 °C and 400 °C under excitation wavelength of 340 nm.
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Figure 5.12 (a) 3D Photoluminescence map in the 250- 700 nm range of as Prepared sample in DMF
without adding Boron (x emission, y-excitation, z-false colour intensity scale). (b) 3D Photoluminescence

map in the 250- 700 nm range of as prepared sample in DMF.
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Figure. 5.13a presents the Photoluminescence map of as-prepared H,0, sample which showed
significantly enhanced PL intensity compared to other samples. The emission maximum shifts to
445 nm when excited at 300 nm. A 14-fold increase in PL intensity is observed in this case
compared to the sample treated at 200 °C (Figure. 5.11b). This can be attributed to complete
oxidation of boron to boron oxide. Th complete oxidation can be seen from XPS, FTIR and

raman.
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Figure 5.13 (a) 3D Photoluminescence map in the 250- 700 nm range of ball as prepared in H,0, sample.
(x emission, y-excitation, z-false colour intensity scale). (b) 3D Photoluminescence map in the 250- 700
nm range of ball milled in air sample (c) 3D Photoluminescence map in the 250- 700 nm range of ball

milled in argon sample. (d) Variation of emission maximum peak with respect to B:O content.
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The excitation and emission spectra of sample synthesized via ball milling in air and argon,
respectively. Photoluminescence measurements showed that the sample prepared in air display

a very weak emission peak at 489 nm upon excitation at 340 nm.

In contrast, the sample prepared in argon exhibits no detectable fluorescence. The ball milled
samples have no structural distortion (TEM), less oxidation seen from XPS and FTIR. This further
supports the fact that the Photoluminescence origin in fragmented boron comes from oxygen

defects.

There is a significant shift in the PL emission peak position with the change of B:O content,
indicating a strong dependence of photoluminescence on oxygen content (Figure 5.13a).
Interestingly, despite systematically tuning the B:O content across these samples, no detectable

absolute photoluminescence quantum efficiency was observed.

In summary, the comprehensive characterization revealed the fact that observed
photoluminescence is defect driven primarily influenced by the presence of boric acid and

boron oxide.

The decay kinetics of the prepared samples were studied by time-resolved emission
measurements. The photoluminescence (PL) lifetime measurements were analyzed using a bi-
exponential decay model, where the red line represents the fitted curve and the dotted black
points correspond to the experimental data. (Figure 5.14). The two lifetimes obtained, t1 and 1,
indicate distinct recombination pathways: t1 is attributed to direct band-to-band transitions,
while 12 is associated with defect-related states, in agreement with previous studies. The
average PL lifetimes were found to be 1.34 ns for the as-prepared (H,0), 1.40 ns for the 200 °C,
1.33 ns for the 300 °C sample, 1.21 ns for 400 °C, 0.35 ns for BM in air and 7.19 ns for as
prepared in H,0, sample which is in good agreement with their PL efficiency. The nanosecond

time indicates the emission from defective surface structures. [20]
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Figure 5.14 Photoluminescence lifetime of (a) As prepared (H20), (b) 200 °C, (c) 300 °C, (d) 400 °C, (e)

ball milled in air sample, (f) As prepared (H203).

Based on our findings, top-down approaches for synthesis of borophene is not suitable. The
primary reason for this is that boron is a non—van der Waals material and, therefore, cannot be
exfoliated. Additionally, our study shows that boron becomes highly unstable after
fragmentation by sonication or milling. As a result, top-down methods produce only fragmented
boron sheets or oxidized boron sheets, while even ball milling in argon fails to yield true

borophene due to this inherent instability.
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5.4. Conclusion

In Summary, our study demonstrated that commonly adopted top-down techniques (Sonication
and Ball Milling) for borophene synthesis is widely mischaracterized in this field. We
demonstrated that sonication and ball milling only produce the boron fragments or flakes
which show optical properties due to structural distortion caused by oxygen defects produced
during the synthesis. This finding calls for a thorough rethinking of current claims about
borophene synthesis, questioning the accuracy of many prior publications and underlining the

need of reconsidering the predicted synthesis-structure correlations.
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Chapter. 6

Summary and Future Outlook

The objective of this thesis is to synthesize low dimensional boron nanomaterials and provide a
clear and solid answer regarding the origin of photoluminescence in these nanomaterials. This
Chapter summarizes the main conclusions in the thesis. It also outlines future perspectives and

research directions for advancing the development of low-dimensional boron nanomaterials.

6.1 Summary

6.1.1. Boron nanodots revealed defect mediated photoluminescence.

This study developed a straightforward, scalable, and effective technique for synthesizing boron
nanodots by the regulated thermal breakdown of sodium borohydride (NaBH,) in ambient
environment. The stepwise thermal degradation of NaBH4 is very important parameter in

generating and tuning the defect structures responsible for light emission in boron nanodots.

The prepared boron dots showed blue fluorescence with a peak emission at 416 nm when
excited at 290 nm. The detailed investigations showed that boron-hydride (B—H) bonds facilitate
the opening of the band gap in boron nanodots to around 4.25 eV, in contrast to the much
smaller band gap of bulk boron (1.41 eV). The boron oxygen (B-O) functionalities act as oxygen
defects which cause distortions in boron structure. Together, the B—H and B—O functionalities
are the key components that determine the optical properties of boron nanodots. Time-
resolved photoluminescence study showed dual decay behaviour, (1) band to band transitions

and (2) defect related transitions.

This work has developed a clear understanding of defect-property relationship in boron
nanodots. This study not only showed that defects can contribute to nanodots emission, but it

also shows how essential defects are for fine tunning the optical properties.

6.1.2. The Green synthesis of boron oxide nanoparticles proved the true origin of

photoluminescence.
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The continuous argument regarding the origin of photoluminescence in boron oxide
nanomaterials whether it is due to defects or contamination has motivated this study. This study
also gives the green route for the synthesis of boron oxide nanoparticles to avoid any potential
contamination. The synthesis was achieved by ultrasonication of crystalline boron in water,

followed by thermal annealing in air.

The defects of BONs were controlled by annealing the prepared BONs at varying thermal
temperatures. By controlling these defects, we were able to prove the origin of

photoluminescence in BONSs.

This study has shown that the optical properties of BONs can be tailored by controlling the
defects. For example, the as prepared BONs are thermally treated at 200 °C which gives the
maximum emission at 425 nm when excited at 340 nm. Comprehensive investigation showed
that the photoluminescence properties arise from the defects mainly non bridging oxygen
defects created by thermal treatment. These loosely bonded oxygen defects start to disappear
at higher thermal treatment (300 °C and 400 °C) by dehydration process. This study reveals the
true origin of photoluminescence in boron oxide nanomaterials, indicating that the emission is

caused by defect states rather than contaminants.

These results are a step forward in the defect engineering of boron-based nanomaterials and
are expected to open new possibilities for their usage in optoelectronic and fluorescence-based

sensing applications.

6.1.3. The sonication and Ball milling of B-Boron proved that top-down method is not suitable

for borophene synthesis

After the discovery of borophene synthesized on metal substrate. Many attempts have been
made to produce free standing borophene by top down using sonication and ball milling of B-
boron. We systematically examined these approaches across multiple conditions. Both
sonication and ball milling broke boron into smaller fragments, but the amount of oxidation

depended on the environment in which the processing took place. Sonication usually made
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boron fragments that were more oxidized, while ball milling made fragments that were less

oxidized.

In depth analysis  which included TEM, AFM,  XPS, FTIR, UV-Vis, and
photoluminescence confirmed that the products are oxidized boron fragments rather than
borophene. The optical properties are coming from the surface oxidation in the from of boron
oxide or boric acid.

In summary, this study highlighted a common misinterpretation in the literature, suggesting that
many reported claims of borophene synthesis via sonication and ball milling are overstated. Our
study revealed that top-down method only cause the fragmentation of bulk boron to smaller
fragments and their properties, especially optical properties, comes from surface oxidation. The
optical properties are strongly dependent on the surface groups formed during the top-down
treatment. Hence due to extremely complex bonding of boron and prone to oxidation when

fragmented into nanoscale the top-down method is not suitable for synthesis of borophene.

6.2. Future Outlook
Many recent research findings on boron-based materials prioritise applications while ignoring

the basic chemistry that controls their behaviour. This has contributed to misinterpretations
since most reports ignore boron's complex bonding, oxidation states, and defect structure. The
important aspect is the need to integrate theory and experiments by using combined
computational and experimental studies to guide the design of boron nanomaterials with
desired properties. Future research should concentrate on precise defect engineering in boron
nanomaterials to optimize photoluminescence for advanced applications. Integrating these
findings will help enhance boron nanomaterials for optoelectronic, sensing, and photonic

application.

In this context, first-principles calculations and atomistic simulations can play a crucial role in
predicting defect-induced electronic states and optical transitions, providing a theoretical
framework to interpret experimental observations. In-situ and operando characterization
techniques, such as temperature-dependent spectroscopy and real-time structural analysis, may

further clarify the dynamic evolution of defects during synthesis and post-treatment processes.
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Additionally, establishing standardized characterization protocols will be essential to avoid
misidentification of boron-based nanostructures and to ensure reproducibility across different
studies. Such a fundamental and integrated approach will not only improve the reliability of
reported properties but also enable the rational design of boron nanomaterials for next-

generation optoelectronic and photonic technologies.
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Supplementary Information

Note.1 Calculation of band gap of BDs
The bandgap, Eg, value can be evaluated by Tauc equation:
(ahv)/"= A(hv - Eg)

Where a is absorption coefficient, h is Planck’s constant, v is frequency, Eg band gap, A

Absorption proportionality constant and n is exponential factor .

The band gap Eg was obtained by plotting (ahv)Y/2 versus hv and extrapolating the linear portion

of the graph to the x-axis

Note.2 Equation for the lifetime fitting for BDs

The time resolved PL decay fitting is done using bi exponential decay using the equation below.

y = Al*exp(-x/t1) + A2*exp(-x/t2) + yO

Here Al and A2 are the amplitudes indicating the contribution of each decay component with
respective lifetimes t1 and t2, showing how fast each process decays over time x. The constant

y0 accounts for any background signal in the data.
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Note.3 Rietveld refinement of Bulk Boron
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Figure S.1 XRD pattern of Bulk Crystalline boron and its Rietveld refinement.
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