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Preface

Preface

Hexagonal boron nitride (4#-BN) represents one of the most popular two-
dimensional (2D) materials whose excellent properties are expected to have great
potentials in electronics and optoelectronics. The fabricated #-BN nanostructures are
usually composed of dangling bonds at the edges and saturated sp> BN bonds in the
domains, in general, which also contain carbon, oxygen, and hydrogen impurities. As
far as we know, the defects play a primary role in creating new properties of 2D 4-BN,
for example, enhanced absorption, emerging fluorescence, and photocatalytic activity.
Therefore, managing and tailoring defects in #-BN systems is a key process for the
exploitation of their advanced functions. However, clear correspondences of defects
and properties still have not been well established in terms of #-BN basic research. In
particular, the present carbon impurities heavily cause uncertainty in modulating and
understanding the optical properties of 4#-BN systems. Herein, this Thesis has mainly
focused on exploring the relationship between structure defects and optical properties
of #-BN nanosheets and nanodots. Both the BN sheets and dots are produced using a
carbon-free process for the targets of introducing special defects and thereby
understanding the corresponding defect-property causality. Simultaneously, quantum
chemistry calculations have been carried out to support the experimental findings.
Subsequently, sol-gel chemistry has been applied to fabricate their nanocomposites by
respectively incorporating the synthesized sheets and dots into transparent films (i.e.
titania TiO7 and silica SiOz), which determine their possibility in solid-state devices in

the fields of photocatalysis and light-emitting applications.
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Chapter 1. Optics in Hexagonal Boron Nitride: An Introduction of This Thesis

Chapter 1. Optics in Hexagonal Boron Nitride: An

Introduction of This Thesis

At the beginning of the present thesis, we have summarized the main state-of-the-art
in the preparations, properties, and applications of hexagonal boron nitride (4#-BN)
related materials, from bulk to nanoscale systems. In particular, the optical features of
BN materials are presented; both nanodots and nanosheets are highlighted. After
reviewing the current research, the purpose is put forward, as well as a brief

introduction of this PhD project is shown.
1.1. Broad family of boron nitride allotropes

Boron nitride (BN), the compound of boron (B) and nitrogen (N) atoms, is a kind of
chemically and physically stable materials. BN is an isomorphism of carbon (C), which
also has two phases bonded by sp?- or sp’- hybridization.[! In general, there are main
four types of crystalline BN polymorphs, as shown in Figure 1.1, including hexagonal

(h-), cubic (c-), rhombohedral (7-), and wurtzite (w-) BNs.[?!
hexagonal BN (h-BN)  rhombohedral BN (r-BN)

Figure 1.1 Structural models of the four types of BN phases, including 4-, -, c-, and w-BNss.
Reproduced from Ref.!?! with permission of Copyright (2019) Elsevier Inc.
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The most common one is #-BN, which presents sp? hybridized B-N bonds in each
plane, where different planes are kept interacting via van der Waals forces. A graphite-
like hexagonal network is shown with the lattice parameters of @ = 2.504 A and ¢ =
6.661 A. The special structure further allows 4-BN to be a popular candidate in two-
dimensional (2D) materials preparations and applications.’’) 2-BN shows super high
stability in extreme conditions, such as high temperature (up to 1000 °C in air),
concentrated acids, or concentrated alkalis. The production of 4-BN is usually carried
out via a chemical vapor deposition (CVD) route with boric acid and urea, etc., as
precursors.

The 7-BN polymorph is also sp- bonded but with a rhombus as its basic unit, where
the lattice parameters are a = 2.498 A and ¢ = 9.962 A. Actually, a lot of experiments
show that a pure and single »-BN crystal cannot be obtained without the presence of an
h-BN system.[¥] Therefore, the knowledge is still poor about physical and chemical
properties in »-BN materials.

c-BN is composed of sp®> B-N bonds and constructed by face-centered cubic B and
N two cells with a lattice constant of @ = 3.615 A. The diamond-like structure of c-BN
endows it with ultra-high hardness as well as outstanding thermal conductivity.[’! It thus
has been applied as coating materials for cutter, anticorrosion, and heat dissipation. The
preparation of c-BN is also via the common route under the conditions of high pressure
and temperature.

w-BN is another structure consisting of sp> B-N bonds but arranged in a different
way, in which B and N atoms are arrayed in a lonsdaleite configuration with lattice
parameters of @ = 2.553 A and ¢ = 4.228 A. Similar to the »-BN situation, w-BN is far
from being comprehensively understood because of the difficulties in the production of
a single phase.l¢!

Additionally, other phases of BN have often been discovered in some experiments.
For example, the turbostratic (z-) phase of BN is linked by sp?>- B-N bonds like /- and

r-BNs, but its form is disordered in the stacked axis. Therefore, the diffraction patterns
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of +-BN are usually exhibited with much broader signals in 20 than those of the pure
phase of /- or »-BNs.[”l Apart from these crystalline phases, non-crystalline form is
reported as amorphous (a-) BN, which is mainly sp?- bonded. a-BN materials are well

known for their excellent electronic properties, for instance, low dielectric constant.®

1.2. Nanomaterials of hexagonal boron nitride

A hexagonal geometry endows A-BN layers (see Figure 1.2a) with many
characteristics similar to graphite.”) Therefore, 2D 4-BN is usually named “white
graphene”. Actually, the layered structure makes 4#-BN units flexibly form different
nanomaterials. Considering the structural category, there predominantly are five kinds
of popular nanoallotropes from both carbon and BN cells, including nanosheets,
nanoribbons, nanotubes, fullerenes, and nanodots. In the case of BN nanomaterials
(Figure 1.2b-f), they are termed as BNNSs, BNNRs, BNNTs, BN fullerenes (or cages),

and BN nanodots (or quantum dots, QDs), respectively.

0.333 nm

~

(f) BN Nanodots

Figure 1.2 Schematic structures of (a) #-BN crystal, and its nanomaterials of (b) BNNSs, (c)
BNNRs, (d) BNNTs, (e) BN fullerenes, and (f) BN nanodots. Reproduction with modification
from Ref.”) and Ref.['! with permission of Copyright (2020) Springer Nature and Copyright
(2021) Elsevier B.V.
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1.2.1. 2D boron nitride nanosheets

Since monolayer graphene was firstly prepared and identified in 2004, various 2D
materials have received unprecedented attention. Among them, 2D 4-BNNSs have
represented the most important role in BN-related systems, whose size is restricted to

s.'-12] Diverse

nanoscale in thickness direction but infinite in other two dimension
synthesis routes have been developed for the production of high-quality BN sheets via
the typical top-down exfoliations and bottom-up growths. The applicability of different
approaches depends on the dimension, purity, defects, etc. of the final products, as well

as the costing, yield, and time of producing process.['’!

Top-down exfoliations

Mechanical force via cleavage technique can directly break van der Walls
interactions of BN interlayers to achieve top-down exfoliation of the bulk crystals.['
The shear force of the ball-milling system can also peel off thick and large 4-BN into
some fragments with few layers.['’! The introduction of chemical reagents, such as
hydroxides and urea, can benefit a synergetic effect of kinetic energy and chemical
peeling, which simultaneously allows the surface-functionalization of BN with -OH
and -NH».['®18 As shown in Figure 1.3a, Lee et al. have used NaOH solution to assist
the ball-milling process, where a reaction is activated between 4-BN and OH™ ions on
the edges and in-plane B sites.'8! The yields can reach up to 18%, and the resulting
flakes have an average lateral size of 1.5 pm and thickness of 2.62 nm.

Liquid-phase exfoliation is another common top-down method to overcome BN van
der Walls interactions under the assistance of sonication (bath or tip types) and surface
tension of polar solvents.['”22] Similar to ball-milling, various additives have already
been used to promote exfoliation and functionalize products.’>*>*I It should be noted
that water has proven a special liquid phase with respect to organic solvents because of
its critical role for creating hydroxyl defects.?- 22! Figure 1.3b shows a three-step route
to improve product yield of exfoliated BN sheets: (i) the sonication of 4-BN in water

can produce -OH groups and penetrate H>O molecules into layers; (ii) the explosion of
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water upon thermal treating can expand the space of BN interlayers; (iii) water-phase
sonication again can allow producing hydroxyl-functionalized nanosheets.'”] The
obtained BNNSs show an average lateral size of 0.58 um and thickness of 3 — 8 nm;
the yield of this green method even can reach 37%. Besides, it should be highlighted
that the presence of defects has endowed #-BNNSs with more interesting functions
beyond the pristine ones, such as emerging fluorescence (see our case in Section 4.1)1**
and enhanced photocatalytic response (in Section 4.2).1%¢]

tting by NaOH
(a)cu’mg y Na

peeling by Hydroxyl-Functionalized
shear force BNNPs (OH-BNNPs)
0 %Y
27 .
¥

(b) (U‘(;-BN' ’ » BN-OH
ff‘c‘c‘“‘ ) Cececdlec
o (ii)
s ‘:ﬂ"“;’:’ (i) CECECE S
« .

o EEE
oscene™ ((  CeSENeTH
BNNSs BN-400

Figure 1.3 (a) The one-pot preparation of BNNSs via hydroxide-assisted ball-milling method.
Reproduced from Ref.['8! with permission of Copyright (2015) American Chemical Society. (b)
The three-pot fabrication of BNNSs by thermal-assisted hydrolysis and sonication exfoliation.
Reproduced from Ref."”! with permission of Copyright (2020) Elsevier Ltd.

Bottom-up growths

The bottom-up growths start from boron and nitride-containing components (e.g.
ammonia borane, borazine, S-trichloroborazine, diborane/decaborane, and ammonia,
etc.), which allows the precursors to react and assemble into a hexagonal structure.!?’!
The growths can further be divided into two classifications according to whether a
substrate is used or not. The substrate-dependent one is usually carried out via chemical
vapor deposition (CVD) methods, and the widely used substrates include Cu, Ni, Si, Fe,
Ru, Pt, and so on. CVD is the main tool to allow the production of #-BN monolayer.
For example, Song and co-workers have reported a wafer-scale growth of 4-BN films

by depositing on Cu (111) face via CVD process (see Figure 1.4).%! The resulting BN
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sheets show a triangular shape, and the domain edge length can reach 72 pm with a 92%
percentage of the monolayer. In another hand, the CVD can also be conducted without

substrates, for instance, directly performed from boric acid and melamine in a graphite

crucible.l*”]

(a) LPCVD (b)

W P
Ar .
“#’I e =
7,=55-120°c [l
. \/ pump

Cu enclosure

(a)

(9)‘; 398.1e S [1905¢
s Nis| £ B1
z| | 2 )
= =
405 400 395 195 190 185

Binding energy (eV) Binding energy (eV)

f i
R, =0.166 nm M 1,369 é%.m
c
h-BN : 2 0.05
Ah~0.7 nm™W* § .
<0.00

<1300 1,500 300 600
Raman shift ‘cm") Wavelength (nm)

R,=0.145nm .

Figure 1.4 Large-area synthesis and characterizations of #-BN films via CVD process.
Reproduced from Ref.?® with permission of Copyright (2015) Springer Nature.

Besides, physical vapor deposition (PVD) is another bottom-up process to synthesize
h-BNNSs. The vapor can be generated by thermal evaporation or sputtering of the /-
BN source.l*”) In recent years, some unconventional techniques have been developed
for a gram-scale production of BN sheets, such as, via chemical-blowing synthesis from
ammonia borane,*") and biomass-directed route from boron oxide and nitrogen.*!!
1.2.2. 1D boron nitride nanotubes

Inspired by the discovery of carbon nanotubes in 1991, BNNTs were theoretically
proposed in 1994 and experimentally synthesized in 1995.5% They can be depicted as
a rolled #-BN monolayer or multilayer, representing a single or multi-walled tube. It
should be mentioned that the tubular interspacing is a bit larger than the layered one.**]
Both multi or single-walled BNNTSs have been well developed and fabricated in the past

decades, and the preparation of later ones is a more difficult design. Herein, Table 1.1

6
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shows a summary of typical synthesis techniques for high-quality BNNTSs according to

several review articles.!

32, 34]

Table 1.1 Synthesis techniques for BNNTs.

Methods Precursors Comments
» High crystallization, both single
. ® /i-BN; )
Arc-discharge; and multi-walled tubes;
® B, YBg, or ZrBy; .. ; ..
3500 °C oN » Containing impurities of BN
? onion and cages.
» High crystallization, both single
Laser ablation; ® /BN, or c-BN and m?lljti—wal.led tu'b?s;
1200 or 5000 °C » Containing impurities of BN
cones.
. | ® B3N3H3Cl
Template synthesis; Bi{ ;\H; . 3of » Controlled morphology;
750, 1000, or o B 03 > » Containing impurities of carbon
o 203; . .
1580 °C ® NH; or Ny in lattice.
® NH4BF4; » Low-temperature process;
Autoclave; 600 °C | ® Mg(BO:): or B; » Low quality and yield, containing
® NH,Cl, NH;s or N2 impurities of B and BN cages.
» High yield;
Ball-milling; 1000 | ® B: g Plg yle.t’ R
oor purity, containing impurities
— 1200 ° ® NH
¢ : of B and BN fiber.
® BH;NH; or BN; ) .
’ » High lit -scal
CVD; 600, 800, | @ B, B2Hs, B20;3, 1gd . Anatity; sram-seate
T ion;
1100, 1200, or NaBH, or H;BO3; | 11;0 peiom | othod with
1500 °C ® NH;, No, NH:Cl or equiring a special method wi
Urea parameters.

1.2.3. 0D boron nitride nanodots

As an emerging kind of 0D materials, BN nanodots or quantum dots (QDs) have

attracted increasing interest for their excellent properties, such as strong
photoluminescence, large surface/volume ratio, high aqueous solubility, and good
biocompatibility.!'> 33! The feature advantages make BN dots a promising candidate for
numerous potential applications in the fields of photonics, optoelectronics, sensors, and

biology.
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Top-down routes

Although the studies on this type of nanodots are still in an early stage, the synthesis
approaches, as well as potential applications, have been wildly explored and developed
in the past few years. The top-down routes are the most used methods for the
preparation of BN dots, which allow exfoliating bulk 4#-BN into sheets and further
cracking them into fragments. As shown in Figure 1.5a-b, Liu et al. have fabricated a
kind of monolayered BN QDs by exfoliation and disintegration of #-BN flakes, where
areaction is conducted between the intercalated potassium (K) in BN and ethanol-water
solution under ultrasonication.*®! The QDs shows a blue emission under UV irradiation,
and the authors have attributed the luminescence into three emissive defects (see Figure
1.5¢): carbon-replaced nitrogen vacancies (e.g. 1, 3-B centers), zigzag carbene saturated

edges, and BO, species (x = 1, 2; the dominated mechanism in this case).

a ———————————— - ’I’I‘I’I’
@ o« _ 50000088 switme §ETEEN
> 00000000 g eLeLeLs
Intercalation 00000000 Exposure to Air 0000,
hBN ™ v
K#
e == BN Layers
Samw K
EtOH/H,0 Exfoliaing =@ /= | *"' 0K @Ko,
—_—> o ———> - " . BN QDs
Sonification Disintegrating Residual Compound & -

BN QD

RSz TS

[ Fit=A+Blexp(-Utl) + B2exp(-Ut2) 4
B3.exp(-12)

—decay curve — exponetial fit
instrument response function

T =164ns,12=4.3ns,
©B¥=1ns, A=1B1=81%
B2=61.1%, B3 =30.8%
Adj R2= 0,995

=)
2

—
2]
3ssomuv| /W
3
2

no UV
illumination
llumination |

Intensity / arab. units
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10°. £ H
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N Vaca <
Conduction Band Carbene Structure UMO . BO, Species
2
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X

s HOMO
5 H l,ss
© | . I
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a1

Figure 1.5 BN QDs produced via exfoliation and disintegration of #-BN flakes. (a) Schematic
formation, (b) morphologies, and (c) luminescence characterizations. Reproduced from Ref.1*®!
with permission of Copyright (2013) John Wiley and Sons.
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Currently, the main top-down strategy to obtain BN dots is the sonication-assisted or
ball-milling liquid-phase exfoliation methods combined with refluxing, solvothermal,
microwave-irradiation, laser-ablation treatments, etc. The former process results in the
exfoliated BN sheets; the latter operation can further incise and cut the layers into
nanosized dots. An example is shown in Figure 1.6, where the BN dots are fabricated
by solvothermal treating the sonication-exfoliated sheets in dimethylformamide
(DMF).’7l The dots with a size of 2.62 nm show strong blue emission and quantum
yield (QY) up to 19.5%. Importantly, the BN QDs properties (including size, surface
groups, and fluorescence intensity) can be tailored by controlling the solvothermal
parameters (e.g. filling factor, reacted temperature, and time). In addition, Liu and co-
workers have further found that the selection of solvents is a significant factor to
regulate the color of emission spectrum.*®]

e
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Figure 1.6 BN QDs produced via sonication and solvothermal process. Reproduced from
Ref.B7 with permission of Copyright (2015) John Wiley and Sons.

Some novel approaches have also been performed through unconventional designing.
For instance, a defect-engineering method has been reported to induce physical defects
by heating iron nanoparticles and #-BN together. Subsequently, BN dots are produced
via microwave and sonication treatments; then water-vapor exposure makes the

3% In a report by Thangasamy

nanodots edge-hydroxylated for the target of bioimaging.
et al., the exfoliation and disintegration of bulk BN crystals can be realized by a

supercritical fluid process that allows rapid fabrication of blue emissive BN QDs. "]
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Duong and co-workers have obtained BN nanoparticles with a size of 3 nm using a
cryogenic exfoliation followed by sonication, centrifugation, and filtration.[*!! In the
cryogenic process, the bulk powders are firstly soaked in liquid nitrogen and then
thermally shocked in isopropanol-water solvent to peel off #-BN and introduce defects.
In another study, thermal-induced intercalation plus sonication in phosphoric acid can
result in progressive etching and size reduction of bulk BN into nanodots (see our case
in Section 5.2).I'"]

Bottom-up synthesis

With respect to the lengthy top-down process, the production of BN QDs via bottom-
up technique describes a facile and effective route starting from boron and nitrogen
sources. It usually involves hydrothermal, solvothermal, microwave-radiation, and
calcination treatments. Herein, Table 1.2 summarizes a series of bottom-up grown BN
dots and their optical properties.

Generally speaking, top-down routes are lengthy processing and show a poor yield,
but the crystallinity of the fabricated BN dots can be well inherited from the bulk
powers. On the contrary, bottom-up methods can allow mass production of BN QDs
only via a simple process, whilst they are mainly amorphous with a very limited and

even negligible presence of 4-BN crystalline phase (see our case in Section 5.1).14]

Table 1.2 A summary of BN nanodots via bottom-up synthesis.

Precursors Methods Properties Ref.

Hydrothermal reaction;
200 °C for 12 h;
No purification.

PL at 395 nm, QY = 183%, [43]
Size 2.38 nm.

Hydrothermal reaction;

o | M| s |
pH=7 by HCI, and dialysis.
Hydrothermal reaction; Two emissions at 390 and
200 °C for 12 h; 470 nm, QY = 7.4 and 4.6%; | “
Dialysis. Size 10.2 nm.
HsBO»: Hydrothermal reaction; PL at 400 nm:

200 °C for 15 h; [43]

C3HeN Size 3 nm.
e No purification. 162

10
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Hydroth 1 tion;
H3BO3; o0 oC for s PLat414nm, QY =5.9%; | ¢
or ; .
CO(NH2)2 L Size 4.04 nm.
Dialysis.
Solvothermal reaction;
H3;BOs3; ’ PL at ;
c OiN(I?’) EtOH-H.0, 200 °C for 12 h; y a ;’320 o, [47]
ize 3.2 nm.
2| Filtration and centrifugation. ze
H3BO;3; QY =10.31%;
CO(NH2)> Size 4.04 nm.
H3BOs3;
COzNH3; . Microwave-radiation; Sulfur-doping, QY = 8.9%;
2211000 Hz, 120 °C for 70 min; Size 9.8 nm. (48]
SC(NH2)2 . .
HaBOs: Centrifugation.
3 ; .
Sulfur-d Y =2.0%;
CONHo): ulfur (?plng, Q 0;
Size 9.2 nm.
H-Cys-OH
H3;BOs; Electrochemiluminescence at
C3HeNe Microwave-radiation; 555 nm
H3BOs3; 1000 Hz, 180 °C for 80 min; | Electrochemiluminescence at | [#°!
C3HgNe; Centrifugation. 575 nm;
NH4F Fluorine-doping.

1.3. Optical properties of hexagonal boron nitride systems

Recent research shows that #-BN possesses a wide bandgap of ~6 eV, a low dielectric
constant of 2 — 5, high thermal conductivity up to 751 W mK ™! at room temperature as

s.°% These unique properties enable the 4-BN of a

well as good chemical inertnes
promising candidate in a broad range of optical and electro-optical fields. Herein, the
optical properties of #-BN are mainly discussed.
1.3.1. Band structure

In 4-BN layer, B and N atoms are sp> hybridized; each B (or N) atom can generate
three 6 bonds with its immediate N (or B) atoms, consequently six electrons of a cell
filling into the o orbit. There are eight electrons in a BN cell, and the remaining two in
p orbital (p-) can form the vertical plane 7 bond.!!

It has been reported that 42-BN crystal shows both direct and indirect bandgap

properties."2->3 Theoretical calculation has been wildly performed to evaluate the band

structure of A-BN based on density functional theory (DFT) with local density
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approximation (LDA). However, the standard DFT process generally underestimates
the bandgap energies.!'3! Therefore, Green’s function quasiparticle (GW) method can
be used to correct DFT results. As shown in Figure 1.7, Arnaud et al. have calculated a
minimum direct gap of 6.47 eV and an indirect gap of 5.95 eV via the GW approach,
whilst the underestimated results are respectively 4.46 and 4.02 eV via the LDA

method.P4
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Figure 1.7 The calculated band structure of 4-BN; the black solid lines represent the LDA
results and the purple lines with circle display GW results. Reproduced from Ref.’ with
permission of Copyright (2006) American Physical Society.

1.3.2. Ultraviolet-Visible absorption

h-BN nanomaterials usually show an intense absorption band in the ultraviolet (UV)
region of 190 — 220 nm and do not have optical absorption in the visible (Vis) region at
380 — 750 nm. The presence of defects in the BN structure can result in a shift of UV
absorption peak, and also increase the absorption intensity in the visible area.[> 3! For
example, as shown in Figure 1.8, the introduction of -OH groups can not only improve
the solubilization of BN sheets in water but also enhance the optical absorbance.>! In
another hand, when BN dots are generated, new bands will appear in their UV-Vis
spectrum because of many defects and edge effects.['*> > The emerging bands further
contribute to the UV and Vis fluorescence of BN dots under the corresponding

excitation light.
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1.2
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Figure 1.8 The UV-Vis absorption spectra of pristine and hydroxyl-functionalized #-BNNSs
by dispersing into water. Reproduced from Ref.5! with permission of Copyright (2012)
American Chemical Society.

1.3.3. Photoluminescence

Luminescence properties of #-BN involve a broad range of cathodoluminescence
(CL), photoluminescence (PL), photon emitter, laser emission, etc.*!] CL spectroscopy
usually is corresponded to the near-band-gap structure, which is in the deep UV
region.>?! PL emission can be attributed to the donor-acceptor pairs of localized centers
in correspondence of defects coupled to the distal lattice points, where the visible light
can make the carriers recombine in the traps.!¢]

Figure 1.9 describes some typical defects in the 2D structure of 4-BN.*” There are
generally three types of defects in #-BN nanomaterials contributing to PL emission at
room temperature: B and/or N vacancies, carbon doping, and boron-oxygen species (e.g.
BOy, x = 1 or 2).3% 5851 Generally speaking, it is still highly different to distinguish
the specific PL contributions from which defect. The vacancies are usually in charge of
the emission in the UV region that is often observed from bulk #-BN with related
defects.*) The oxygen bonding in 2D layers is sensitive to the acid-base environment,
hence the luminescence related to boron-oxygen species will change upon different pH

conditions.?7-3%
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Carbon-induced defects can be further divided into carbon-replaced N vacancy point
defects (3-B and 1-B centers) and zigzag carbene edge.l**”) On the one hand, the
emission can be created when the unpaired electrons transit from higher 1,3-B centers
and lower carbon levels. On another hand, carbene structure at BN zigzag edges can
also result in PL emitting, which shares a similar mechanism with graphene QDs. Very
recently, Nguyen et al. have observed this kind of edge structures in fluorescent BN

dots using HRTEM images and FFT patterns.[¢"!
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Figure 1.9 Different defects in the structure of 2D /4-BN. Reproduced from Ref.’”! with
permission of Copyright (2020) Springer Nature.

Unfortunately, the carbon impurities are causing challenging interferences for the
origins of BN materials, in particular, BN QDs. Many researchers declare that they have
obtained BN QDs using sonication-assisted solvothermal or microwave methods.[?”3%
61-63] However, the B content in their products can even be ignored according to their

XPS survey and Raman spectra. In fact, they probably have obtained carbon dots due
14
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to the carbonization of solvents or organic ligands. For example, Ding and co-workers
have reported a strategy to produce full-color emissive BN QDs by solvothermal
treatment of BN sheets with different amino ligands (see Figure 1.10).1%] In detail,
when urea is used, they obtain blue light; when p-phenylenediamine is used, they obtain
red light. However, they seem to forget the possibility that urea and p-
phenylenediamine usually are used to prepare blue and red carbon dots, respectively. In
addition, the B atoms in their BN QDs are less than 1% according to their XPS results.[6]
It means that the presence or absence of BN sheets cannot contribute to a big change in

the color of their final samples.

PPD
> A
H;SO4/H,0
Thiourea A
H Acetone’

Y W43 Hydrothermal
>

Process

-
CBON@C &s COCH]

Figure 1.10 Schematic diagram of the preparation of full-color emitting BN QDs. Reproduced
from Ref.[®*! with permission of Copyright (2020) American Chemical Society.

1.3.4. Photocatalysis

In recent years, researchers have also focused on the incorporation of 4#-BNs as
cocatalysts into semiconductor photocatalysts that can improve the catalysis effects in
both organics degradation and water splitting.!®*%°] However, the bare 2D A-BN
materials do not have photocatalytic activity. Therefore, the combination of #-BN and
semiconductor mainly contributes to the enhanced light absorption and charge-carrier-
separation efficiency, which largely depend on the defects in BN structure and the
formed heterojunction interface.[>% 66-67]

For example, Liu and co-workers have designed two types of BN-TiO> composites

using porous and non-porous /4-BN sheets, respectively.[®®! The presence of porous 4-
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BNNSs can greatly improve the photocatalytic effect of TiO2, whilst the non-porous
sheets seem to make a negligible contribution. The authors think that the enhancement
can be assigned to good dispersion of TiO> on BN sheets (see Figure 1.11a-b), and, in
particular, the formation of special B-O-Ti bands between the boron dangling bonds at
the open edges of pores in porous BN nanosheets and TiO; particles (see Figure 1.11c-
d). Figure 1.11e furthermore explains the mechanism of B-O-Ti bonds in
photogenerated reaction, which, on one hand, can lead to a narrow bandgap of the
resulted heterostructures; on another hand, easily promote the transformation of

generated electrons from TiO> conduction band to porous BN sheets.
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Figure 1.11 A-BN-TiO, photocatalyst. (a, b) TEM images of porous #-BNNSs and TiO;
nanoparticles. (c, d) XPS Bls spectra of porous and non-porous BN nanosheets, as well as their
TiO»-hybrids. (e) Schematic diagram for the photocatalytic effect of porous BNs-TiO»
heterostructure. Reproduced from Ref.[®®], with permission of Copyright (2017) Elsevier.

1.3.5. Others

2D h-BNs are also a kind of nonlinear optical (NLO) materials that show strong
optical limiting performance in a broad band range. Zhao and co-workers have prepared
h-BNNSs by ions-intercalation assisted exfoliation and their dispersions in water show
good NLO response with a positive nonlinear absorption coefficient under excitation at
both 532 and 1064 nm.[%°! The positive coefficient represents a potential application in
the optical limiting field. For solid-state practical devices, Xie et al. have embedded

hydrophilic BN sheets into an organically modified silicate matrix by a sol-gel way.!”"
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The fabricated hybrid glass also shows outstanding optical limiting properties in an
ultra-broadband range from 532 to 2000 nm.

Researchers have used 2D /#-BNs in combination with Au or Ag for surface-enhanced
Raman scattering (SERS).I”!7?! Firstly, ~-BN shows no remarkable signals and does not
cause interference on the Raman spectrum of analyte; in another hand, #-BN surface
possesses a better affinity for aromatic molecules. It should be noted that the SERS
signals from #-BN monolayer are stronger than those from multilayer and bulk BN, as

results of the empowered surface adsorption capability of #-BNNS for molecules.”!!
1.4. Purpose of this thesis

2D h-BN nanosheets, also named “white graphene”, are representing one of the most
popular layered materials whose excellent properties are expected to have great

s.[31 In one hand, the preparation

potentials in biology, electronics, and optoelectronic
of high-quality 4-BN structures with fewer defects can achieve the maximization of
their intrinsic properties, such as thermal conductivity and electrical insulation.[*! In
another hand, the introduction of tailored defects can endow 2D A-BN with new
properties, such as enhanced absorption, rising fluorescence, and improved
photocatalytic activity.l’") Therefore, managing defects in ~-BNNSs is a key process for
good exploitation of their advanced functions. However, a clear relationship between
defects and properties still has not been comprehensively explored in terms of 42-BN
basic research.

BN nanodots are composed of dangling bonds at the edges and saturated sp> BN
bonds in the core, in general, which also contain carbon, oxygen, and hydrogen
impurities.!% 31 Although their exploration is still in a nascent stage, the excellent
luminescence and non-toxic feature have allowed BN dots to become a new generation
of fluorescent materials in optoelectronic and biomedical applications.[”>7®! As far as
we know, defects play a primary role in the emissive properties of BN nanodots.
However, it is challenging to realize controlled fluorescence from BN dots because of
unmanaged defects and unclear luminescent mechanisms. In particular, the present
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carbon impurities heavily cause uncertainty in modulating and understanding the

emissive properties of BN systems.

Boron Nitride Nanomaterials and their Nanocomposite Films

Preparations
Top-down route
Bottom-up route

Material level Nanosheets | Characterizations
& Morphology
Nanodots Chemical compositions

Properties
UV-Vis absorption
Photoluminescence

Methodology
Solid-state by sol-gel
chemistry

Device level | Napocomposite

functional films | Applications

Light-emitting devices
Photocatalysts

From Preparation and Properties to Applications

Nanoscience and technology of boron nitride

Figure 1.12 Graphical abstract of the thesis to show the main routes for the preparation of BN

nanomaterials and their nanocomposite films.

In perspective, a better understanding of multiple defects largely determines the
possibilities to create new properties of 4#-BN layered materials and develop their
advanced functions. Herein, this Thesis has focused on the optical properties of the
layered /4-BN structure by the preparation and characterizations of BN nanosheets and
nanodots. Particular attention has been paid to the correspondence of optical features
and structural defects via analyzing fluorescence and exploring structure, combined
with the assist of quantum chemistry calculations. Meanwhile, the sol-gel technique has
been used to incorporate the synthesized nanomaterials into transparent nanocomposite
films, which can envisage the future development of 4-BN-based optoelectronic
devices. Figure 1.12 demonstrates the main routes to achieve the purpose of this Thesis,

which has mainly been divided into the following six chapters:
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In Chapter 1, the state-of-art in BN materials has been summarized with a broad
survey of the literature about 4-BN. Particular attention has been devoted to the /-
BNNSs and BN nanodots, in light of their optical properties.

In Chapter 2, the advanced characterizations of BN systems have been reviewed via
studying current literature, such as morphology, structure, composition, and optics.

In Chapter 3, the used chemicals are listed, accompanied by the equipment of
materials synthesis and characterization.

In Chapter 4, h-BNNSs have been prepared by sonication-assisted liquid-phase
exfoliation of their bulk counterpart. On one hand, the exfoliation in water can make
cavitation and produce hydroxyl-defective ~-BNNSs which show fluorescence in the
visible range (Section 4.1). On another hand, the exfoliation in dimethyl sulfoxide
(DMSO) or N-methyl-2-pyrrolidone (NMP) only allows producing relatively defect-
free sheets, consequently, without the corresponding emission. It highlights the critical
role of hydroxylation and oxidation in the emissive feature as well as the rising optical
absorbance of the 2D 4-BN structure. Subsequently, the two kinds of nanosheets have
been successfully incorporated into titania (TiO2) mesoporous films to fabricate
heterostructures using a template-assisted self-assembly technique (Section 4.2). Both
bare and defective BN sheets do not show any photocatalytic property but can
contribute to the anatase TiO: crystallization through heterogeneous nucleation.
Importantly, the defects of #2-BNNSs can further increase the absorbance in ultraviolet
radiation A and thereby enhance the photocatalytic response of the heterostructure film.
In a word, compared with the defect-free sheets, the tailored defects not only can induce
visible fluorescence from the 4-BN structure but also enhance the photocatalytic
property of mesoporous BN-TiO; heterojunction.

In Chapter 5, both bottom-up and top-down approaches have been used to prepare
fluorescent BN dots via a carbon-free process. Avoiding the presence of carbon
impurities can allow revolutionizing the correspondence of structural defects and

optical properties of BN dots. In the bottom-up case, the BN dots have been prepared
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through a hydrothermal reaction of boric acid and ammonium. A series of
characterizations including TEM, FTIR, XPS, and TGA-DTA have shown that the
resulting nanoparticles possess a boron-oxynitride structure only with a limited amount
of 4-BN crystalline phase (Section 5.1). Interestingly, two-color emissions can be
detected at 390 and 470 nm, respectively, which are corrected to network or BOy
defects in the oxynitride structure. In the top-down case, a combination of sonication
and thermal treatments of bulk #-BN in phosphoric acid can achieve edge etching and
size reduction, consequently creating defective BN nanodots. Significantly, the
synthesized #-BN dots not only show general blue fluorescence but also a new emission
in the UV region that is correlated to a characteristic infrared-active vibration (Section
5.2). Structural and optical characterizations have shown the relationship between the
visible emission and the hydroxyl functionalization in the produced 4#-BN structure.
Meanwhile, quantum chemistry calculations have been used to evaluate Stones-Wales
defects as possible causes of the UV emission and the corresponding vibrational
properties.

In Chapter 6, the experimental works and conclusions are summarized, as well as a

short discussion on future perspectives.
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Chapter 2. Advanced Characterizations of Boron Nitride

This Chapter summarizes a series of techniques for the characterizations of boron
nitride (BN) and its related materials, including morphology and composition analysis,

as well as optical features.

2.1. Morphology analysis

Morphology analysis mainly focuses on size, thickness, and some morphological
characteristics. The data can provide information on interlayer spacing, the number of
layers, crystalline, and even some defects. Meanwhile, morphology measurements can
also allow the chemical analysis of samples via assisted equipment.

2.1.1. Scanning electron microscopy

Scanning electron microscopy (SEM) is a commonly used measurement because of
its simple sample preparation and easy operation, which allows capturing images in
areas from micro to nano size. It is an electron microspore that can create an image by
scanning sample’s surface with a focused beam of electrons. The collected images can
present information about both composition and topography. As seen in Figure 2.1, we
can not only observe the morphology of #-BN doped by iron oxide, but also find the
presence of 0.32 at% iron via an energy dispersive spectroscopy (EDS).””! Furthermore,

its elemental mapping reveals the uniform distribution of iron oxide on #-BN.

Figure 2.1 SEM image of iron oxide doping /#-BN and its corresponding EDS and elemental
mapping. Reproduced from Ref.[””! with permission of Copyright (2013) American Chemical
Society.
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2.1.2. Transmission electron microscopy

Transmission electron microscopy (TEM) has been the most popular approach to
characterize nanomaterials by electron microscopy. It is an excellent tool to require
internal structure and identify structural defects of BN materials under a high-resolution
(HR) mode. As seen in Figure 2.2a-c, the layers of 4-BN structure can be clearly
observed from the HRTEM images.[”®! Its crystallinity can be further examined via a
selected area electron diffraction (SAED) in the TEM equipment, where the sixfold
symmetrical spots reveal the hexagonal structure of BN (insert of Figure 2.2a).

An atomic TEM image can be collected when using aberration-corrected electron
microscopy operated at low voltage, which reveals the lattice of BN (Figure 2.2d).
Meanwhile, the interplanar spacings can be required from an atomic image, for example,
0.126, 0.217, and 0.33 nm corresponding to (11-20), (10-10) and (0002) planes,
respectively.”! A fast Fourier transform (FFT) analysis via the TEM process is also

able to access the geometric characteristics (Figure 2.2e).
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Figure 2.2 TEM analysis of #-BN layers. (a-c) HRTEM images of #-BN with 2, 3 and 5 layers,
and the insert of (a) representing SEAD of the corresponding region. (d-f) An atomic HRTEM

image and its FFT pattern, as well as an EELS spectrum of 4-BN film. Reproduced from Ref.[’®!
with permission of Copyright (2010) American Chemical Society.
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TEM usually equips with electron energy loss spectroscopy (EELS) instrumentation
that regards chemical constituents of materials. Figure 2.2f shows an EELS spectrum
of 4-BN film with visible regions of B and N characteristic K-shell ionization edges.
Another important information is that there are two bands in regions of both B and N
elements, and the first one is attributed to /s-z* antibonding orbit that means the nature
of sp? configuration of A-BN. Interestingly, the EELS analysis not only reports
composition but also permits identifying defects. For example, Cretu et al. have found
that B-terminated tetravacancies can lead to the shift of z* peak and a new appearing
peak between n* and 6* bands of B K edge according to HR-EELS signature.!’!

2.1.3. Atomic force microscopy

Atomic force microscopy (AFM), a kind of scanning probe microscopy, captures
information by the probe traveling near the specimen surface based on Hook’s law (a
scheme in Figure 2.3a). It permits information of height, friction, and magnetism of
2D materials via different measuring modes, such as friction, adhesion, electrostatic
and magnetic interactions. Figure 2.3b shows two AFM images of the same BNNS area
by adhesion (topography) and friction (lateral force) modes, respectively.®!] The
layered morphology is well reflected in the two images. It should be noted that the
fraction image, where the bright region corresponds to higher friction, can show a more
detailed surface feature than the topography one.®?

AFM is an excellent choice to intuitionally determine the thickness and consequent
layer number of 2D nanomaterials. However, it is still a challenging task to make a
precise determination of layer number in the cases of mono- or few-layer BN, because
the trapped molecules between specimen and substrate (Si, SiO», or mica) cannot be
neglected. Although the interlayer spacing is 0.333 nm for 4-BN, a thickness of less

r.[83-85] Therefore, other

than 1 nm usually is assigned to the result of a monolaye
characterizations will be required to correlate with the final AFM-derived layer number.
For example, Figure 2.3¢ describes a three-step profile of stacked BN layers showing

heights of 0.54, 1.31, and 2.35 nm. The authors attribute them to one, three, and six
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layers of BN domains after the correlation of Raman spectra (to be discussed in Section
2.2).31]

Besides characterizations, the AFM scan has been developed as a tool of
nanomachinery in fabricating nanomaterials. In a recent report of Yao et al., a rotation
of BN homostructure is realized by adjusting the twist angle between stacking BN
interfaces using nanomechanical energy derived by AFM tip.[%¢]
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Figure 2.3 AFM analysis of ~-BNNSs. (a) A technique scheme of AFM with temperature sensor.
(b-c) AFM images and height profile of ~-BNNSs. Reproduced from Ref.®! with permission
of Copyright (2017) AIP Publishing.

2.2. Structure and composition

Structure analysis can allow determining the phase of BN products; composition tests
can show the chemical compositions and the present defects.
2.2.1. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) can analyze chemical compositions,
surface groups, and defects of BN materials according to the vibrational frequencies of
different bonds. The operation usually requires a pellet of potassium bromide (KBr) or

substrate of silicon wafer (e.g. films); in another hand, the equipment of attenuated total
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reflection (ATR) can directly permit the infrared measurements of samples in solid state
or liquid solvents.

There are two characteristic bands, £7, and A2, in terms of #-BN. As seen in Figure
2.4, the former vibration represents in-plane B—N stretching mode at 1310 — 1400 cm™
range; the latter one is the out-of-plane B-N-B bending band in the wavenumbers of
770 — 810 cm™.['l However, it is impossible to distinguish BN phases via IR spectra,
because /-, t-, and a-BNs show similar £, and 42, peaks. In the case of cubic phase,
there is generally only an IR peak located in 1050 — 1100 cm!, which allows identifying
c-BN _[87-88]

It is inevitable to introduce some functional groups and defects when exfoliating bulk
crystals into nanomaterials. Here are two examples of BNNS and BN dots in Figure
2.4. The common groups are the hydroxyl and amino species on B sites, as well as
absorbed water, which appear in the high-wavenumber range of 2800 — 4000 cm.[%*-
%% The oxygen-doping defects, e.g. N-B-O, usually are centered at the region of 850 —
1200 cm!;1>°! the presence of boroxyl ring of O-B-O groups can cause the vibrational

frequencies in lower wavenumbers of 400 — 700 cm!.[%Z]
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Figure 2.4 FTIR spectra of commercial bulk #-BN, top-down prepared BN nanosheets (see
Section 4.1) and nanodots (see Section 5.2).

2.2.2. Raman spectroscopy
Raman spectroscopy can provide spectrum characteristics of specific intra- and inter-

molecular vibrations that rely on measuring the interaction between laser light and
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matter where the light is inelastically scattered. In particular, Raman scattering can
show modes in a low-frequency region that permits important information on crystal
lattices and backbone structures of samples.

Firstly, Raman scattering is useful to judge the crystalline phase of BN materials. For
h-BN, only one characteristic peak, £2; mode, can be observed at ~1366 cm™.[*) In the
case of c-BN, longitudinal optical (LO) and transverse optical (TO) two modes can be
detected at around 1304 and 1055 cm’, respectively.® The situation of w-BN is
complex; three characteristic peaks have been mainly reported via theoretical and
experimental analysis, including £, (LO), E; (TO) and E> modes at around 1293, 1075,
and 979 cm™!, respectively.”>*°) As for a-BN, in spite of the amorphous structure, two
broad peaks can be still observed in the range of 1200 — 1500 cm!, because of the

coexistence of sp? and sp>-bonded BNs. 7]
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Figure 2.5 (a) Normalized Raman spectra of 4-BN layers, and the corresponding £, (G) band
(b) frequencies and (c) FWHM (with). Reproduced from Ref.”®! with permission of Copyright
(2014) American Chemical Society.

Interesting findings are that the layer number of #-BN can influence the intensity,
frequency, and width of Raman-active mode. Gorbachev et al. have found that the E>,
Raman band will proportionally increase in intensity when the number of BN layers

increases from mono- to few-layer.[>) Figure 2.5a displays normalized Raman spectra
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of 7~-BNNSs and their bulk counterpart, and the Raman band of 1 — 4 layered BN shows
a distinct blue shift concerning the bulk crystals.”®! The band frequency is 1366.2 cm™
for bulk #-BN, determined by the average value of six samples; and they are 1370.5,
1370.0, 1367.8, and 1367.2 cm™! for mono, di, tri, and tetra-layer sheets (see Figure
2.5b). The upshift of E2 is due to higher in-plane strain and lower interlayer interaction
in few-layer BNNSs, consequently resulting in phonon softening. Meanwhile, the full
width at half-maximum (FWHM) of the Raman band is also larger with the number of
BN layers decreases from bulk to mono (Figure 2.5¢).
2.2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative technique for identifying
the elemental composition and quantity of samples, and the binding states of
corresponding elements can be analyzed by deconvoluted spectra. As seen in Figure
2.6a, the B and N elements can be detected at around 190.5 and 398.5 eV; other
elements usually are from the presence of impurities or functionalization in BN
products.’””! Sometimes the peaks of Si and C appear in the survey spectrum because
of Si0,/Si substrate or carbon tape.[*% 1%l Figure 2.6b gives the peaks of B 1s and N 1s
that can report chemical states and their ratios, such as B-O and N-H. Except for the
sharp core bindings, the sp>-bonded BN atoms usually cause two small broad peaks at
around 200 and 425 eV.!'!! Although the two peaks do not arise in pure c- or w-BNs, it

cannot allow further distinguishing 4-, r-, t- and a-BNs.
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Figure 2.6 (a) XPS spectrum of hydroxyl-functionalized BNNSs, and their (b) B 1s and N 1s
photoemission spectra. Reproduced from Ref.[*”) with permission of Copyright (2018)
The Royal Society of Chemistry.
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2.2.4. X-ray diffraction

X-ray diffraction (XRD) is an analytical technique for identifying the phase of a
crystalline sample and providing information on its unit cell dimensions. XRD is the
primary possibility to distinguish different crystal phases of BN materials. Herein, the
classic patterns of BN crystals are shown in Figure 2.7 according to the corresponding
ICDD PDF Cards. The main peak of #2-BN is at 26.75° of (002) plane reflection, which
is closed to (003) plane of »-BN is at 26.72°. To differentiate the two sp> BNs, we should
still consider other peaks, for example, (100) and (102) planes at 41.61° and 50.16°0f
h-BN, (101) and (012) planes at 42.62° and 45.57°0f »-BN.l'?2] The key reflection of c-
BN is located at 43.30° corresponding to the (111) plane, and others can be deleted,
such as, at 74.20° and 89.93° to (220) and (311) reflections. Three primary peaks in
range of 40 — 48° are the characteristic of w-BN XRD, and they are 40.83°, 42.86° and

46.37° of (100), (002) and (101) planes, respectively.
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Figure 2.7 XRD patterns of #-, -, c-, and w-BNs according to ICDD PDF Cards Nos. 01-073-
2095, 00-045-1171, 00-026-0818, and 00-049-1327, respectively.

In addition to phase identification, XRD technique also allows material purity,
crystallite size, and, in some cases, morphology information.!'%! For example, Rietveld
refinement of collected XRD spectrum can be performed based on the Lorentz equation
104-105]

that permits the contributions of different BN phases and the sample purity.!

When bulk BNs are cut into the nanoscale, the crystallite size will decrease and the
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XRD peaks consequently broaden. Then Scherrer equation can be used to quantitatively

evaluate the crystallite size of BN samples via the broadening diffraction angles.

2.3. Optical measurements

This Section has concentrated on the measurements for optical properties, especially
fluorescence, of BN materials.
2.3.1. Ultraviolet-Visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy refers to absorption, transmittance or
reflectance spectroscopy. As shown in Figure 2.8a, a sharp and intense band can be
detected in UV rang from BN sheets or thin film that is assigned to the typical band-to-
band transition.['% In another hand, poor absorption in visible region leads to its
transparent feature under optical microscopy.

The Tauc equation permits a good elevation for the bandgap of the sample according
to its UV-Vis absorption or transmittance spectrum.!!%’! In this case, the calculated gap

is ~6.02 eV that agrees well with the bandgap value of 2D #-BN (Figure 2.8b).11%!
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Figure 2.8 (a) UV-Vis absorption spectrum and (b) Tauc plot of #-BN film. Reproduced from
Ref.[1%! with permission of Copyright (2015) Springer Nature.

2.3.2. Fluorescence spectroscopy

Fluorescence spectroscopy is a kind of electromagnetic spectroscopy that analyses
the fluorescence of samples. Photoluminescence spectroscopy generally referred to as
PL, is the light emission from any matter after the stimulation of light energy, or photons.
Figure 2.9 shows 3D excitation-emission and 2D excitation-dependent PL spectra of

BN QDs, and both can report the maximum emission as well as the corresponding best
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excitation.!*S! The former allows a fast and intuitive understanding; the latter displays

more detailed data of a single spectrum.
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Figure 2.9 (a) UV-Vis absorption, PL emission and excitation spectra, (b) 3D excitation-
emission spectra, and (c) 2D excitation-dependent PL spectra of BN QDs. Reproduced from

Ref.*6] with permission of Copyright (2020) American Chemical Society.

2.3.3. Time-resolved photoluminescence spectroscopy

Fluorescence lifetime (7) is an intrinsic characteristic of luminescent species that
provides insight into the excited state dynamics. Time-resolved PL (TR-PL) is the tool
of choice, under the excitation of pulsed lasers, to study the fast electronic deactivation
process after the illumination of material occurs. Figure 2.10 shows an example of the
TR-PL spectrum of BN QDs, which can be well fitted via a tri-exponential function. It

means that there are three types of emissive centers in this PL process.*®]

1034 Fit = A + B1.exp(-t/t1) + B2.exp(-/12) +
B3.exp(-t/13)
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Figure 2.10 TR-PL decay profile of BN QDs. Reproduced from Ref.*%! with permission of
Copyright (2013) John Wiley and Sons.
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Chapter 3. Chemicals and Characterizations

In this Chapter, the chemicals used in this thesis are shown, coupled with the

equipment lists of materials synthesis and characterization.

3.1. Chemicals and reagents

The solid and liquid materials, as well as organic solvents, involved in this thesis, are

listed in Tables 3.1, 3.2, and 3.3, respectively. Additionally, deionized water was used

in the preparation process. Silicon wafer and silica glass were used for measurements

of films.

Table 3.1 The solid chemicals for experiments.

Name CAS Number Purity and Producers
Boric acid (H3BO3) 10043-35-3 99.5%, Carlo Erba
Hexagonal boron nitride (4-BN) 10043-11-5 99.5%, Alfa Asear
Sodium hydroxide (NaOH) 1310-73-2 96%, Wako
Potassium bromide (KBr) 7758-02-3 IR, 99%, Sigma-Aldrich
Pluronic F-127 9003-11-6 ~12600 g mol™!, Aldrich
Stearic acid 57-11-4 97%, Sigma-Aldrich

Table 3.2 The liquid chemicals for experiments.

Name CAS Number Purity and Producers
Ammonium hydroxide solution 1336-21-6 30-33% NHj3 in H20,
(NH3-H20) Sigma-Aldrich
Methyltriethoxysilane (MTES) 2031-67-6 98%, Abcr
Tetraethoxysilane (TEOS) 78-10-4 99%, Abcr
. 37% HCl in H2O
H hl HCI 47-01- ’
ydrochloric acid (HCI) 7647-01-0 Sigma-Aldrich
% H3PO4 in H
Orthophosphoric acid (H3PO4) 7664-38-2 85% HsPO4 in H0,
Fluka
Titanium (IV) chloride (TiCls) 7550-45-0 99.9%, Aldrich
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Table 3.3 The organic solvents for experiments.

Name CAS Number Purity and Producer
Ethanol (EtOH) 64-17-5 99.8%, Carlo Erba
N,N-Dimethylformamide (DMF) 68-12-2 99%, Sigma
Dimethyl sulfoxide (DMSO) 67-68-5 99.9%, Sigma
N-Methyl-2-pyrrolidone (NMP) 872-50-4 99.5%, Supelco

3.2. Equipment for the preparation and treatment of materials

Here is the equipment list used for the preparation of materials in this thesis in Table
34.

Table 3.4 The equipment list of materials synthesis in this thesis.

Name Manufacturer
Analytical balance CRYSTAL 100 CAL CE - Gibertini Elettronica
Sonicator CEIA CP102 Ultrasonic Cleaner - 2.5 L

Neytech Vulcan Model 3-550 Multi-Stage

High-t t fu
1gh-temperature furnace Programmable Furnace

Dip coater KSV NIMA Dip Coater
Spin coater Specialty Coating Systems G3P-8 Spin Coater
Centrifuge NEYA 16 Lab Centrifuge
Laboratory water Millipore PE Tank with Automatic Sanitization
purification system Module 100 Liter
Handheld UV lamp (254

Spectronics Model ENF-280C/FE

and 365 nm)

3.3. Characterizations

3.3.1. Characterizations for structure and composition of materials

Transmission electron microscopy (TEM) images were captured by using an “FEI
Tecnai 200” microscope (Thermo Fisher Scientific, USA) working with a field
emission electron gun and operated at 200 kV. High-resolution (HR) TEM images were
collected by a “JEM 2010 microscope (JEOL, Japan).

Atomic force microscopy (AFM) measurements were performed with a “Ntegra”
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microscope (NT-MDT, Russia) in a semicontact mode with a scan speed of 0.8 Hz,
equipped with a silicon tip with a nominal resonance frequency of 150 kHz, 5 N m™!
force constant, and 10 nm typical curvature radius.

Dynamic light scattering (DLS) curves were recorded using an “LB-550”
nanoparticle size analyzer (Horiba, USA) to calculate hydrodynamic diameters of
nanomaterials.

Fourier-transform infrared spectroscopy (FTIR) measurements were carried out by
an “infrared Vertex 70v” interferometer (Bruker, Germany) with the range from 4000
cm™! to 400 cm™ and a 4 cm™! resolution. The solid power-state samples were tested by
putting them in KBr pieces, and the films were analyzed on silicon wafer as substrate.
Under the assist of an electrical heating jacket (Specac, UK) as a temperature controller,
in situ FTIR spectra were recorded in the range from 25 to 250 °C. Combined with an
A225/Q Platinum attachment (Bruker, Germany), the IR spectra of samples in liquid-
state were collected by the attenuated total reflection (ATR) technique.

Raman spectroscopy was obtained by a “Senterra” microscope (Bruker, Germany) in
the range of 1555 — 65 cm™!. The spectra were recorded under an excitation wavelength
of 532 nm (0.5 mW), 633 nm (0.2 mW), or 785 nm (1.0 mW) laser, using a 3~5 cm’!
resolution and a 10 s integration time.

Thermal gravimetric analysis (TGA) was tested by an “SDT-Q600” instrument (TA
Instruments, USA), which was operated from 25 to 800 °C with a ramp rate of 5 °C
min"! under nitrogen gas flow of 20 mL min'.

X-ray photoelectron spectroscopy (XPS) tests were performed at room temperature
condition by a “custom-designed ultra-high vacuum (UHV)” equipment with an
Omicron electron analyzer. The test was carried out at a 107! mbar pressure using a
dual non-monochromatized Al K, X-ray source (1486.6 eV). The collected parameters
were set as 0.1 eV step, 0.5 s collection time, and 20 eV pass energy, respectively.

X-ray powder diffraction (XRD) analysis was captured by a “Rigaku D/Max-B”
diffractometer with a Cu K, radiation (1.54056 A) and a monochromator in the
diffracted beam. The spectra were collected under the condition of a 0.05° step-scan

and 15 s counting-time per point.
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3.3.2. Characterizations for functional properties of materials

UV-Vis absorption and transmission spectra were recorded by using a “Nicolet
Evolution 300 spectrophotometer (Thermo Fisher Scientific, USA) from 190 to 900
nm with a 1.5 nm bandwidth.

Fluorescence spectra, including 2D and 3D spectroscopy, were measured by a
“Fluoromax-3” spectrofluorometer (Horiba Jobin Yvon, Japan).

Absolute fluorescent quantum yields (QYs) were obtained using a ‘“NanoLog”
spectrofluorometer (Horiba Jobin Yvon, Japan) equipped with a “quanta-¢” integrating
sphere accessory. The calculations were processed through “FluorEssence V3.9”
software. Here, the same instrument was also used to capture the fluorescence lifetime
curves with the NanoLED-270, 340 and 405L, respectively, as the excitation light
sources (A =266 nm, pulse duration < 1.2 ns; A = 340 nm, pulse duration < 1.2 ns; and
A =405 nm, pulse duration < 200 ps). A “DataStarion” software was used to record the
time-resolved fluorescence curves, then a “DAS6 Analysis” software was used to fit the
recorded data.

Time-resolved luminescence curves were collected by using long pulses of 200 fs as
the excitation light of the samples. The laser pulses were delivered from an optical
parametric amplifier (Light Conversion TOPAS-C, Lithuania) pumped under a
regenerative Ti: sapphire amplifier (Coherent Libra HE, USA) with a frequency of 1
kHz. The fluorescent signals were recorded by a streak camera (Hamamatsu C10910,
Japan) with the equipment of a grating spectrometer (Princeton Instruments Acton
SpectraProSP-2300, USA).

A spectroscopic ellipsometer (a-Woollam, USA) with a fixed angle geometry was
used for the measurements of the thickness and refractive index of hybrid films. The
experimental data were evaluated and fitted based on a Cauchy model in the case of

silicon wafer supported the transparent film.
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Chapter 4. Boron Nitride Nanosheets

Chapter 4 can be divided into the following two parts, Sections 4.1 and 4.2:

In Section 4.1, we have mainly explored the assistance of defects on the
photoluminescence (PL) properties of hexagonal boron nitride nanosheets (2-BNNSs).
Firstly, it is found that the obtained #-BNNSs possess -OH species when sonication-
assisted exfoliation of the bulk counterpart is carried out in the water phase. The as-
prepared defective few-layer nanosheets show a weak fluorescence in the visible region
with a peak at ~400 nm. Tailored defects can be further introduced by thermal oxidation
in the air atmosphere, which also lead to the change of emission in intensity. Moreover,
the results of quantum chemical calculations can verify the experimental results.
Besides, when water was replaced by dimethyl sulfoxide (DMSO) and N-methyl-2-
pyrrolidone (NMP), defect-free #-BNNSs can be obtained, which show non-
fluorescence.

In Section 4.2, we have mainly investigated the structure and properties, especially
the photocatalytic effect, of BN-titania heterostructures. The heterostructures have been
fabricated by incorporating two types of BN sheets, respectively with and without
defects, into titania mesoporous films to explore the functions of BN defects on
heterojunction features. It has been found that the BNNSs are optically transparent
without any intrinsic photocatalytic response, but contribute to the anatase
crystallization via heterogeneous nucleation effect. The defective BNNSs can promote
the photocatalytic effect of TiO> because of improved crystallization and optical

absorption.
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4.1. Defect-assisted luminescence in boron nitride nanosheets

This Section is summarized according to the following article: Junkai Ren, Luigi

Staqi*, Carlo Maria Carbonaro, Luca Malfatti, Maria Francesca Casula, Pier Carlo

Ricci, Antonio Del Rio, Francesco Bonaccorso, Laura Calvillo, Gaetano Granozzi, and

Plinio Innocenzi*. Defect-assisted photoluminescence in hexagonal boron nitride

nanosheets. 2D Mater., 2020, 7, 045023.

Various contents and figures in this Section are reproduced with permission of Ref.[?%],

Copyright (2020) IOP Publishing Ltd.
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4.1.1. Introduction

Since the discovery of graphene, hexagonal boron nitride (2-BN) has been the focus
of interest in 2D materials areas. The wide bandgap values of ~6 eV including both
direct and indirect gaps have been theoretically and experimentally confirmed, which
have endowed /4-BN with valuable applications in photonics and optoelectronics.! 1%
191 Apart from the excellent ultraviolet luminescence for DUV LED and laser
applications,[!”] researchers have also paid their interest in room temperature
photoluminescence (PL) in the visible region from 4#-BN materials, for example, the

fluorescent 0D nanodots and 2D nanosheets.!!> 1% The presence of carbon, oxygen,

and hydrogen impurities generally has resulted in the formation of multiple defects in
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the BN structure. The visible PL properties have been largely attributed to the possible
defect emissive centers including boron or nitrogen vacancies, carbene structure, and
oxygen-doping.[*) However, it is still difficult to make a comprehension of BN
emissions because of the simultaneous presence of multiple impurities or
heterogeneous distribution of various defect states.

Fluorescent #-BN nanosheets (4-BNNSs) can be obtained by both top-down and
bottom-up routes. Some carbon and/or oxygen impurities are usually unavoidable in
the produced 2D BN via bottom-up methods, which mainly depend on the precursors
and the synthesis conditions.'!'!! Particularly, the vacancies of boron and nitrogen are
the most common existence in the BN layers, and it is impossible to completely avoid
these vacancies. As for top-down approaches, ultrasonication-assisted liquid-phase
exfoliation is one of the most straightforward routes to allow producing few-layer A-
BNNSs, for example, a selection of water as the liquid phase. Although it is a relatively
controlled preparation, some structural defects are still formed in the processing. In
detail, the ultrasonic waves can drive the final exfoliation of layered materials mainly
by explosion and implosion of generated microbubbles, which is known as
cavitation.!!!>"!13] The cavitation can not only stimulate the exfoliated process by
changing the pressure, temperature, and shear force, but also induce the formation of
more structural vacancies, edge defects, and hydroxyl species (e.g. B-OH).[114-115]

A defect-free h-BN system cannot show emission in the visible region, while the
BNs with defective structures display emerging visible fluorescence. Some theoretical
models have been put forward to build a good correlation between the emissive
properties and the defect types.*16-18 However, it still lacks a comprehensive
understanding of the experimental observation of the wide intragap emission in 2D h-
BN.

In this Section, we have tailored oxygen-defects in liquid-phase exfoliated h-BNNSs
via a top-down sonication-assisted method. A relationship is established between the
optical features and defects according to the experimental data as a function of a series
of thermal treatments in air, as well as the corresponding supports by quantum chemical

calculations.
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4.1.2. Experimental section

4.1.2.1. Preparation of 2-BNNSs with defects

The nanosheets were prepared through a water-assisted liquid exfoliation, as shown
in Scheme 4.1.1. Briefly, 20 mg h-BN bulk powders were dispersed in 20 mL H-0O,
then sealed in a 25 mL glass bottle. After 15 h ultrasonic treatment, the dispersions were
centrifuged at 8000 rpm for 10 min to collect the supernatant containing h-BNNS
products.

The liquid was used for optical measurements, including fluorescence and UV-Vis
absorption. The dried powers could be obtained by volatilizing the water, which was
further used for the characterization (i.e., FTIR, XPS) and the next oxidation thermal

treatments (in air for 1 hour under 100, 300, 500, and 700 <C, respectively).
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Scheme 4.1.1 Schematic illustration for the preparation of h-BNNSs with or without defects.

4.1.2.2. Preparation of #-BNNSs without defects
A similar method was performed to prepare another kind of h-BNNSs derived in

DMSO or NMP. H>O was substituted by DMSO or NMP. After 15 h ultrasonic
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treatment, the dispersions were centrifuged at 5000 rpm for 10 min to collect the
supernatant containing h-BNNS products.
4.1.2.3. Quantum chemical calculations

Density functional theory (DFT) combined with a cluster-based method was used for
the investigation of the relationship between optical and structural features of h-BN
monolayer. Firstly, the BN clusters with different sizes were used for the calculations
of defect-free models. Then some possible defects were implanted for the analysis of
defective systems, such as B/N vacancies and O doping.

These theoretical calculations were performed using Gaussian 16 code,***I while the
energy calculations were run within DFT based on Becke’s three parameters and Lee-
Yang-Parr’s nonlocal correlation functions.*?l A 6-31 G(d, p) was used for the sets of
B, N, O, and H atoms. Time-dependent (TD)-DFT route was used for the calculations
of electronic excitation energy. GaussView 6 was used for interpreting the computed

results.[121]

4.1.3. Results and discussion

4.1.3.1. Morphology and structure

The water-derived h-BNNSs show the fluorescence in the visible region because of
the presence of hydroxyl species and oxygen-related defects. On the contrary, the
DMSO or NMP-derived sheets are defect-free and cannot exhibit visible emission.
Therefore, a series of measurements have been used to explore the corrections of optical
and structural properties.

The morphology of the h-BNNSs exfoliated in water phase is presented by both TEM
and HRTEM images. Figure 4.1.1a shows that the lateral sizes of the fresh nanosheets
are in the range of hundreds of nanometers. High-temperature treatment does not cause
an obvious change in their morphology (e.g. 300 and 700 <C in Figure 4.1.1b-c). The
HRTEM images in Figure 4.1.1d-h describe the crystalline structure of the as-prepared
BNNSs, in which the interplanar distances accord well with h-BN configuration

(JCPDS-ICDD PDF Card 34-421).I"°1 The crystallinity is not affected by thermal
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treatments (Figure 4.1.1j-k), suggesting that the hexagonal structure of h-BNNSs is

still stable under this temperature range.

Figure 4.1.1 TEM and HR-TEM images of (a, d-h) the as-prepared h-BNNSs, and after treating
at (b, j) 300 < and (c, k) 700 <C, as well as the corresponding inset of FFT. The red circles of
(k) inset highlight the hexagonal symmetry.
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Figure 4.1.2 Raman spectra in the range of 1340 — 1405 cm from bulk h-BN as well as h-
BNNSs before and after thermally treating.
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The Raman spectra of the samples in Figure 4.1.2 have been collected to explore the
impact of ultrasonication on BN nanostructure. As a reference, the bulk h-BN is
characterized by a peak at 1365.5 cm™, which is attributed to the Ezq vibrational mode
(generally termed as G band). The G band is detected at ~1367.0 cm™ in the exfoliated
BNNSs, meaning that the obtained flakes are few-layered in thickness.[°3 %€ Meanwhile,
the shape of the band shows slightly wider than the bulk counterpart, and then becomes
wider after thermal treating. It can be assigned to the results of oxidation.

FTIR measurement has been further performed to the present groups or structural
defects from the nanosheets. Figure 4.1.3 shows the infrared spectra in absorption
modus, which has been divided into five parts in the light of the detected signals. The
region | of ~3800 — 2850 cm™ clearly represents the -OH stretching mode, which is
presented by a broad band. This -OH band can be further subdivided into two
overlapped species at 3240 and 3450 cm™, respectively.*?? The component at lower
wavenumbers is originated from the absorbed water, and the one in the higher region is
classified as the B-OH groups. Overall, the intensity of this area shows a decreasing
trend after thermal treatments in air.

In the regions of Il and IV, the peaks at 1375 and 815 cm™ are typically
corresponding to the in-plane B-N stretching and the out-of-plane B-N-B bending
vibrations, respectively. The heating process does not cause a shift of those two models.
As for region I11 of 1185 — 845 cm?, it can be assigned to the oxidization of BN into
N-B-O groups.[% Because of the oxidized results in air, the band increases in intensity
with the rise of thermal temperature.

The infrared alterations show a possible trend of defect-structural changes in BNNSs
upon the subsequent thermal treatments. It is strong conjunction that the intensity of B-
OH goes down, while that of N-B-O goes up with the rise of temperature. In this case,
it concludes that B-OH sepsis tends to be oxidized into N-B-O defects. When the
temperature increases to 500 and 700 <C, a band in region V newly appears at ~460 cm’
1 It is due to the formation of O-B-O bands, indicating that N-B-O groups are further

oxidized into the resulting boroxyl tings.
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Figure 4.1.3 Normalized FTIR spectra of the h-BNNSs before and after thermally treating. The
inserted arrows show the intensity change (up: increase; down: decrease) as a function of
heating temperature.

Furthermore, the information of O-H groups in region | has been detailly studied
using in situ heating approach until a temperature of 250 <C (see Figure 4.1.4). Based
on Gaussian fitting, the overlapped spectra can be deconvoluted into two components
of absorbed water and B-OH (in agreement with Figure 4.1.3). The B-OH peak at 3450
cm* shifts to a higher wavenumber, suggesting the hydrogen bonds decline in content.
Then the B-OH groups are possible in an isolated or twin state after thermal treating.
The absorbed water centered at 3240 cm™ also decreases in intensity as heating
progresses. When thermal treatment is up to 200 and 250 <C, the intensity of O-H band
is negligible in detection.

In Figure 4.1.5, TGA-DTA data have been analyzed by coupling with the in situ
FTIR spectra as a function of temperature. The DTA from the heat flow curve describes
three endothermic cases. The first one is a drying process with ~0.80% weight loss from
2510 95 <C, which is due to the lost adsorbed water. Then the second step continues to
show a 1.34% loss in weight, because of intercalated water, during the temperature
range of 95 to 135 <C. The third process happens from 135 to 300 <C with ~1.04%
weight loss associated with the condensation of B-OH groups. The FTIR-TGA joint
data suggest that it can produce a kind of change in structure as a result of the condensed

B-OH when the thermal treatment is performed with a temperature below 300 <C.
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Subsequently, a higher temperature than 300 <C can initiate oxidation and another

structural change, finally leading to the formation of boron-oxygen rings.
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Figure 4.1.4 In situ FTIR spectra in the range of 4000 — 2400 cm of the as-obtained h-BNNSs
as the function of temperature from 25 to 250 <C.
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Figure 4.1.5 The relative intensity of two components of in situ infrared spectra, accompanied
by TGA and heat flow curves, as a function of increasing temperature.

XPS measurement has also been used to investigate the chemical compositions of

these samples. The estimated atomic percentages are listed in Table 4.1.1, where the
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relevant sensitive factors are also taken into consideration. It should be noted that a
small number of carbon atoms have been detected in the testing process, which are
mainly associated with adventitious carbon. Firstly, the ratio of B: N is in good
agreement between the bulk h-BN crystals and the as-prepared exfoliated sheets, which
points out a small overdose of N to B atoms and the presence of O atoms. It is as
expected that the thermal treating can bring about a rise of O element in amount. A
change of B: N ratios is further clearly detected when the materials are heated at 500

and 700 <C.

Table 4.1.1 Chemical composition (at.%) of the samples determined by XPS.

Sample B N C @] B: N ratio
h-BN bulk 42.8 46.3 3.1 7.8 1:1.08
h-BNNSs RT 42.6 44.2 2.8 104 1:1.04
h-BNNSs 300 C 37.9 41.0 3.6 17.5 1:1.08
h-BNNSs 500 C 35.0 51.4 2.0 11.6 1:1.47
h-BNNSs 700 <C 29.9 50.8 3.5 15.8 1:1.70

4.1.3.2. Optical properties

The optical properties of the water-derived h-BNNSs have been studied by UV-Vis
absorption, fluorescence, lifetime, etc. They are also compared with the NMP and
DMSO-derived sheets in aspects of PL and IR.

Figure 4.1.6a presents the UV-Vis absorption spectra of the h-BNNSs and the
samples after heating at different temperatures. In the UV region, the spectra show a
strong band centered at ~206 nm, which is assigned to the direct band-gap transition of
h-BN materials. It is clearly seen that the heating oxidation can increase the intensity
of the broad absorption from the UV tail continuously to the visible region.
Subsequently, the corresponding bandgap Eg can be assessed by the Tauc equation
according to the UV-Vis data (see Figure 4.1.5b and Supplementary Note I). The Eq
value decreases from 5.62 to 5.02 eV with the increase of heating temperature, which

is in correction with the increased oxygen amount in the h-BNNSs.

45



Preparation and Optical Properties of Boron Nitride Nanomaterials and their Nanocomposite Films

1.5 T T

(a) " h-BNNSs

400 . T - T - T

—
»

o
it

Absorbance / a.u.
o o
w o

00 T T T T T =
200 300 400 500 600 700 3 4

5
Wavelength / nm Energy / eV

Figure 4.1.6 (a) UV-Vis absorption spectra of the as-prepared h-BNNSs and treated sheets at
different temperatures (measured in aqueous solution), (b) the corresponding evaluations of Egq
in these samples by Tauc method, inset showing the calculated values.
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Figure 4.1.7 3D excitation-emission-intensity fluorescent spectra of the samples in aqueous
solution. The gray regions are due to the 1%t and 2" order artefacts.

Figure 4.1.7 describes the fluorescent spectra of the samples in water solution by a
3D excitation-emission intensity map. Here the PL spectrum in h-BN bulk crystal is
given in Figure 4.1.7a as a reference, which shows a negligible emission within the
detection limit. Meanwhile, the as-obtained h-BNNSs (Figure 4.1.7b) present an
emission in visible blue region with the maxima peaking at ~405 nm under excited light
of ~325 nm. After treating at 100 and 300 <C, the PL intensity of the samples increases
from 4.5 * 10° to 5.0 * 10° and 9.0 * 10° counts (see Figure 4.1.7c-d). As shown in
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FTIR data, the N-B-O bands also increase in the range, indicating the hypothesis that
N-B-O defects in h-BN structure are corrected with the improvement of fluorescence.
Then the luminescence goes down after treating at higher temperatures (e.g. 500 and
700 <C), because that high temperature can promote the transformation of defect-
structure from N-B-O to O-B-O oxygen-containing defects.

To prove the significance of the present defects produced during the sonication
process in water phase, the defect-free h-BNNSs prepared in NMP or DMSO solution
are investigated as a comparison. As shown in Figure 4.1.7a, the FTIR spectra of the
pristine h-BNNSs before and after treating at 300 T do not show any detectable
infrared bonds of oxygen-related groups, such as O-H, N-B-O, or O-B-O. Therefore,
the corresponding samples show no obvious emission even after thermal treating
(Figure 4.1.7b-c). The results once again prove the importance of N-B-O defects on

the origin of luminescence in 2D h-BN structure.
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Figure 4.1.8 The properties of defect-free h-BNNSs derived by NMP or DMSO. (a) FTIR
spectra of the h-BNNSs before and after thermal treatment, (b) PL spectrum of the as-prepared
one, (c) PL spectrum of the sample treated at 300 <C.
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Figure 4.1.9 shows the time-resolved PL curves of the samples under excitation of
300 nm. From the nanosheets treated at different temperatures, all these spectra can be
well fitted by a double-exponential function. The PL decays are exhibited by two
lifetimes of ~ 2 ns and ~ 10 ns, and there are no detectable variations from different
samples. The similar lifetime values mean that the fluorescent response of these h-
BNNSs is from the same type of defective structures. It can agree that the thermal
treatments can contribute to the contents of emissive defects, therefore it only affects

the steady-state emission in intensity.
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Figure 4.1.9 The time-resolved luminescent curves of the as-obtained h-BNNSs and the
samples treated at different temperatures.

4.1.3.3. Theoretical calculations

For a deeper understanding of the role of defects in optical properties from h-BNNSs,
theoretical calculations based on DFT have been carried out on BN clusters with
different sizes and defects. Then their relevant absorption properties are reported. In the
beginning, four clusters have been selected for the evaluation with different numbers
of BN rings, including 7, 19, 37, and 61, representing an increasing size. Meanwhile,
H atoms have been exploited to terminate their edge. As shown in Table 4.1.2, all the
presented structures are the minimum energy configurations. Here, the cluster of 19
rings is considered as the optimal compromise that shows a good agreement with the

experimental absorption.
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Many investigations have reported that the direct bandgap of bulk h-BN crystals is
~6.0 eV, whilst that of their monolayer is ~5.95 eV. In our experiments, the calculated
bandgap values by the Tauc method are reflected as an indirect one resulted from the
absorption data. Compared with the reported results in publications, the bandgap of
ours shifts to a lower value, because the defects are introduced in the ultrasonic process
and the subsequent thermal oxidation. Therefore, the following calculations have been
continued by considering some primary defects, such as. B/N vacancies and O

impurities.

Table 4.1.2 Absorption edge as a function of cluster size.
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There are two optical transitions at 6.02 and 6.26 eV (206 nm, f = 0.33; and 198 nm,
f = 0.39) in the defect-free BN cluster (19 rings, B27N27H1s, in Table 4.1.2). Then a
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supercell method is used for the calculations of the corresponding defect formation
energies, where are implanted by a previous case,!*?* according to the equation:

Eform = Epn(q) — Een + nii + q(Evem + EF) Equ.4.1.1
where Ep(q) is the energy of charge state q in the defective cluster, Egn is the energy in
the pristine BN cluster, nj is the number of exchanged species, and i is the chemical
potential for the related reservoir. Er represents the Fermi energy, Evewm referring to the
maximum of the valence band, which reflects the highest-occupied molecular orbital

(HOMO) state in this work.
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Figure 4.1.10 The theoretical UV-Vis absorption of the h-BN clusters, including the pristine
and different defective types. Inset shows the enlarged range in 250 — 500 nm.

Some typical defects presented in structure of bulk and nano h-BN have been taken
into account for the calculations of their absorption bands, including Ve and V (B and
N vacancies), On and Ozn (one or two O atoms on N sites), and OnVs (O inclusion on
N site near a B vacancy), respectively. Figure 4.1.10 summarizes the computed
absorption spectra of the mentioned defects in h-BN systems, which suggests that the
O incorporations can lead to a red-shift of band-to-band absorption. Meanwhile, Table
4.1.3 reports the corresponding energy gaps of HOMO-LUMO with different types of

defects. Considering that the formation energy highly depends on the electronic states
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of the defects, the influences of charged defects on the optical properties have also been

detailly examined as reported in Table 4.1.4.

Table 4.1.3 HOMO and AExomo-Lumo values in the defective h-BN clusters.

Structure /q Enowmo (V) AEnomo-Lumo (eV)
BN -6.53 6.58
BNOw/+1 -9.10 5.96
BN20Ow/0 -4.97 4.77
BN20w/+1 -6.92 3.73
BN20O\Ve/-1 -1.01 3.17

Table 4.1.4 Simulations of the UV-Vis absorption situations in the defective h-BN clusters.
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Table 4.1.5 Representations of HOMO and LUMO in the defective h-BN clusters.
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Table 4.1.5 has reported the optimized geometry of representations of HOMO and
LUMO in the computed defective h-BN clusters. It proves that these point-defects will
undergo different transition mechanisms under excitations, which mainly depends on
their typologies and charges. For instance, the charged (q = +1) O impurities (OB3) can
play the role of withdrawing sites in the HOMO-to-LUMO process, whilst the 20n and
OnVsg defects can act as the recombination centers.

In fact, it is still different to point out the accurate impacts of O defects in h-BN
clusters by chemical calculations. Here, at least, we have found that the presence of
specific defects and charges endows BNNSs with a meaningful modulation of energy
level, which conversely is in charge of the UV-Vis absorption performances after

thermal treatments.

4.1.4. Conclusions

The liquid-phase assisted exfoliation by sonication in water can allow producing a
kind of defective nanosheets from the bulk h-BN crystals. The h-BNNSs with defects
have shown a broadly visible luminescence centered at ~405 nm. The following thermal
treatment in air has further caused changes in structural defects, which can increase or
decrease the fluorescent intensity. In detail, the emission reaches to the maximum value
when the samples are oxidized at 300 <C; then a higher temperature leads to
luminescence quenching.

Our investigations by tracking structural changes have shown a good correlation
between the presented hydroxyl species and emission during the oxidation process as a
function of thermal treatment. As a comparison, the defect-free h-BNNSs derived in
DMSO or NMP exhibit undetectable emission in the same region, which has stressed
the significance of the generated defects on the origins of visible emission in h-BN
systems. The subsequent theoretical calculations by DFT have also supported the
experimental results from the computed UV-Vis absorption spectra. It notes that the
charged oxygen-related defects have been the most promising candidate in charge of

the changed optical features in defective h-BN materials. In the theory, the O impurities
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can click on the transitions of absorption, which is effectively responsible for the

reproduction of the resulted fluorescence.
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4.2. Boron nitride-titania mesoporous film heterostructures

This Section is summarized according to the following article: Junkai Ren, Luigi

Staqi*, Luca Malfatti, Sebastiano Garroni, Stefano Enzo, and Plinio Innocenzi*. Boron

nitride-titania mesoporous film heterostructures. Langmuir, 2021, 37, 5348.

Various contents and figures in this Section are reproduced with permission of Ref.””,

Copyright (2021) American Chemical Society.

4.2.1. Introduction

Hexagonal boron nitride (h-BN) is a layered and optically active material with a
structure similar to graphite. It possesses an ultrawide bandgap of ~ 6 eV and optical
transparency in the visible range. 2D h-BN also represents a kind of particular nano
insulators, which shows a weak p-type feature at high temperature (e.g. > 700 K) and a
high resistivity (e.g. ~1600 Q-cm at 790 K).[24]

h-BN nanosheets (BNNSs) can be prepared by both top-down and bottom-up
methods, which allow producing 2D h-BN with few layers. A key issue in the synthesis
is to control the defects. Hydroxyl-functionalization, for example, can induce important
properties including solvent solubility, optical absorption, and photoluminescence.
Therefore, the assessment of the defective states is a mandatory step to construct the
heterostructures for photocatalysis whose effects largely depend on the effective

combination of optically active materials.
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BN sheets have been well doped into some semiconductors for an enhanced
photocatalytic response, including TiOz, SnOz, InS;, etc., where, however, these
nanocomposites have been mostly fabricated in the form of micro or nanoparticles.[*?>
1271 Among them, titania shows an excellent photocatalytic effect and has been
considered as the benchmark material. But European Union recently has classified
titania powders as a category 2 carcinogen through inhalation, which has severely
limited these applications of micro and nano- titania particles.[*?] Considering the
health risk, an alternative way is constructing BN-TiO> heterostructures in the form of
mesoporous films by a bottom-up soft-chemistry approach, which can avoid the
presence of TiO. particles. Meanwhile, the incorporation of 2D BN into thin porous
films can allow producing advanced heterostructures with tailored functions extending
their possible application fields.

Actually, the effective combination of h-BN and titania has been well investigated,
as well as several applications, for example, water splitting and photocatalysis.[*?°]
Particularly, sufficient effort has been dedicated to fabricating BN-TIiO:
nanocomposites for the enhanced photocatalytic response.[*?”l However, the current
experimental results in the literature have not shown a coherent menu in terms of
intrinsic physical-chemical properties. It seems to appear that the final contribution of
BN to TiO2 largely depends on the synthesis methods and the corresponding structural
defects.[68 1%0]

It is still mostly unexplored for the construction of heterostructures by incorporating
2D materials into mesoporous films. The key step is to design a preparation route that
allows embedding 2D sheets into thin film without disrupting its original pore
organization. The one-pot sol-gel technique, where the nanomaterials are directly
dispersed in the sol of targeted precursors, has been the most feasible tool because all
the engineering can be carried out via integrated processing.!*3

In this Section, we have used a template-assisted sol-gel approach to prepare a kind
of BN- titania heterostructures. The mesoporous TiO> thin films are the matrix, and h-
BN sheets include defect-free and defective two types. On one hand, the role of h-BN

sheets has been explored in synthesizing heterojunctions. On another hand, their
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photocatalytic response has been investigated and compared under UV light irradiation.

4.2.2. Experimental section

4.2.2.1. Preparation of h-BNNSs

Defective and defect-free h-BNNSs were prepared according to the 4.1 Section. The
sheets were finally dispersed in EtOH with a concentration of 5 mg mL™ for next step.
4.2.2.2. Synthesis of BN-TiO2 mesoporous film heterostructures

The mesoporous and heterostructure films were fabricated by a typical template-
assisted route. Firstly, the precursor sol was prepared by adding 2.2 mL TiCls and 1.3
g Pluronic F127 into 46.8 mL EtOH under continuous magnetic stirring. After 15 min,
3.6 mL H20 was dripped into the mixing solution. The molar ratio of the final sol was
TiCls: F127: EtOH: H20 = 1: 0.005: 40: 10. After another 10 min, 600 uL. BNNSs (two
types, respectively) were added into the 6 mL titania sol for BN-TiO; heterostructure
film. For controlled comparison, 600 uL. EtOH was added into the 6 mL titania sol for
titania mesoporous films.

Dip-coating technique (see Scheme 4.2.1) was used for depositing films with a 10
cm mint withdrawal rate by using silicon wafer and silica glass slide as substrate. The
substrates were immersed in the titania-BNNSs sol for 30 s before extraction. The dip-
coating was carried out in an environment with relative humidity low than 30%
(controlled by dried air flow). These thin films of TiO», TiO>-BNNS, and TiO»-BNNS-
defects were firstly dried at 60 °C for 10 h and then were thermally treated in air at

different annealing temperatures (300, 350, and 400 °C).

R
-
’
R
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Substrate

Products
TiO, Precursor Sol with #-BNNSs TiO,-BN Film Heterostructure

Scheme 4.2.1 Schematic illustration for the preparation of BN-TiO; heterostructures via dip-
coating.
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4.2.2.3. Evaluation of photocatalytic activity

Stearic acid was selected as a model to evaluate the photocatalytic effect according
to the collected data of C-H vibrational stretching in 2945 — 2840 cm™ by FTIR spectra
(see Figure 4.2.1).
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Figure 4.2.1 FTIR spectrum of stearic acid. Inset shows its molecular structure.

Firstly, 100 pL stearic acid solution (in EtOH, 3.3 mg mL™) was deposited on the
mesoporous films via spin-coating at 1500 rpm for 30 s. Subsequently, the films were
irradiated under 365 nm light with a distance of 10 cm to the UV lamp. FTIR spectra
were recorded immediately after irradiation, and the illumination time was fixed from

0 to 120 min.
4.2.3. Results and discussion

4.2.3.1. Photocatalytic activity

Figure 4.2.2 shows the UV-photoinduced degrading curves of stearic acid on the
different films produced at different temperatures. Herein, the intensity of IR absorption
It is recorded as a function of exposure time t (min) under UV light; I (at t = 0 min)
represents the original IR intensity before irradiation; then the degradation value
(stearic acid/%) can be calculated by the equation of “stearic acid/% = l¢/lo* 100%”.
Before evaluating the activity of films, reference curves are obtained by using the bare
silicon or with BNNSs (defect-free and defective) as the surfaces for catalytic

degradation under UV illumination (see Figure 4.2.3). The infrared intensity of stearic
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acid keeps an unchanged trend after 35 min UV irradiation on silicon and BN sheets,
suggesting that single h-BNNSs cannot present any catalytic activity if not integrated
into TiO2 or other semiconductors to form a heterostructure. The photodegrading data
in Figure 4.2.2 can be well fitted by an exponential decay rule of I(t) = loe™!, where the
parameter k corresponds to the degradation kinetics rate. The fitted k values are
summarized in Table 4.2.1.

The mesoporous films after annealing at 300 <C show a relatively weak catalytic
effect with comparable IR intensity decays (Figure 4.2.2a). In this case, two-hour UV

exposure only allows ~30% removal efficiencies with k values at 0.004 min™ (%5%)

from the three types of films.
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Figure 4.2.2 UV-deriving photodegrading curves of stearic acid on films of TiO., TiO,-BNNS,
and TiO,-BNNS-defects, treated at temperatures of (a) 300, (b) 350, and (c) 400 <,

respectively. The dots are the recorded data, and the solid lines are the corresponding fitting
results.
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Figure 4.2.3 Photodegrading data of stearic acid deposited on a bare silicon substrate and

substrates with BNINSs.
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Table 4.2.1 Degradation rate (k values, min?) of stearic acid on these mesoporous films
annealed at different temperatures.

Mesoporous films 300 350 400 <C
TiO; 0.00389 0.0175 0.0649
TiO2-BNNS 0.00410 0.0151 0.0637
TiO2>-BNNS-defects 0.00429 0.0266 0.0787

Interestingly, the films after treating at 350 <C exhibit an excellent photocatalytic
effect with an obvious difference in degrading trends (Figure 4.2.2b). The degrading k
value of TiO2-BNNS-defects film (0.0266 min™) is around 50% higher than the
corresponding values of TiOz and TiO2-BNNS films (0.0175 and 0.0151 min™). It
means that the defective BNNS structure plays an active role in the enhanced
photocatalytic effect of TiO2> mesoporous film. The photodegrading rate continues to
increase when the annealing temperature reaches 400 <C in air, but the difference in the
photocatalytic response of the three samples is smaller than that of 350 T (Figure
4.2.2c).

Based on the above discussion, the photocatalytic performance mainly shows two
aspects: (i) The degrading rate is improved by incorporating defective BNNSs into TiO>
to form film heterostructure, whilst the TiO2and TiO2-BNNS (defect-free) films exhibit
similar results; (ii) The annealing treatment can enhance the photodegrading effect by
promoting the transformation of amorphous titania into anatase. Moreover, treatment
at a higher temperature can cause that the final k values tend to coincide regardless of
the structures of the doping BN sheets.
4.2.3.2. Morphology and structure

To explore the impact of h-BN defects in the film heterostructures at 350 <C,
extensive investigations have been carried out to characterize their structural features
and optical properties. Figure 4.2.4 demonstrates the TEM images of these
nanocomposite films, revealing their well-organized porous mesostructures. The
relevant wall-to-wall distance can be calculated by surface plot analysis, resulting in

11.74 nm (TiO2), 11.99 nm (TiO2-BNNS), and 11.56 nm (TiO2-BNNS-defects),
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respectively. Therefore, the incorporation of BN sheets, irrespective of bare and

defective, does not influence the order and dimension of TiO2 mesopores.

Figure 4.2.4 TEM images of the heterostructure films after treating at 350 <C: (a) TiO, (b)

TiO2-BNNS, and (c) TiO,-BNNS-defects.

The XRD patterns in Figure 4.2.5 characterize the composite films by four

diffraction signals at 25.4, 38.1, 48.1, and 55.1< stemming from (110), (004), (200),

and (211) reflections of titania anatase.[*3? The detected peak at 26.7 °can be attributed

to the (002) plane of h-BN phase. The detected XRD signals indicate a successful

preparation of heterostructure by incorporating 2D BN materials into titania

mesoporous films.
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Figure 4.2.5 XRD patterns in the 26 range of 20 — 60=from the nanocomposite films upon
350 TC. The symbol * represents the h-BN phase.

The crystallite size of titania can be estimated by the Scherrer equation (see

Supplementary Note I1). The main plane of (110) at 25.4<is selected for estimation
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of crystallite size to result in 8.4, 9.0, and 10.5 nm for TiO,, TiO2-BNNS, and TiO»-
BNNS-defects, respectively. The data describes that the addition of BNNSs in the
mesoporous films benefits the crystallization of titania, as presented by the increase in
the crystallite size and also the intensity of the diffraction.

Raman spectra in Figure 4.2.6 can well support the results from XRD analysis.
Firstly, at a low treating temperature (e.g. 300 <T in Figure 4.2.6a) the titania films are
mainly in an amorphous state, therefore the Raman signal from crystalline phase is too
weak to detect. In Figure 4.2.6b, the small band at 1367.5 cm™ is assigned to the G
mode of h-BN, which appears in all the BN-TiO- films regardless the temperature and
BNNS types. It indicates the implantation of 2D BN into titania in accordance with
XRD results. The peaks at 145 and 640 cm™ are from the characteristic Eg vibration of
O-Ti-O in anatase phase,**! which increase in intensity at higher temperature (e.g.
400 T in Figure 4.2.6¢) due to the thermal-induced transition of amorphous-to-anatase

state,[134-135]
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Figure 4.2.6 Raman spectra of the nanocomposite films after treating at (a) 300, (b) 350, and
(c) 400 <T, inset showing the enlarged region in 1400 — 1300 and 200 — 70 cm™. The symbols
* at 300, 520, and 940 cm™ represent the Raman signals from the silicon wafer.

FTIR spectroscopy has also been carried out to analyze these films, and Figure 4.2.7
shows the absorption spectra. Similar to Raman discussion, the infrared band at 463
cm™ is assigned to the E, (TO) mode of TiO anatase, which is barely shown in samples
upon 300 and 350 <C and becomes sharper and more intense after 400 <C treating. The
IR peak at 1374 cm™ is attributed to the in-plane B-N stretching mode, which does not
change in position and intensity regardless of the annealing temperatures.

The FTIR spectra can also present the effect of thermal treatment on the hydroxyl

groups and surfactant residues. The broad and intense band at high wavenumbers in
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4000 — 2600 cm™ is characterized by the Ti-OH and H-O (H20) groups, and decreases
in intensity after higher temperature treatment. It represents the completion of
condensation to construct the Ti-O-Ti netstructure. In another hand, the residual
Pluronic F127 can be well monitored by IR absorption in 1600 — 1400 cm™ region of -
CH: and C-O groups, which can be totally removed after treating at 400 <C.
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Figure 4.2.7 FTIR spectra of the nanocomposite films after treating at (a) 300, (b) 350, and (c)
400 <.

The structural characterizations by XRD, Raman, and FTIR have highlighted the
impact of h-BN sheets in prompting the heterogeneous crystallization process of titania
film. The data can explain the enhanced photocatalytic activity of samples at 350 <C.
However, this phenomenon still does not allow reaching a comprehensive
understanding on the role of defective BNNSs in the photodegradation process.
4.2.3.3. Optical properties

Figure 4.2.8 shows the transmission spectra in UV-Vis range of the composite films
on silica glasses. As expected from similar photocatalytic results, the three films upon
300 <C exhibit a comparable curve in transmittance. The transmittance at around 395
nm shows a decreasing trend from 86% to 65% (for the undoped titania) with the rise
of the treating temperature from 300 <C to 400 <C. Adding the BNNSs further leads to
an aggravating decrease of transmittance in the region. At 350 <C annealing process,
for example, the defective BNNSs in titania matrix have a stronger absorption (77.5%
vs 82.4%/83.3% at 380 nm in transmittance), which agree well with the better
photodegrading effect compared to the pristine BNNSs. The improved absorption is
contributed to the generated oxygen-defects in h-BN during the exfoliation in water.

In the visible region of 500 — 900 nm, the transmittance of all the films can well

65



Preparation and Optical Properties of Boron Nitride Nanomaterials and their Nanocomposite Films

remain above ~80%, where both annealing treatment and the doped BNNSs cause a
negligible influence.

Corresponding to the optical absorption, the band gap Eg4 values of the films can be
evaluated via Tauc equation according to the testing absorption data (see Figure 4.2.9
and Supplementary Note I). The incorporated BNNSs do not cause obvious change
on Eg with respect to the undoped titania, whilst the increase of annealing temperature

from 300 to 400 <T can shift the Eg from 3.40 0.005 to 3.32 £0.007 eV.
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Figure 4.2.8 UV-Vis transmission spectra of the nanocomposite films after treating at (a) 300,
(b) 350, and (c) 400 <C. The insets show the enlarged spectra in the range of 320 — 480 nm.
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Figure 4.2.9 UV-Vis absorption spectra (on top) and Eq4 evaluation using Tauc equation (on
bottom) of the nanocomposite films. The data of left to right are from the films firing at 300,
350, and 400 <C, respectively.

Spectroscopic ellipsometry has allowed measuring the thickness and refractive index
(n) of these mesoporous films. In view of an experimental error of ~10 nm, the three

films treated at different temperatures possess a similar thickness in range of 160 — 175
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nm (Table 4.2.2). It suggests that these films do not undergo a detectable expansion or
shrinkage during a narrow range of annealing temperatures (e.g. 300 — 400 <C). The
containing BNNSs also cause a negligible impact on the final thickness.

Figure 4.2.10 shows the dispersion spectra of the refractive index as a function of
wavelength in 380 — 900 nm. The refractive index goes up with an increasing
temperature and is higher in the heterostructure films than in undoped titania. On the
one hand, the rise of refraction can partially result from the increase in pore dimension
of films, because the treatment at higher temperature can remove more surfactant
templates (see FTIR).[**1 On another hand, the increased crystallinity of titania can

contribute to the rising refractive index (see XRD and Raman).[*"]

Table 4.2.2 Thickness of the nanocomposite films tested by spectroscopic ellipsometer.

Mesoporous films 300 € 350 T 400 <C
TiO, 161.7 +=0.28 nm 158.2 +0.46 nm 169.8 +0.34 nm
TiO2-BNNS 164.5 +0.21 nm 179.1 +0.30 nm 172.1 +£0.50 nm
TiO2-BNNS-defects | 168.5 +0.23 nm 165.8 +0.17 nm 154.6 +0.70 nm
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Figure 4.2.10 Refractive index as a function of wavelength in 380 — 900 nm of the
nanocomposite films after treating at (a) 300, (b) 350, and (c) 400 <C.

These experimental data show that introducing defects into BNNSs can endow the
final BN-TiO- heterostructure with an enhanced photo-responsive effect. The defective
BN sheets can increase the absorbance in the UV region, and promote the hole reactions
in photocatalysis. The annealing temperature is still an important impact on the
photodegrading effect of the heterostructures. For example, after firing at 400 <C, the

titania transformation from amorphous to anatase state can govern the light-triggered
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catalysis mechanism, and the defective BNNSs thus do not improve the optical
properties of the films in a significant way. Additionally, the presence of BN sheets can
also reduce the energy barrier and promote the heterogeneous nucleation of the anatase

phase in the mesoporous films.

4.2.4. Conclusions

A template-assisted self-assembly method has been used to fabricate a series of BN-
TiO2 mesoporous films. The exfoliated h-BN sheets can be well incorporated into
titania without disrupting its pore order to form hetero-constructed films, which can
promote the heterogeneous crystallization of amorphous titania into the anatase phase
during the annealing process. The addition of defective BNNSs can produce an
improved photocatalytic response from mesoporous TiOz, because of a higher
absorption in the UV range.

It has been a viable approach for controlling the properties of the heterostructures to
fabricate a kind of BNNS-TiO> optically transparent films through deposition from

their liquid phase sol-gel precursors.
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Chapter 5. Boron Nitride Nanodots

Chapter 5 can be divided into the following two parts, Sections 5.1 and 5.2:

In Section 5.1, we have mainly explored the BN-based nanodots prepared via a
bottom-up hydrothermal method with H3BO3 and NH3 as precursors. A series of
analytical characterizations, i.e., FTIR, XPS, TGA-DSC, describe the produced dots
with a boron-oxygen-nitrogen-hydrogen (B-O-N-H) net-structure, hence, termed as
boron oxynitride nanodots (BONDs). Fluorescent measurements of both 2D and 3D
spectra show a well-defined two-color emission from the BONDs aqueous solutions,
which can also be kept well in solid state by incorporating the dots into a hybrid organic-
inorganic film.

In Section 5.2, we have prepared a kind of #-BN nanodots via a top-down route
starting from bulk powders. The syntheses process involves a combination of thermal
treatment and bath-sonication of bulk crystals in concentrated Brensted acid, which
allows etching edges and reducing size. An interesting finding is that an emission in
UV region has been detected in the obtained BN particles, which is well correlated to a
characteristic infrared-active mode. Besides, a broad emission is shown in visible area.
The UV fluorescence will quench after thermal treatment higher than 100 °C; the visible
band can reach a maximum in intensity upon treating at 200 °C. The latter one is
attributed to the hydroxyl covalent functionalization of #-BN. Along with structural and
optical characterizations, quantum calculations have evaluated the causes of Stones-

Wales defects in the UV emitting and infrared vibration.
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5.1. Two-color emissive boron oxynitride dots via bottom-up

route

This Section is summarized according to the following article: Junkai Ren, Luca

Malfatti, Stefano Enzo, Carlo Maria Carbonaro, Laura Calvillo, Gaetano Granozzi,

Plinio Innocenzia*. Boron oxvnitride two-colour fluorescent dots and their

incorporation in a hybrid organic-inorganic film. J. Colloid Interface Sci., 2020, 560,

398.

Various contents and figures in this Section are reproduced with permission of Ref.[4?],

Copyright (2019) Elsevier Inc.

Bunybi areis-pijos o3 pinbiy woiy

Boron Oxynitride Dots (BONDs)

5.1.1. Introduction

Among 2D materials, hexagonal boron nitride (4-BN) monolayer has exhibited an
excellent optical activity, which shares structural similarity to single-layer graphene. As
reported, layered #-BNs are characterized by a large bandgap (experimentally, ~5.97
eV).52l The optical properties of BN layers, particularly room-temperature and
quantum emission, are driving scientists to invest efforts into the 2D BN-based
materials. Recently, BN nanodots or quantum dots (QDs) have attracted increasing

attention due to their excellent properties, such as stable photoluminescence (PL), good
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dispersibility, outstanding chemical inertness, and low cytotoxicity.*> Localized
defects presented in the B-N structure are largely considered as the source of the visible
emission in BN dots.

A homologous structure of bulk #-BN to graphite allows using similar routes for
preparing graphene QDs to produce BN nanodots. For example, top-down methods,

[138]

including high-intensity sonication, sonication-solvothermal method,¥! laser

irradiation,!'3*! and high-temperature defect route,*

I have been widely applied to cut
BN flakes into smaller fragments and finally produce fluorescent BN dots. Meanwhile,
a bottom-up route has become a feasible alternative approach for preparing BN dots by
the chemical reaction between H3BO; (B source) and NH3; (N source) under a
hydrothermal condition.**** In compositions, it should be noted that apart from boron
and nitride, these synthesized BN dots usually also contain oxygen, carbon, and
hydrogen elements. It thus cannot avoid the presence of net-structure such as boron
oxynitride and carbon-boron oxynitride in the resulted BN QDs. Actually, it is still a
challenging task to prepare BN nanoparticles with a precisely controlled composition.
Carbon and oxygen atoms generally enter in BN structure as impurities and defects in
the preparation process. Carbon elements are implanted into BN QDs due to the
carbonization of the involved organic matters, for instance, the liquid solvents after
solvothermal treatment.

In another hand, the presence of defects takes an important role in the fluorescence
features from BN materials.®” The synthesis via bottom-up is a specially critical
approach since it is not an easy process to control the chemical compositions of BN
products even if there are only two precursors, e.g. H3BO3 and NH3. Furthermore, the
data in reports have shown several unclear and even contradictory points of
composition in their BN dots, which opens some inquiries on the repeatability and
reliability of bottom-up methods.[**-*#] Therefore, the future development of this kind
of materials largely depends on a good understanding of the relationships of their
preparation-nanostructure-property. For a possible solid-state device, another important
issue is to incorporate the dots into a proper transparent matrix, which can fully exploit

the BNs optical properties and, particularly, their emission.
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In this Section, a hydrothermal bottom-up approach has been performed to prepare a
type of fluorescent BN-based dots, namely boron-oxygen-nitrogen-hydrogen dots
(termed as BONDs). The BONDs show a two-color fluorescent spectrum. Furthermore,
to meet the growing applications, sol-gel chemistry is applied to fabricate fluorescent
thin films with solid-state lighting from the obtained BN dots, which can be used in

lighting applications.
5.1.2. Experimental section

5.1.2.1. Preparation of BONDs
As shown in Scheme 5.1.1, the BONDs were prepared via a one-step hydrothermal

method. Briefly, 0.31 g H3BO3 was dissolved in 10 mL H20, and 2 mL NHj3-H>O

solution was subsequently added to form a transparent solution (molar radios of H3BOs :
NH3 =1 : 6). Then the solution was transferred into a Teflon-lined autoclave and kept
at 200 °C for 10 hours with a 10 °C min! ramp rate. After cooling to room temperature,

the produced solution was dialyzed against water (2000 MWCO) for 3 days to obtain
purified BONDs. Finally, the BONDs solid powders could be obtained after the drying
process. The thermal treatments of BONDs were performed in the air atmosphere for 1

h under 100, 200 and 300 °C, respectively.
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Scheme 5.1.1 Schematic illustration for the preparation of the BONDs and their sol gel glasses.

5.1.1.2. Preparation of BONDs-hybrid films

The BONDs-doped hybrid inorganic film was fabricated by a sol-gel chemical
process, using hydrolytic condensation of silane with the catalysis of acid medium in
presence of BONDs. Briefly, tetraethyl orthosilicate (TEOS) and methyltriethoxysilane
(MTES) were mixed together with 2 mg BONDs, using H,O, HCI, and EtOH as the
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hydrolysis, catalyst, and solvent (molar ratios of MTES: TEOS: H>O: EtOH: HCI=0.3:
0.7: 3.7 : 3.7: 0.0124). After stirring for 30 min, the sol precursors were deposited on
silica glass slides and silicon substrates by spin-coating at 400 rpm for 30 s. Lastly, the

hybrid films were dried in an oven at 60 °C for 2 days.
5.1.3. Results and discussion

5.1.3.1. Morphology and structure
TEM image of the as-obtained BONDs is shown in Figure 5.1.1a, revealing an
average diameter of ~10.20 nm. DLS curve in Figure 5.1.1b describes a hydrated size

of the nanoparticles with a ~13.70 nm value, which agrees well with the TEM result.
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Figure 5.1.1 (a) TEM image, and (b) DLS curve of the as-prepared BONDs in aqueous solution.
Overlapped inset of (a) is the counted size distribution.

Figure 5.1.2 presents the FTIR spectra between 4000 and 2800 cm™! of the resulted
BONDs and the dots thermally treated at 100 — 300 °C. Figure 5.1.2a shows the
spectrum of the precursor H3BOs3 as a comparative reference, which is mainly from B-
OH stretching. Considering the diverse hydrogen-bonded (H-bonded) situations, the
band can be divided into two kinds of deconvolutions. The blue line with higher
wavenumber represents the H-bonded species of long-chain, whilst the red line is
attributed to the smaller cooperative H-bonds (i.e. monomer, dimer, etc.).[!40-141]

In Figure 5.1.2b, the similar absorptions of B-OH are detected at 3432 and 3181 cm™
!'by multi-peak fitting analysis, as well as an additional peak at 3281 cm™ due to the N-
H stretching.[****! With an increase of heating temperature, the intensity of both blue
and green lines in Figure 5.1.2c-e shows a rapid decrease. It indicates that the thermal

treat can finally lead to that the residual B-OH bonds are becoming isolated in the
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nanodots. The analysis based on Figure 5.1.2 suggests that the B-OH groups are a
significant presence in the BOND structure, which shows an expected condensation

after undergoing a thermal process.

0@ A

@ | ;\

Absorbance / a.u.

0.0

3900 3600 3300 3000 laé'do“ 3600 3300 3000 -‘3'9'50 3600 3300 3000
Wavenumber / cm’

Figure 5.1.2 Normalized FTIR spectra in 4000 — 2800 cm™ range from (a) H;BOs as a reference,

(b) the as-prepared BONDs, and the dots after thermal treatment at (c) 100, (d) 200, and (e)

300 °C, (f) comparison between H3;BOs (solid line) and BONDs at 300 °C (dot line). The black

lines are the raw curves, the hollow dotted lines are the fitting results, the red and blue lines are

the two deconvolutions attributed to B-OH, and the green curves to N-H.

More infrared information is shown in Figure 5.1.3 to assess the evolutionary
process of heating BOND:s in the structural aspect. In the 900 — 500 cm™ region of
Figure 5.1.3a, the peaks at 882, 833, 712, 655, 594, and 545 cm! are owing to boron-
oxygen related groups of B-O stretching, B-OH deformation, B-O-B deformation, BO3
symmetrical deformation, B-OH antisymmetric deformation, O-B-O asymmetric
stretching vibrations, respectively.”® 142 On the other hand, the observed bonds at 744
and 821 cm™ are attributed to the vibrations of N-H wagging and B-N-B out of plane.
It is found that the intensity of the O-B-O group shows an increasing trend after thermal
treatment, which is because of the B-OH condensation.

Figure 5.1.3b shows the FTIR spectra in 1700 — 1250 ¢cm™' range, which are
characterized by three types of vibrational modes with an overlapping region. The peak
at 1464 cm’! originates from v, (B-O) bond, while those at 1371 and 1338 cm™! can be

ascribed to vs (B-N) and ds (B-N-B) bonds, respectively.
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Figure 5.1.3 FTIR spectra in the ranges of (a) 900 — 500 cm™ and (b) 1700 — 1200 cm™! in the
as-obtained BONDs and thermally treated at 100, 200, and 300 °C (the red, blue, and green
lines), respectively. The dotted line in (b) is the spectrum of H3BOs.

The infrared data also shows the possibility of residual boric acid still present in the
produced BONDs. The residue of H3BO; in produced BONDs can be estimated
according to TGA-DSC measurement, which is carried out from room temperature to
500 °C. As shown in Figure 5.1.4, there are two endothermic reactions happened at 132
and 162 °C successively, which correspond to the dehydration process and B-OH
condensation. The assessed value is ~5.5% of present H3;BO3 in the products by

calculation using TGA data (see Supplementary Note III).

100 200 300 400 500
Temperature / °C

Figure 5.1.4 TGA (wt%) and heat flow (mW) of the as-prepared BONDs (solid line) and a
reference H3BOs3 (dot line) as a function of temperature from 25 to 500 °C.

XPS analysis has been performed to explore more composition characteristics of the
series of products. Figure 5.1.5 exhibits high-resolution spectra of B 1s and N 1s

regions and Table 5.1.1 summarizes the relevant fitting data. The raw B 1s spectra can

76



5.1. Two-color emissive boron oxynitride dots via bottom-up route

be deconvoluted into three kinds of chemical components. The first peak at ~190 eV is
assigned to the interaction of B bound to N atoms,!!*3"144] which is singed as B-N and
corresponding to the bands at 1371 and 821 cm™ of FTIR. The second but the main one
peak at ~192 eV is ascribed to the B bound to O and N atoms,** 143! labeled as B-(N,
O) component. The third peak at ~193.5 eV is due to the B bound to O atoms (termed
as B-0),*¥ reflecting an incomplete hydrothermal reaction of B and N precursors.
When the pristine BONDs are thermally treated upon increasing temperature, the B-(N,
O) area goes down, and the B-O region goes up in intensity, which is caused by the
oxidation process during the material treatment in the air atmosphere.

As for the N 1s region, it is also divided into three parts including N-B, N-(B, O),
and N-H bonds at 398.0, 399.5, and 401.7 eV respectively.l*> 14-1%] Obviously, N-H
composition has been the main interaction, which is formed by the incomplete reacting
NH3 and edge NH> groups. The rise of treating temperature will also lead to a decrease

in the intensity of N-B and N-(B, O) related compositions.
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Figure 5.1.5 B 1s (left) and N 1s (right) XPS spectra of the BONDs before and after thermal

treatments.
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Table 5.1.1 Data of B 1s and N 1s XPS results of the BONDs before and after thermal
treatments.

B 1s N 1s
B-N B-(N, O) B-O N-B N-(B, O) N-H
190.1eV | 192.1eV | 193.7eV | 397.6 eV | 399.4eV | 401.2 eV
6.2 % 51.0 % 42.8 % 3.3% 19.5% 77.2%
189.5eV | 191.7eV | 193.4eV | 397.6 eV | 399.3 eV | 401.2 eV

BONDs

As-prepared

100°T 8.9 % 38.5 % 52.6 % 4.6 % 21.1% 74.3 %

200 189.7eV | 192.2eV | 193.7eV | 398.1eV | 3994 eV | 401.3 eV
7.3% 475 % 54.8 % 15% 13.0% 85.5 %

300 189.4eV | 192.2eV | 193.8eV | 398.1eV | 399.4 eV | 401.6 eV

5.5% 38.6% | 55.9% 1.0% 124% | 86.6%

The XRD test of the pristine BONDs is shown in Figure 5.1.6, which shows the
coexistence of both H3;BOs3 sassolite (JCPDS No. 00-030-0620) and h-BN crystalline
(JCPDS No. 01-073-209). The fitting result by HighScore Plus Software exhibits the
content of 4#-BN phase is limited of ~5%, indicating amorphous-state is the main

domain in the BONDs instead of crystallization.

by
o

Logl0(Intensity) * Q

3.5 L .
Boron nitride | [ 111 [ [ [
Sassolite B
YR LT LR

IIE Tl
T el

Logl0(lntensity) * Q

Boron nitride |
Sassolite | | [ [ i [
L I 1

Q [Angstrom’ 1 ]

Figure 5.1.6 (a) XRD analysis of the as-obtained BONDs. (b) Enlargement of the overlapped
range of H3BOs and h-BN which has been deconvoluted.

According to the above analysis, Scheme 5.1.2 describes a possible structure and

composition of the as-prepared nanoparticles. It is important to point out that B-N is
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not the basic unit, while boron-oxynitride is the main ingredient. Different from some
publications, there is no carbon-containing matter in the obtained dots, which is already
sure from the FTIR data. Meanwhile, the content of B atoms is much larger than N
atoms, although the molar of H3BOs to NH3-H>O reaches up to 1: 6. The hydrothermal
treatment allows the O and H in boric acid to form boroxyl ring (see Scheme 5.1.2a),
whilst the introduction of NH3 can promote the final formation of boron-oxynitride.
The structural characterizations suggest the nanoparticles possess a crosslinked boron-

oxygen-nitrogen-hydrogen (B-O-N-H) net-structure (see Scheme 5.1.2b).
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Scheme 5.1.2 (a) The formation route from boric acid to boroxyl ring, (b) A possible
netstructure of the BOND materials.

5.1.3.2. Optical properties

The UV-Vis absorption spectra of these dots are shown in Figure 5.1.7, as well as
their corresponding Gaussian deconvolution analysis. From a general overview, the
thermal treatment can lead to the decline of absorption in intensity. These spectra are
divided into four areas: the first one at 221 nm shows an intense and sharp shape, while
the other three bands with long-overlapped regions are at 264, 308, and 413 nm,
respectively.

Although the structure of BONDs is not pure BN phase, the peaks at 221 and 264 nm
are actually similar to absorption states of BN layered sheets.['**) Another two bands,
located at 308 and 413 nm, are possibly contributed from the presence of net-structure

or BO, defects (x =1, 2), as well as the H and O related impurities.!!46-147]

79



Preparation and Optical Properties of Boron Nitride Nanomaterials and their Nanocomposite Films

0.8+

0.4

0.0+

(@)

(b)

Absorbance / a.u.

0.8+

0.4+

ool T S

(d)

200 300 400

500 200

300

Wavelength / nm

400

500 600

Figure 5.1.7 The UV-Vis absorption spectra and their relevant peak-fitting results of the as-
prepared BONDs (a), and treated at 100, 200, and 300 °C (b-d), respectively, in aqueous
solutions. The colorful lines are the deconvoluted bands with peaks at 221, 264, 308, and 413

nm, respectively.

Furthermore, the absorption peak at the low wavelength is assorted to the bandgap

(E¢) of BN (see Supplementary Note I). As shown in Figure 5.1.8, the E, values are

calculated by the general Tauc method according to the deconvoluted UV-Vis data. The

evaluated E, value in BONDs shifts from 5.02 to 5.14 eV with an increasing heating

temperature, which is owing to the reduction of hydroxyl-related species.['*8] Compared

with the E, of reported #-BN sheets, the value of BONDs is lower because of the

presence of oxides.
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Figure 5.1.8 The evaluation of the energy gap for these BOND nanoparticles.
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The fluorescent features have been presented by 3D excitation-emission-intensity PL
spectra in Figure 5.1.9. The PL map of the as-obtained BONDs is represented with
well-defined double-color emissive centers under different excitation wavelengths. As
shown in Figure 5.1.9a, one is in the violet range of ~375 — 430 nm, with the best
emission peaking at 390 nm under the excitation wavelength of 310 nm; the other is in
the blue range of ~430 — 550 nm, where the maximum emission locates at 470 nm when
the excitation light is 410 nm. The thermal treatments do not cause a shift of the two
emissive peaks, while the fluorescence shows a decreasing trend in intensity, and the

two-color region is more overlapped (see Figure 5.1.9b-d).

60
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o
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Figure 5.1.9 The 3D excitation-emission-intensity spectra of the as-prepared BONDs (a), and

treated at 100, 200, and 300 °C (b-d), respectively, in aqueous solutions. The intensity scales
for (a-d) are from 0 to 4.7*10°, 4.7*109, 2.6*10°, and 9.3*10°, respectively.

Figure 5.1.10 further summarizes the relative changes of the two fluorescent centers
and corresponding absorbed bands, as the function of the increasing treating
temperature. It is clearly found that the fluorescent intensity decreases with an almost
consistent trend of the intensity in the absorption band, which is also reflected in the

TGA curve in Figure 5.1.4. Firstly, the BONDs are stable up to 100 °C in aspects of
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optical intensity and weight. Subsequently, the decrease of fluorescence also shares
with a similar path of structural degradation under higher temperatures. A similar
change trend allows identifying the relationship between emission and absorption: The
violet emission is from the absorption band at 308 nm, and the blue light is excited in
the absorption centered at 413 nm. The falling optical performance is probably because
that the thermal treating can promote the condensed process of B-OH and further reduce
their defects, which is already shown in FTIR and XPS analysis (in Figures 5.1.2 and
5.1.5).
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Figure 5.1.10 The relative intensity of emission (black dots) and absorption (blue dots) spectra:
(a) Aex = 390 nm, Aabs = 308 nm, (b) Aex = 470 nm, Aaps = 413 nm.
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Figure 5.1.11 The time-resolved fluorescence spectra for the two-color emission from the as-
prepared BONDs in an aqueous solution.

The fluorescent lifetime of the sample is obtained by the time-resolved spectra in
Figure 5.1.11, which shows that there are at least two components, a slow and a fast,

for the two emissions. Then the QY's of the BONDs solution are assessed by an absolute
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testing way with the values of 7.4 + 0.7% and 4.6 = 1.1% under 310 and 410 nm

excitations, respectively.

5.1.3.3. Solid-state film based on BONDs

The realization of solid-state lighting from BONDs is of great importance for more
practical applications such as lighting and displays. It is a popular strategic technology
to prepare fluorescent glasses via embedding the nanoparticles into sol-gel derived from
Ormosil.

As shown in Figure 5.1.12, the optical features of the dots in water including both
UV-Vis absorption and fluorescent spectra can be kept well when employed into
methyltriethoxysilane (MTES) - tetraethoxysilane (TEOS) hybrid film. This means the
emission from the nanoparticles is not easily affected by the chemical environment,

which creates an opportunity to fabricate solid-state devices of the BONDs.
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Figure 5.1.12 (a) UV-Vis absorption and (b) 3D PL spectra of the BONDs-doping hybrid film.
The inset of (a) shows the optical images of the film under sunlight and 365 nm UV light.

5.1.4. Conclusions

In conclusion, the BONDs have been obtained via hydrothermal process. Two
fluorescent peaks can be observed at 390 and 470 nm from the 3D PL excitation-
emission spectra of the resulted nanoparticles. The BONDs are stable in both structure
and emission up to 100 °C, however, a higher temperature (e.g. 200 or 300 °C) will
cause the decrease of fluorescence in intensity because of the reduction of net-structure

and defects.
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To endow the BONDs with solid-state emitting, the fluorescent film is fabricated via
embedding the as-prepared dots into Ormosil sol-gel, which can meet much more
requirements of applications. Compared with the aqueous solution, the organic-
inorganic hybrid silica film shows a similar two-color emission and UV-Vis absorption

spectra, which lays the foundation for their applications in solid-state devices.
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5.2. UV-emissive boron nitride nanodots by top-down route

This Section is summarized according to the following article: Junkai Ren, Luigi

Stagi*, Luca Malfatti, Carlo Maria Carbonaro, Gaetano Granozzi, Laura Calvillo,

Sebastiano Garroni, Stefano Enzo, and Plinio Innocenzi*. Engineering UV-emitting

defects in h-BN nanodots by a top-down route. Appl. Surf. Sci., 2021, 567, 150727.

Various contents and figures in this Section are reproduced with permission of Ref.!1%],

Copyright (2021) Elsevier B.V.
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5.2.1. Introduction

Hexagonal boron nitride (4-BN), also called “white graphene”, is characterized by a
large bandgap of ~6.0 eV, making it an exciting two-dimensional (2D) layered material
in electronics and optoelectronics.!'%) In recent years, #-BN nanodots have been
prepared via similar strategies of graphene quantum dots (GQDs). The emissive
mechanisms of BN dots are usually attributed to the radiative recombination in the
present defects, for example, boron/nitrogen vacancies, carbene structure, and oxygen-
doping.¢!

The emerging efforts on BN dots have promoted the development of different

synthesis routes. The control of processing parameters can allow preparing various BN
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systems with different properties. Currently, some kinds of precursors (for instance,
H3BO3, NH3, C3HsNs, CH3CH2NH>) have been developed to prepare BN particles via
a bottom-up hydrothermal or solvothermal method.[*>*#% 45 1%1 In Section 5.1, a type of
“BN dots” were produced using a hydrothermal process from H3BOs; and NH3, where
the products are finally proved with a boron-oxynitride-hydrogen structural network.
Generally, the bottom-up methods cannot allow the production of pure BN dots, and
the impurities including carbon and oxygen cannot be avoided in the structure that
affects the properties of the resulted materials.

The top-down route is an alternative to produce BN nanodots where the bulk
hexagonal crystals can be exfoliated and cut into small fragments via cavitation process.
Deionized water, ethylene glycol (EG), 1-methyl-2-pyrrolidone (NMP), and
dimethylformamide (DMF) are the most used solvents in these top-down techniques,
such as high-intensity sonication, ball-milling, solvothermal, and microwave
treatments.[3% 6162 1501 The yse of organic solvents generally leads to the incorporation
of impurities (e.g. carbon, oxygen, and hydrogen) into the B-N structure of the final
particles. In particular, the introduction of carbon atoms is the main source of
uncertainty in understanding and modulating the resulting structural and optical
properties of #-BN systems.[!>1"152] Therefore, a carbon-free solvent is a good selection
for the exfoliation to avoid the presence of carbon matter.

Great efforts have been devoted to the engineering of BN-based systems. Thus, it has
been wildly reported that BN nanodots possess good aqueous dispersibility and show
blue fluorescence under UV irradiation. However, it is still a challenging task to
fabricate BN dots with controlled properties in aspects of dimension, structure, and
functional response. A top-down design has the advantage of controlling composition
because it starts from BN bulk materials and allows expecting the formation of possible
defects. In this Section, a two-step approach has been developed to produce BN dots
by heating and bath-sonicating bulk #-BN in Brensted acid. The synthesized dots show
both UV and visible emissions under different excitation wavelengths. Particularly, a

special vibration can be strictly connected with the new UV luminescence.
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5.2.2. Experimental section

5.2.2.1. Preparation of BN nanodots

BN dots were prepared via a top-down exfoliation route (see in Scheme 5.2.1).
Firstly, 10 mg bulk #-BN powders were dispersed into 5 mL H3POj in a glass vial with
a capacity of 25 mL. Subsequently, the dispersion was put in an oven under 200 °C for
1 h. When cooling down to room temperature, 15 mL H3PO4 was further added into the
vial and then sealed. After 15 h bath sonication, the large fragments and unexfoliated
h-BNs were precipitated by centrifugation at 12000 rpm for 15 min. Then the
supernatant containing BN dots was diluted by water, and the H;PO4 was removed
through dialysis against water (2000 MWCO) for 3 days. Finally, the BN nanodots in
aqueous solution were collected by filtering via a 0.22 pm nylon membrane. The solid
products could be obtained by a drying process in oven.

Thermal treatment of BN dots was performed in air at different temperatures, such

as 100, 200, and 300 °C for 1 h.
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Scheme 5.2.1 Schematic illustration on synthesis process of BN nanodots.

5.2.2.2. Quantum chemical calculations

Density functional theory (DFT) combined with a cluster-based method was used for
the investigation on the relationship of optical, structural, and vibrational features of /-
BNs. The BN clusters of 180 atoms arranged in 61 rings were used to simulate the BN
dots and experimental data by calculations using the Gaussian 16 code.[''] In the
beginning, the clusters were optimized, and the B3PWO91 functional was applied to
calculate the corresponding energies and vibrational modes.!'>3! The basis sets for B, N

and H atoms were accessed via the 6-31G(d,p). Starting from the relaxed structures, the
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time-dependent (TD)-DFT method was used to calculate the electronic excitation
energies with Becke’s three parameters and the nonlocal B3LYP correlation functional

120, 154

of Lee-Yang-Parr.! 1 The vibration frequencies were refixed by a scaling factor of

0.9501.1'331 These calculations were carried out with a medium of vacuum, and

GaussView 6 was employed to interpret the simulation data.[!?!]

5.2.3. Results and discussion

5.2.3.1. Morphology and structure

The TEM images in Figure 5.2.1a have confirmed the formation of BN nanodots by
Brensted acid etching via sonication process. The BN particles appear of near-spherical
shape with a size of less than 10 nm. The corresponding AFM profile is reported in
Figure 5.2.1b, showing that the dimension of the nanodots does not exceed 15 nm in
the height direction. The morphology results confirm the presence of layered structure

without complete exfoliation, possessing at least a dozen BN layers.

Figure 5.2.1 (a) TEM and (b) AFM images of the as-prepared BN dots. The inset in (a) shows
an enlarged image, and in (b) corresponds to the line profile.

The inset in Figure 5.2.1a represents an enlarged region with two particles, however,
which cannot allow collecting details of the structural edges or planes, because of the
low contrast of the low-density BN with respect to the carbon support film. Additionally,
the morphology analysis does not provide sufficient insights into the top-down
exfoliation. Herein, Raman and XRD measurements have been further employed to
explore the synthesis and thermal effect in air on BN products. For example, a shift

toward a higher wavenumber can be observed from the characteristic £>; mode of 4-
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BN when the layer number of the stacked hexagonal structure decreases from bulk scale
to monolayer condition.l”> 15 The Raman spectra in Figure 5.2.2a show the Ex,
signature of bulk BN at ~1366.5 cm™, and the values do not reflect a significant
difference between the dots (both as-prepared and thermal-treated samples) and bulk
crystal. It means that the nanodots possess more than 10 BN layers, in good accordance
with AFM analysis. In another hand, the characteristic signal at 26.8° of 26 from the
XRD pattern (Figure 5.2.2b) can also confirm the stacked hexagonal geometry of the

produced nanoparticles, corresponding to (002) plane.
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Figure 5.2.2 (a) Raman spectra in 1330 — 1400 cm™ of bulk #-BN (as reference), as-prepared
BN dots and thermally treated dots. (b) XRD pattern of the as-prepared dots.

5.2.3.2. Optical properties

To evaluate how a thermal treatment affects the optical properties of BN dots, the
fluorescence and absorption spectra have been acquired from aqueous solutions of the
as-prepared sample and samples treated in air upon 100, 200, and 300 °C. Figure 5.2.3
describes both 3D excitation-emission-intensity and 2D photoluminescence (PL)
spectra of these BN products, where double well-defined emissions have been observed
in the pristine dots with the change of excitation wavelength from 250 to 400 nm. In
Figure 5.2.3a, the first emission appears in the ultraviolet region of 300 — 380 nm under
the excitation range in 250 — 290 nm, showing the PL maxima at 325 nm upon excitation
of 260 nm. The second band is located in the blue area extending from 380 to 520 nm
under excitation light at 290 — 400 nm, with the emission maxima at 420 nm using 310
nm excitation. As seen in Figure 5.2.3b-c, the thermal treatment of dots in air up to

200 °C will cause the fluorescent quenching of the UV emission and the enhanced blue
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luminescence, accompanied with an overlap of two-color emissive areas. A higher
temperature, i.e. 300 °C (Figure 5.2.3d), will lead to an obvious PL decline of the BN
dots.

It is worth highlighting that the UV luminescence can only be realized after both
thermal treating and sonication in Brensted acid, whilst cannot be detected if the bulk
crystals are exclusively subjected to either heating or sonicating process (see Figure
5.2.4). In another hand, the exfoliated #-BN systems have already been reported to show
a visible emission due to the presence of defects, especially, the oxygen impurities. A
similar work has already been detailly discussed in Section 4.1, which involves a
temperature-dependent and defect-assisted blue luminescence of water-exfoliated /-

BN nanosheets.

600 - v -
y r 4x10% Ex:270nm
a) As-prepared o BT eaenon €)
5 c —— BNDs 100 °C
1x10 = —— BNDs 200 °C
d I £ 3x10%4 —— BNDs 300°C
4 ©
2
g G 2x10'
- 4
£ 8x10* 2
%, & 1x10*
c
o
(3] - 4 0 T T v
3 6x10 300 350 400 450 500
2 Wavelength / nm
= Ex: 310 nm
k] . 8x10* As-prepared BNDs f)
© - 4x10* 5 ——BNDs 100 °C
=4 a —— BNDs 200 °C
2 ‘(G 6x10* —— BNDs 300 °C
w =
2104 § 4x10"]
=
T 2x10'4
400 500 600200 300 400 0 0 .
400 450 500 550
Emission wavelength / nm Wavelength / nm

Figure 5.2.3 (a-d) The 3D excitation-emission-intensity and (e-f) 2D photoluminescence

spectra of the prepared and thermal-treated BN dots.
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Figure 5.2.4 The 3D excitation-emission-intensity spectra of bulk BN (a) after heating at
200 °C in H3PO4 without sonication, (b) after sonication for 15 h in H;PO4 without heating.
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Figure 5.2.5 shows the fluorescent decay curves of the BN dots in aqueous solutions;
Table 5.2.1 summarizes the fitted results of the time-resolved emission via a double-
exponential function. The average lifetime of blue emission is calculated to be ~3.7 ns,
suggesting that the lifetimes are typically unaffected by thermal treatments. It has been
confirmed that heating the BN dots at 200 °C can lead to a strong emissive quenching
of the PL located at 325 nm and an enhancement of the emission centered at 420 nm.
The thermal performances of blue luminescence are in good accordance with the

findings in Section 4.1.
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Figure 5.2.5 Fluorescence lifetime curves of (a) UV and (b) blue emissions in the as-prepared
and thermal-treated BN dots.

Table 5.2.1 Fluorescence lifetime fitted results via a double-exponential-type formula.

(a) Aex =260 nm, and Aem = 325 nm

Samples 11 (ns) o0 T2 (nS) o Tave (NS) v
As-prepared 1.72 £ 0.05 0.96 13.20+1.12 | 0.04 2.18 1.05
100 °C 1.67 +£0.05 0.92 15.71 £0.68 | 0.08 2.78 1.03

(b) Aex = 340 nm, and Aem = 420 nm

Samples 71 (ns) o T (ns) o Tave (1S) 1
As-prepared | 2.75+0.28 0.74 6.91 £0.36 0.26 3.83 1.04
100 °C 2.56+0.21 0.76 7.37+0.34 0.24 3.71 1.04
200 °C 2.32+0.04 0.74 7.50 £0.52 0.26 3.67 0.97
300 °C 243+0.17 0.77 7.80 +0.32 0.23 3.67 1.02
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The UV emission deserves further analysis. Museur et al. have observed a broad PL
band maximized at ~3.9 eV in polycrystalline BN materials under the condition of room
temperature, and also a sharper emission at ~5.5 eV in high-energy regions.>®! The
authors have assigned the luminescence to the donor-acceptor pairs of localized centers
in correspondence of defects coupled to the distal lattice points, where the defects can
be B/N vacancies as well as their coupling with oxygen impurities. Similarly, #-BN
with point-defect emission at ~5.27 eV has been grown using molecular beam epitaxy
(MBE) at a high temperature (1850 °C).[') In a very recent report, Stone—Wales defects,
produced through rotating a B-N pair by 90 °, have also been accounted as a possible
origin of UV emission in #-BN.I"") In our case, the UV luminescence triggered at 260
nm possibly corresponds to the particular structural defects which could be present in
BN crystal lattice. A peculiar correlation has been well built between fluorescence and
structural properties of our BN dots according to the following infrared absorption
spectra and theoretical calculations (vide infra).

Figure 5.2.6a reports their corresponding UV-Vis absorption spectra, performed in
aqueous solution using a comparable concentration. The dots are characterized by an
intense absorption band in deep UV region with a broad absorption tail extending to the
visible range that increases in intensity after thermal treating. The high-energy
absorption at around 6 eV is assigned to the intrinsic band-to-band transition of the /-
BN materials, and the thermal treatments cause a drop in intensity of this band.
According to our observation, the dispersibility of BN dots still remains stable after the
heating process. Therefore, it is reasonable to attribute the decreasing UV absorption to
a possible alteration in intrinsic structures of the dots.

The energy gap (E,) has been evaluated using the Tauc method according to the
corresponding enlarged UV-Vis spectra (see Figure 5.2.6b and Supplementary Note
I). The E; value of the as-prepared dots is calculated to be ~5.47 eV and shifts towards
higher values as 5.58, 5.69, and 5.80 eV as a function of the thermal treatment at 100,
200, and 300 °C, respectively. The intragap states of defects in #-BN generally arise as
an absorption tail in its proximity of bandgap. The annealing effects and the resulting

reduction of the structural disorder have allowed observing a shift of the absorption
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edge to higher-energy, which has already been reported in 4-BN films synthesized by
metal-organic chemical vapor deposition (MOCVD) method.['*® In contrast, the
annealing treatments lead to a rise of the absorption bands at visible wavelengths
because of the oxidation of persistent defects in #-BN structure during the heating in

air,l'*]
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Figure 5.2.6 (a) UV-Vis absorption spectra and (b) the corresponding evaluation of E, values
of the as-prepared and thermal-treated BN dots.

5.2.3.3. Chemical composition

FTIR spectroscopy has been analyzed to explore the chemical groups and potential
defects in the synthesized /#-BN products. In Figure 5.2.7a, the characteristic
vibrational bands at 1375 and 815 cm™! represent the in-plane B-N stretching (£.) and
the out-of-plane B-N-B bending (42,) vibrations, respectively. Interestingly, the two
modes of nano-sized BN dots show a much narrower full width at half maximum
(FWHM) with respect to bulk counterparts. Although this comparison has been ignored
in many papers, the same phenomenon could be frequently encountered from their
reported IR data including both 2D sheets!!®*-1621 and 0D dots.[?% 62. 1631641 Ty the thesis,
this problem is not addressed with a specifical answer, but a reasonable suppose is that
the dimension decrease, as well as the edge effects, will bear on the vibrational
distributions of B-N and B-N-B bonds. Meanwhile, the intensity ratio of the two bands
in bulk A-BN (11375: Is15, 3.07) is much smaller than that in BN dots (/;375: Is:5, 5.07),
which is likely attributed to the strong exfoliation effect and a correlation of the

modification in interplanar interactions.
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The infrared spectrum of BN dots is also demonstrated with some modes in lower
wavenumbers. The range of 400 — 750 cm™! is induced by the oxidized BN structure,
e.g. B-O and B-OH vibrations. The signals in 850 — 1250 cm™! region can be attributed
to the N-B-O and B-O stretching,'®* which are closed to the P-OH and P=0 stretching
vibrations (970 and 1210 cm™) in H3POs ATR-FTIR spectrum.!'%®) Actually, the H3PO4
composition can be excluded in the produced dots according to the infrared variation,

and the Raman spectra do not report any fingerprints of phosphoric acid.
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Figure 5.2.7 (a) FTIR spectra of BN dots, bulk #-BN, and H3POj4 (liquid, by ATR mode). (b)
In situ FTIR spectra of BN dots as a function of temperature up to 250 °C and (c) their enlarged
region at 1300 — 1600 cm™. (d) The spectral difference between as-prepared and treated samples.

Figure 5.2.7b shows the in situ spectra of BN dots as a function of temperature by
heating from room condition to 250 °C, and Figure 5.2.7¢ reports a magnified region
of 1300 — 1600 cm™! to highlight a significant thermal-induced change. Two overlapped
convolutions have contributed to this vibrational region: one at 1375 cm™' from BN Ej,,
and another located at 1384 cm™'. The latter mode shows a temperature-dependent
intensity and even disappears after the 250 °C process. Herein, a spectral difference
curve is captured between the as-prepared and 250 °C treated samples (see the red line
in Figure 5.2.7d), which exhibits a sharp vibration with its maxima at 1385 cm™'. An

important story is that this sharp mode can be well correlated with the UV emission at
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325 nm, because the annealing process has promoted a consistent decrease of both
luminescence and IR intensities. A direct correspondence is thus allowed building
between the two physical aspects.

To the best of our knowledge, the split of IR E;, has been observed from BN
nanoparticles in a few articles. For instance, a significant split at around 1380 — 1400
cm! has been attributed to the edge oxidization of BN dots, which are produced by
potassium-assisted thermally cracking #-BN and following a reaction with
ethanol/water solution.[*®! This synthesis has been affected by the presence of carbon
contamination. Similarly, the BN dots synthesized by hydrothermal reaction of boric
acid and urea have shown the splitting vibrations at 1385 and 1439 cm™! because of
edge oxidation.!*S] High-temperature treating #-BN and ferrite particles can introduce
extensive physical defects, then a water-vapor exposure allows the saturation of -OH
groups.®”] The E;, bond of edge-hydroxylated BN dots has shown a marked shift
toward high-wavenumbers with respect to the flakes. Two fluorescent emissions have
been detected at about 320 and 450 nm from the resulting hydroxylated dots.[*"]
Coupled with these reports, our findings have excluded the carbon-doping and
phosphorus functionalization as reasons of the optical and vibrational features of the
prepared BN dots.

Herein, the infrared split at 1300 — 1600 cm™! area primarily involves the B-N E,
mode and the intrinsic hexagonal crystal structure. We presume that a characteristic
defect and the consequent local deformation of the lattice can influence the B-N in-
plane vibrational performances. The characteristic defect should be responsible for the
UV emission and associated with the saturated -OH and -H groups. DFT calculations
have reported that the pentagon—heptagon Stone—Wales (SW) defects are optically
active in the UV region with an optical transition at 4.08 eV.['"! In our case, two weaker
vibrations of B-H stretching have been observed at 2520 and 2425 cm™!, and the latter
mode decreases in intensity as the thermal process.

The detailed information of O-H and N-H bonds has been studied according to in-
situ IR data in 3800 — 2600 cm™ (see Figure 5.2.8), where the spectra can be

deconvoluted into three chemical components. The deconvoluted peaks at 3450 and
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2890 cm™! are caused by hydrogen-bonded O-H and absorbed O-H at the surface. The
heating process results in a rapid decline of the high-frequency component and a
relatively slower decrease of the one in lower wavenumbers. It also indicates that the
B-OH groups are mainly in an isolated state after treating at higher temperatures. The
middle deconvoluted band at 3180 cm™' is assigned to the N-H stretching absorption,
which shows a similar decreasing trend in intensity to B-OH deconvolution. Upon

annealing to 200 and 250 °C, minor changes are presented in the spectra.
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Figure 5.2.8 In situ FTIR spectra in the 3800 — 2600 cm™' range of the as-prepared BN dots as
function of different thermal temperatures: (a) 25, (b) 50, (c) 100, (d) 150, (e) 200, and (f)
250 °C.
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In Figure 5.2.9, TGA-DTA data have been analyzed by coupling with the in situ
FTIR spectra as a function of temperature. Two endothermic reactions have been
observed: (i) The first step from 25 to 90 °C is caused by the loss of molecular
adsorption of water in BN products, coupled with a 9.4% decline in weight; (ii) The
second one from 90 to 300 °C exhibits complicated chemical reactions with a sharp
peak at 180 °C and a wide peak at 215 °C, showing a 16.2% weight loss, which involves
a progressive condensation of B-OH and the forming N-B-O structures. Furthermore,
when the temperature is higher than 300 °C, strong oxidation can lead to the formation

of boroxyl rings structures.
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Figure 5.2.9 The relative intensity of three components of in-situ infrared spectra, accompanied
with TGA and heat flow curves, as a function of increasing temperature.

5.2.3.4. Theoretical calculations

For a better understanding of the experimental results, DFT calculations have been
applied to evaluate the impact of SW defects on the structural and optical features of a
h-BN cluster system. A simplified model is built as a hexagonal-shaped BN monolayer,
possessing a total of 180 atoms, consisting of 61 rings and edges saturated with protons.
The SW defective structure is introduced by inserting a pentagon-heptagon as cause of
a B-N couple rotation, making B-B and N-N couples keep a constant the atom sum in
the final cluster.

A neutral charge configuration has been used for the calculations of defects via the
following equation:'?*]
Eform = Epn(q) — Een + niwi + q(Evem + EF) Equ.5.2.1
where Ep(q) is the energy of charge state q in the defective cluster, Egn is the energy in
the pristine BN cluster, nj is the number of exchanged species, and i is the chemical
potential for the related reservoir. Er represents the Fermi energy and Evew refers to the
maximum energy of the valence band. With the assumption of g = 0, the equation
reduces into the difference of the formation energies between two clusters. The defect-

free cluster shows an intense absorption at 205 nm (see Figure 5.2.10a) in good

agreement with the experimental data of bulk BN.2 %671 The corresponding optimized
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structure displays the B-N bonds with a length of 1.446 A at the center and 1.419 A at
the edge, which accord well with the reported data of small clusters.

To study the effect of SW-defect on the optical absorption, a pentagon—heptagon
geometry is introduced into the core of the cluster and relaxed to the configuration with
lower energy. The calculations have been carried out with the presence of single, double,
and three defects. As seen in Figure 5.2.10a, the strong band-to-band transition shows
a red-shift to 227 nm in BN(SW), and a low-energy transition appears at 283 nm, which
is enhanced in BN(2SW) and BN(3SW). This effect can be attributed to the defect-
related deformation of structure that can bend the planar geometry of #-BN cluster (See
Figure 5.2.10b). It is worth stating that the simulated optical data is in good accordance
with the experimental results. For example, both the absorption band at around 227 nm
(Figure 5.2.6) and the excitation band of UV fluorescence (Figure 5.2.3) agree well
with the calculated band-to-band and low-energy transitions in the defective BN

systems, respectively.
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Figure 5.2.10 (a) Computed UV—Vis absorption spectra of pristine (BN) and defective 2-BN
(BN(SW)) clusters. (b) Representations of the optimized BN and BN(SW) structures. (c)
Representation of HOMO-LUMO of the computed defects. (d) Calculated IR spectra of BN
and BN(SW) clusters, and (e) the enlarged infrared region in 1100 — 1900 cm™.
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Figure 5.2.10c describes the HOMO-LUMO transition of BN(SW) along with the
corresponding molecular orbital representations, which show a strong localization of
the charge distribution around the SW defect. Figure 5.2.10d shows the calculated IR
spectra pristine BN and BN(SW), and Figure 5.2.10e enlarges the region around B-N
E1. wavenumbers. Although there are some limitations in the simulated model (e.g.
single layer, small dimension, and hydrogen saturation), the calculated infrared results
are well qualitative with respect to the experimental data. Due to the effect of SW
defects, a remarkable modulation of in-plane BN bending has been observed, which
can be assigned to the strong removal of BN planarity.

Furthermore, we have estimated the impact of the position of SW defect in the cluster.
As shown in Figure 5.2.11, the formation energy is 6.35 or 5.45 eV when the defect is
at the center (BN(SW).) or edge (BN(SW)e). It suggests that it is more favorable to
facilitate the generation of SW defects at the edge of BN nanodots. In spite of the
overestimation for vibrational frequency, the calculated optical transitions match well
with the trend observed in the experimental findings. Thus, it can corroborate the
hypothesis that the localized SW defects are the possible source of UV properties from

the as-prepared BN dots.
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Figure 5.2.11 Relaxed structure and simulated UV-Vis absorption spectra of defective #-BN
clusters as a function of SW defect position: center (BN(SW).) and edge (BN(SW).).

According to the above discussions, the synthesis process of BN dots has been
summarized in Scheme 5.2.2, as well as the effect of Bronsted acid. Firstly, the bulk /-
BN crystals can be dispersed in the concentrated acid by minutes of fast ultra-sonication.
Then the thermal treatment can promote the intercalation and interaction of H3PO4 with

the BN structure, where the heating temperature of 200 °C is close to the boiling point
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of 212 °C. Meanwhile, the resulting strong oxidation gives rise to the breaking of B-N
bonds, especially at the edge and exposed surface. The generated unsaturated bonds can
service as anchor sites for -OH groups and protons. At the end of further long-time
sonication, the BN crystal appears highly defective structure as demonstrated by the

formation of UV emission.
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Scheme 5.2.2 Schematic illustration on synthesis process of BN nanodots by Brensted acid
etching.

5.2.4. Conclusions

h-BN nanodots with highly defective structures have been fabricated via a top-down
route by oxidizing and etching their bulk counterparts in concentrated Bronsted acid.
The resulted products show a two-color emission located at the UV and visible regions,
respectively. The visible luminescence can be attributed to the hydroxyl groups and
oxidation-related defects. The emission at 325 nm shows a serious quenching after
thermal treatment in air. Meanwhile, a new sharp vibration has been detected in the
region of in-plane £, wavenumbers, which decreases in intensity and finally disappears
as a function of heating temperature up to 250 °C. Coupled with DFT theoretical
analysis, the vibrational mode can be correlated with a characteristic B-N stretching,

i.e. SW defects, as causes of the emergence of UV emission.
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Chapter 6. Conclusions

This Chapter has summarized the main conclusions in the thesis. Meanwhile, a short
perspective is shown to discuss the future development of hexagonal boron nitride (/-

BN) nanomaterials.

6.1. Summary

This Thesis has mainly been devoted to exploring the correspondence between
structure defects and optical properties of #-BN materials by synthesizing nanosheets
and nanodots. Carbon-free routes have been performed to produce BN sheets and dots,
which can avoid the interference of carbon impurities and introduce special defects. It
creates the conditions to understand the possible defect-property causalities in ~2-BN
systems.

In section of #-BN nanosheets, a kind of defective sheets can be produced via
sonication-assisted exfoliation of bulk BN in water phase, which show a blue emission
(see Figure 6.1a). When the exfoliation is carried out in N-methyl-2-pyrrolidone (NMP)
or dimethyl sulfoxide (DMSO), relatively defect-free BN sheets can be obtained
without the visible fluorescence of the former. It suggests that the blue luminescence
depends on the presence of structural defects during synthesis. The infrared vibrational
spectroscopy has allowed a good correlation between the presence of hydroxyl groups
in the sheets and temperatures of thermal treatment. Furthermore, the introduced defects
can also increase the optical absorption of #-BN sheets in the UV-Vis region, which is
also supported by theoretical calculations.

Subsequently, sol-gel and self-assembly methods are used to respectively incorporate
the defect-free and defective BN nanosheets into titania (TiO2) mesoporous films to
form heterostructures (see Figure 6.1b). Neither the bare nor defective #2-BN sheets do
not show any photocatalytic response but can promote the crystallization of TiO>

anatase phase. Significantly, the defects of 4#-BN can increase the absorbance in
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ultraviolet radiation A, consequently enhancing the photocatalysis of the heterojunction

film under 365 nm with respect to the pure TiO, mesoporous film.

PL & Abs./a.u.

Products

300 400 500
Wavelength / nm

Figure 6.1 Defective #-BNNSs synthesized via sonication-assisted exfoliation. (a) Defect-
assisted photoluminescence of 2-BNNSs, (b) BN-TiO> film heterostructure with an enhanced
photocatalysis.

In section of BN dots, both bottom-up and top-down methods have been used to
synthesize fluorescent BN dots, where a carbon-free process can allow reconsidering
the correspondence of defective structure and optical properties. In the bottom-up case,
the BN dots have been prepared with boric acid and ammonium as precursors via
hydrothermal method (see Figure 6.2a). The characterizations of structure and
composition have shown that the produced nanoparticles possess a boron-oxynitride
structure only with a limited amount of #-BN crystalline phase. Interestingly, two-color
emissions can be detected at 390 and 470 nm, respectively, which are corrected to
network or BOx™ defects in the oxynitride structure.

Generally, bottom-up routes cannot allow producing pure BN dots with a good #-BN
phase. Therefore, in the top-down case, bulk #-BN can be cut into nanosized dots
through edge etching in phosphoric acid by the combination of sonication and thermal
treatments, consequently creating defective BN nanodots (Figure 6.2b). Significantly,

the synthesized #-BN dots not only show general blue fluorescence but also a new
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emission in UV region that is correlated to a characteristic infrared-active vibration.
Structural and optical characterizations have shown the correspondence of the visible
emission and the hydroxyl covalent functionalization in the produced 4-BN structure.
Meanwhile, quantum chemistry calculations have been used to evaluate Stones-Wales
defects as possible causes of the UV emission and the corresponding vibrational

properties.
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Figure 6.2 BN dots synthesized via (a) bottom-up and (b) top-down routes, respectively.

6.2. Outlook

The past decades have witnessed the great efforts of the scientific community made
for BN-related materials. However, there are still many challenges to address and basic
studies to exploit.

An important issue is related to the manufacturing process of #-BN, for example,
reproducibility and controllability. The current techniques can still not allow producing
h-BN sheets with a precisely controlled layer number. In general, the thickness and

dimension are determined according to the corresponding average values. It means that
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the applications, where strict control of structure and property is not required, will be
more feasible.

Many current scattered studies have been mainly devoted to improving application
behaviors, where the internal sciences are usually far from reaching. One suggestion is
that more theoretical and experimental works should focus on the mechanism through
which the defects contribute to the functional properties. On the contrary, some cases
strongly require high-quality 4#-BN layers because a defect-free structure allows
optimizing their thermal conductivity and electrical insulation.

A significant direction is to develop advanced technologies which enable designing
property-tailored 4#-BN systems. In almost all fields of material science, feasible routes

are necessary to translate the findings in laboratories into engineering in industries.
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Supplementary Notes

Note I: Evaluation of band gap
The bandgap, E,, value can be evaluated by Tauc equation:
(ahv)'=A(hv - Eg)
where hv is the photon energy, a energy the absorption coefficient (can be calculated
from UV-Vis absorption spectra), 4 the absorption edge width parameter, £, the band
gap, and the exponent » depends on the type of optical transition in the gap region (n
equals 2 for a direct transition). E, could be obtained by extrapolating the linear region

of plots of (ahv)? versus energy (hv).

Note I1: Evaluation of crystallite size

The crystallite size can be estimated by Scherrer equation:
L = KAV/pcost
according to XRD patterns, where L is crystallite size to calculate, K is the Scherrer
constant (here 0.89 for the integral breadth), 4 is the X-ray wavelength in nm (0.154 nm
in this thesis), f is the full-width at half-maximum (FWHM) of the diffraction peak in

radian, and @ is the corresponding diffraction angle.

Note I11I: Evaluation of residual H;BO3 in BONDs

100+

90+

804

704
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60+

100 200 300 400 500
Temperature / °C

Figure 5.1.4

In Figure 5.1.4, the coordinates (x, y) for points A and B in BONDs line are (160,

86.58) and (194, 84.49), where x and y represent the value temperature (°C) and weight
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(%). Meanwhile, the coordinates (X, y) for points A’ and B’ in of H3BOs are (160, 64.65)
and (194, 26.35).
From 160 to 194 °C, the weight loss for H3BOs is caused by B-OH condensation.

Therefore, we can calculate the residual H3;BO3; in BONDs in the following equation:

64.65-26.35  86.58-84.49
100% X

and the calculated result of x is 5.5%. It means that the maximum residue of H3BOs in

BONDs is ~5.5%.
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2D

a-
AFM
ATR
BN
BOND

CL
CVD
DFT
DLS
DMF
DMSO
EDS
EELS
EG
FFT
FTIR
FWHM

HOMO
HR

IR
LDA
LO
LUMO
MTES

two-dimensional

amorphous

atomic force microscopy

attenuated total reflection

boron nitride
boron-oxygen-nitrogen-hydrogen dot
cubic

cathodoluminescence

chemical vapor deposition

density functional theory

dynamic light scattering
dimethylformamide

dimethyl sulfoxide

energy dispersive spectroscopy
electron energy loss spectroscopy
ethylene glycol

fast Fourier transform
Fourier-transform infrared spectroscopy
full width at half-maximum
hexagonal

highest occupied molecular orbital
high-resolution

infrared

local density approximation
longitudinal optic

lowest unoccupied molecular orbital

methyltriethoxysilane
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NMP
MOCVD
NLO
NR

NS

NT

PL

QD

QY

-

SAED
SEM
SERS
SW

TD
TEM
TEOS
TGA
TO
TR

UV-Vis

XRD
XPS
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N-methyl-2-pyrrolidone
metal-organic chemical vapor deposition
nonlinear optical

nanoribbon

nanosheet

nanotube

photoluminescence

quantum dot

quantum yield

rhombohedral

selected area electron diffraction
scanning electron microscopy
surface-enhanced Raman scattering
Stone—Wales

turbostratic

time-dependent

transmission electron microscopy
tetraethoxysilane

thermal gravimetric analysis
transverse optical

time-resolved

wurtzite

ultraviolet-visible

X-ray diffraction

X-ray photoelectron spectroscopy
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