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Abstract

h-BN nanosheet (denoted as h-BNNS) is a layer-structured material that has many
outstanding properties, such as high thermal and mechanical performance, superb chemical
and thermal stability, excellent lubricity, and strong insulating properties. These remarkable
properties enable h-BNNS to be utilized in various applications, such as multi-function
composites, military and electronic coatings, and biological materials. In this thesis, | have
completed two projects on the synthesis of h-BNNS and its use in different applications.

In the first part of the work, upon flowing hot water steam over hexagonal boron nitride (h-
BN) bulk powder, efficient exfoliation and hydroxylation of h-BN occur simultaneously. This
method features high yield, high purity, low cost, and excellent scalability. For the first time,
it has been confirmed that the hydroxyl groups are predominantly along the edges of the BN
nanosheets via electron energy loss spectroscopy (EELS) mapping, in contrast to graphene
oxide, where functionalization occurs both along the edges and on the basal planes. Although
h-BN is known to be very inert and hard to functionalize, which severely limits its
application, the hydroxyl (OH) groups can interact with various types of inorganic and
organic matter via hydrogen bonding, and thus can help to explore the intrinsic properties of
h-BNNS when dispersed in a foreign medium. The excellent dispersibility of OH-BNNS in
water and alcohol enables a homogeneous distribution of the nanosheets in poly(N-
isopropylacrylamide) (PNIPAM) hydrogel, which shows a 44% thermal enhancement
compared with the pure hydrogel. Additionally, as one of the most commonly used
temperature sensitive hydrogels, with applications ranging from drug delivery to various
types of smart systems, PNIPAM hydrogel, upon mixing with OH-BNNS, shows dramatic

improvement in two key aspects: dimensional change and dye desorption upon heating. h-



BNNS is nontoxic and chemically inert, and therefore, this finding could be highly valuable
for bionic and soft robotic applications of PNIPAM hydrogel.

In the second part of the work, a bottom-up synthesis of h-BNNS with controllable thickness
has been developed by using MgB: as a dynamic template, which naturally has layers of
boron atoms sandwiched by magnesium atoms. This method enables the growth of
predominantly bi-layered h-BNNS, which gives it an advantage over the commonly used
exfoliation, which results in a wide distribution of layer numbers, and is being extended to
the synthesis of other few-layered compounds based on existing layered atomic sheets in the
starting materials. The layered structure of MgB: is also conducive to the controllable
formation of micropores and mesopores, which are directly affected by the evaporation and
decomposition of the Mg-based intermediates that are sandwiched by the h-BN sheets during
the synthesis. For the first time, it has been experimentally demonstrated that boron rich h-
BNNS can deliver great CO2/N> adsorption selectivity, high CO2 adsorption capacity, and a
surprisingly large heat of adsorption for high CO2 coverage. The strong interaction between
CO2 and h-BNNS s related to the boron active sites, which can be effectively controlled.
This method offers a practical way to improve the CO; adsorption capacity of h-BNNS.
These studies demonstrate the importance of developing novel methods for synthesis and
functionalization, based on which the intrinsic properties of h-BNNS can be effectively

explored.
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Chapter 1 Introduction

Two-dimensional (2D) materials are crystalline materials with layer structures. Graphene was
the first 2D material to be discovered, which happened in 2004. There are still 500 2D
materials remaining to be found.[1] Graphene has many extraordinary properties, including
excellent mechanical performance, remarkable thermal and electrical conductivity, and high
thermal and chemical stability, which enable it to be widely applied in various fields, such as
biological engineering, electronics, filtration, super lightweight/strong composite materials,
photovoltaics and energy storage.[2] Recent research predicts that the graphene market will

reach nearly $200 million by 2026.[3]

Inspired by graphene, one other 2D material, hexagonal boron nitride nanosheets (h-BNNS),
has been widely explored. h-BNNS is in an unique position since it is an isoelectric analogue
to graphene and shares similar structural features and many physical properties, except that it
has a wide band gap. Moreover, h-BNNS has better thermal stability than graphene.
Therefore, these unique advantageous properties promote its usage in various applications,[4-
7] such as in the automotive industry, equipment and machinery, electronics, metallurgy,
medicine, etc. It has been predicted that the worldwide market for h-BNNS is projected to
reach 7.6 thousand tons by 2020, driven by expanding applications in sectors such as
ceramics, industrial tools, refractory coatings, and electronic devices.[8] This massive
demand has also benefited from the development of large-scale production routes and the

emergence of new technologies.



In this thesis, two different facile routes are reported for the synthesis of edge-hydroxylated
h-BN nanosheets (OH-BNNS) and porous h-BN nanosheets. These two types of h-BN enable

them to be used as additives in composite fabrication and CO; adsorption, respectively.

OH-BNNS was obtained through the exfoliation and functionalization of bulk h-BN by water
steam. The —OH groups are distributed along the edge of the OH-BNNS, which has been
confirmed by electron energy loss spectroscopy (EELS) and Raman mapping. It has been
found that the edge-functionalized OH-BNNS is especially beneficial for improving the
thermal performance of hydrogel composite, due to the superb thermal properties of h-BNNS
along the (002) orientation, where non-functional groups are on the surface of the OH-BNNS.
The thermal conductivity of the OH-BNNS/ poly(N-isopropylacrylamide) (PNIPAM)
hydrogel has been improved by almost 44% compared to the neat PNIPAM hydrogel. It was
also observed that OH-BNNS/PNIPAM hydrogel shows faster dimensional change and dye
release. In addition, h-BN is non-toxic. Consequently, the OH-BNNS/PNIPAM hydrogel

composite is highly promising for application in drug delivery in the future.

Hierarchical porous h-BNNS has been synthesized by using MgB: as a dynamic template,
NH4Cl as an etchant, and NHs as a nitrogen source. The resultant h-BNNS, synthesized at
lower temperature, is highly porous, with majority of nanosheets being bilayer thick. The
porous structure is ascribed to gas release during the reaction; the massive bilayers are
associated with the magnesium-based by-product that exists as a separate layer, protecting the
h-BNNS from coalescence. Additionally, h-BNNS is chemically and thermally stable. The

featured h-BNNS is thus promising for CO, adsorption in various harsh environments.



According to the analysis, the resultant h-BNNS has a significantly improved surface area

compared to that of the bulk h-BN and exhibits a high adsorption of CO».

This thesis starts with a comprehensive literature review (Chapter 2), followed by an
introduction to the experiments (Chapter 3), then a description of the two projects (Chapters

4-5). It finishes with the conclusions and outlook (Chapter 6).
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Chapter 2 Literature review

2.1 Brief of h-BN

BN exists in various allotropes. The most common and stable polymorph is h-BN, analogous
to graphite featuring a lamellar structure and inherently slippery and soft property, and is
therefore widely used as a lubricant and filler to cosmetic products. The sp?-bonded layered
configuration can be found in rhombohedral boron nitride (r-BN), which is in ABC stacking
rather than in AB stacking in h-BN. Similar to the graphite and diamond, consisting of sp?
conjugated carbon layers and a sp® conjugated carbon atom lattice, respectively, h-BN and

cubic BN (c-BN) are corresponding isoelectric BN allotropes.

BN does not exist in nature and is thereby a synthetic compound from elemental B, boric acid
(H3BO3) or boron oxide (B.O3) reacting with various nitrogen sources, such as N gas,
ammonia gas (NHz), urea (CO(NH>)2) and melamine (CsHsNe) at high temperatures over
1200 <C. BN was firstly synthesized from the reaction between molten HzBO3 and potassium
cyanide (KCN) under atmospheric pressure by Balmain in 1842,[1, 2] However, it took over
100 years to enable BN powders and hot-pressed shapes to be stabilized. Subsequently, with
a great effort on modern processing technology, BN has become a practical material with

various forms applied in a wide range of fields.

Inspired by identification of carbon nanotubes (CNTs) in 1991,[3] pure BN nanotubes
(BNNTS) were successfully synthesized in 1995.[4] Other 1D BN nanomaterials such as
nanowires, nanorods and nanofibers were subsequently reported 10 years later.[5-7]

Following the discovery of the Ceo soccer ball,[8] in addition, OD octahedral BN fullerene



were synthesized by Stephan and Golberg respectively in 1998, which were cage-like and
rectangle-like rather than the quasispherical carbon fullerene morphology.[9, 10] In 2004, a
discovery of graphene’s amazing physical properties aroused the researchers’ curiosity on 2D
materials.[11] One of the most widely studied 2D counterparts is h-BN nanosheets (BNNSsS),
the synthesis of which was initially reported just a few months later. Afterwards, Novoselov
extended the mechanical cleavage approach employed on graphene and obtained free-
standing 2D h-BN flakes by peeling the BN crystals.[12]. Although BNNS has been
considered as an insulator, BN nanoribbons (BNNRs), which are the BNNSs with varied
length but small widths, were initially prepared in hollow morphology [13] and were
proposed to be half metal in zigzag BNNRs (ZBNNRs) when the B edge of ZBNNS is

passivated.[14] Models of OD, 1D and 2D BN nanostructures are shown below in Figure 2.1.

Nanosheet Nanoribbon Nanotube
Colololelolololetetyt
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9N, :
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Figure 2.1. Models of 2D, 1D and OD BN nanostructures.[15]

2.2 Structure

Analogous to graphite, h-BN has a honeycomb structure but with alternating B and N atoms
linked by sp? hybridized orbits. The interlayers of h-BN are held by van der Waals forces.
The B-N bonds with ionic features are 0.144 nm (0.142 nm in Graphene) in length and the

distance between the centres of neighbouring hexagonal rings is 0.25 nm (0.246 nm in
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graphene). To satisfy the electrostatic or polar-polar interactions (referred to as “lip-lip”
interactions in individual BNNS layers), BN shows AA’ stacking, in which the adjacent
hexagon rings are superposed with B and N atoms alternatively located along the c axis,
whereas graphite shows AB stacking, in which each layer is shifted by half a hexagon with C
atoms always sitting in the centre of the hexagons. This AA” structure of h-BN contributes to
a stronger interlayer interaction than in graphene, resulting in poorer exfoliation or
functionalization when compared to graphene. Although the AA’ stacking is intrinsic to the
bulk h-BN, the top and bottom layer of the layered structure may also slide forming AB
stacking structure.[16-19] According to the van der Waals corrected density functional
theory (DFT) computations, a nearly free-sliding pathway from AA’ stacking to AB stacking

has been identified but a band gap modulation of ~0.6 eV is predicted to occur.[18]

B-N bond is more energetically favourable than B-B or N-N bonds based on the ab initio
molecular dynamics calculations. The computed energy cost of the anti-site defect, where two
adjacent B and N atoms are replaced by two B-B bonds and N-N bonds, increases from 5.5
eV to 7.1 eV after atomic relaxation.[20] Compared to graphitic C-C bonds, B-N bonds show
a combined interaction both ionic and covalent bonding associated with the disparity in
electronegativity between B and N atoms.[21] This can also result in “lip-lip” interactions
among layers, which facilitates stabilizing the growth of open-ended BNNTSs through the
forming of bridges between consecutive shells to evolve into a metastable energy minimum,

similar to the growth of carbon nanotubes (CNTS). [20, 22, 23]

There are many methods to identify the layer number of a BNNS, in which transmission

electron microscopy (TEM) is the most straightforward technique. Since those nanosheets are



extremely thin and tend to be crumpled on the sheets plane or folded on the edges, the layer
number thus can be directly observed at the crumpled and folded areas under the high
resolution TEM (HR-TEM) imaging. Figure 2.2a shows a thin BNNS prepared by chemical
exfoliation. Obviously, there are many curled sheets, which are associated with the thin
BNNS. Figure 2.2b shows BNNSs at high magnification, where it is easy to determine the
layer number of BNNSs (bilayered and four-layered BNNSs, respectively). The thickness of
the h-BNNS can be calculated based on the d-spacing of BNNS (0.33 nm for the h-BN).
However, d-spacing can be altered depending on its crystalline extent and functional groups
grafted. [24-29] Alternatively, atomic force microscope (AFM) is a straight way to determine
the thickness of BNNS. It is more suitable for measuring those samples with a relatively
thicker thickness (>20 layers) than TEM, under which it’s difficult to count the layer number.
Non-contact mode is always employed where the cantilever is oscillating at or just above its
natural resonance frequency over the sample surface with the amplitude of oscillation about a
few picometers up to a few nanometers. The measured height of monolayer is prone to be
higher than in theory on account of the trapped solvent deriving from the transferring or
dispersing process which is inevitable so far.[28-35] Other impurities and functional groups
on h-BNNS surfaces are possible to further increase the height value. Therefore, AFM is a
complementary approach for the thickness measurement. Optical microscope has also been
used in determining the layer number of BNNS, intrigued by the utilization in large-area thin
graphene.[36] Even with the interference enhancement from the coated silicon film, BNNS
exhibits very low optical contrast since the absorbing wavelength is beyond visible region
(band gap larger than 5 eV). In spite of this, BNNS was optically identified on a silicon wafer
coated ~ 90 nm silica layer and its optical contrast was improved from less than 1.5%, which
is indiscernible, to 2.5% (~3% with a green filter), which is comparable to that for graphene

on transparent substrate in light-transmission mode (Figure 2.2d).[37] This method is



however very sensitive to any contaminant or a thin layer of water, which can notably
interfere the optical contrast due to the weak contrast. The layer number of graphene can be
determined by the G band Raman peak (~2650 cm™).[38] Similarly, Raman spectroscopy has
been employed for the determination of the layer number of BNNS as well. It’s been
suggested that the E»q band (around 1366 cm™ for the bulk h-BN) would shift along with the
reduced thickness. It’s reasoned that the elongation of B-N bond in bulk h-BN associated
with the interlayer interaction results in a softening of the phonon while in the case of the
few-layered BNNS, the weaker interlayer interactions contribute to a shortening of the B-N
bond. [37, 39] Specifically, E2g band is usually blue shifted in monolayers and red shifted in
few-layers relative to its position in bulk h-BN (Figure 2.2e). With respect to the full width of
half maximum (FWHM), a substantial decrease would occur for few-layered BNNS ascribed
to the decrease in the superposition of multiple Exg peaks in these more homogenously

distributed BNNS with smaller sheet size and thinner sheet thickness.



white light

1300 132 1350
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Figure 2.2. (a) a low-magnification TEM image of a chemically synthesized h-BNNS with
crumpled and folded features.[28] (b) a high-magnification TEM image of few-layered h-
BNNS showing lattice fringes.[29] (c) an optical image of a mechanically exfoliated BNNS
on a 90 nm SiO>/Si wafer under white light.[37] (d) Raman spectra of monolayer, bilayer,
trilayer and bulk h-BN (inset left showing the changes in integrated intensity of I+ dependent
on the number of layers N and inset right illustrating the phonon mode responsible for the

Raman peak).[37]

Layered materials have interesting applications due to their highly anisotropic properties.[32]
The increasing focus has been witnessed since the mechanically exfoliated and chemically

synthesized single- and few-layered graphene was found,[11, 41] which exhibits a wide
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variety of unusual physical properties.[42-45] h-BNNS is an insulator with a graphite-like
structure and therefore is called “white graphene”. In spite of the great similarity in structure
between h-BNNS and graphene, their electronic properties are disparate; as h-BN is an
insulator with a wide band gap of approximately 5.9eV, while graphite is a semimetal.[46] h-
BN films have a variety of attractive properties, such as excellent mechanical strength, a large
thermal conductivity, high hardness, high-effective corrosion resistance and distinguished
chemical stability at high temperature to 1000 °C in air, much higher than that of graphene
with the corresponding temperature only 400 °C, leading to numbers of promising

applications.[46-50]

2.3 Defects

BN is one of the most attractive materials technologically. Theoretically, BN with perfect
atomic lattice exhibits remarkable mechanical and thermal properties. In reality, the
imperfection of the materials production processes results in inevitable structural defects.

Such lattice defects have a dramatic influence on the performance of BN-based composites.

Stone-Wales (SW) defect is considered as a point defect, which alters the connectivity of two
n-bonded C atoms and contributes to their rotation by 90 “based on the midpoint of their
bond (Figure 2.3).[51] The reaction finally leads to two separate rings that have vertices
bonded to each other rather than two rings sharing an edge. This structural imperfection is
common in sp? bonded carbon allotropes, such as graphene where hexagonal rings are
converted into pentagons and heptagons when the C-C bonds rotate by 90< The formation of
the SW defects retains the same number of atoms as original graphene without dangling

bonds generated. Its high formation barrier (10 eV) results in the negligible equilibrium
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concentration at experimental temperatures below 1000 <C, but the defect can be generated
under non-equilibrium conditions (e.g., under irradiation or quenching) associated with the
reverse transformation barrier (5 eV).[52] Similarly, SW exists in BN nanomaterials. First-
principles computations on zigzag and armchair BN nanoribbons (zBNNR and aBNNR)
suggests that the formation of SW defects are mainly influenced by their geometric structure
in BNNR and SW defects dramatically decrease the band gaps regardless of BNNR
orientations. Since there are two kinds of B-N bonds in zZBNNR and aBNNR, which are
parallel and perpendicular to the axis, two types of SW defects are possible in zZBNNR and
aBNNR (denoted as SW-1 and SW-2). The new B-B and N-N bands are shorter for SW-1 in

zBNNR but longer for SW-1 in aBNNR compared to that for SW-2 in both of cases.

Consequently, it leads to the structural deformation where the B and N atoms are slightly
outward from the plane. This structural deformation is reflected by the pyramidalization
angle (®p = 0, - 909 which is adopted to determine the extent of sp* hybridization of an
atom (057 is the angle formed by ¢ and 7t bonds). It’s been computed that the formation
energies of SW defects rise with increasing widths of BNNRs. Moreover, the formation of
the SW defects drastically decreases the energy bandgap of defective BNNRs, albeit they still
maintain large-band-gap semiconductor behaviour. Additionally, the SW defects sites are
more reactive than sites in the centre of defect-free BNNR. In particular, the newly created B-
B and N-N bonds become the most reactive in SW defects ascribed to their energetically

unfavourable feature.[53]
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Figure 2.3. Two types of the B-N bonds in zBNNR and aBNNR, and their SW-1 and SW-2

defects respectively.[53]

The size of the grains and the atomic structure of their grain boundaries (GBs) tend to

drastically influence the properties of polycrystalline materials. These impacts are especially

prominent in two-dimensional materials, where even a line defect can divide and disrupt a

crystal. Compared to the homoelemental graphene, heteroelemental h-BN exhibits more

complexity. In graphene, elastic strain primarily determines the energy of dislocation,

therefore the core of dislocations is constituted of pentagon-heptagon pairs (5/7s) on account

of the lower strain energy than other polygon pairs, such as square-octagon pairs (4/8s)

(Figure 2.4). In the contrast, the energy of dislocation in BN is comprised of both topological

strain and possible homoelemental bonding, which is weaker than heteroelemental bonding in

a perfect lattice. The first-principles calculation suggested that 5/7s necessitate lower strain

energy, but they unavoidably introduce homoelemental bonding (B-B or N-N). Nevertheless,

4/8s are free of the homoelemental bonding while it’s subjected to the higher strain energy.

Interestingly, based on the structures of dislocations, it’s been found that grain boundaries
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can accommodate either polar (B-rich or N-rich), composed by 5/7s, or unipolar, constituted
of 4/8s on varied tilt angle of grains. The polar grain boundaries tend to carry net charges
brought by extra atoms, positive at B-rich and negative at N-rich ones, resulting in a change
in band gap by as much as 38% while grain boundaries in graphene are prone to restraining
the electronic transport.[54] Experimentally, both 5/7 defect and 4/8 were observed under
high resolution TEM (HRTEM) with a ~22<angle deviation of their grain boundaries.[55]
Recent theoretical calculations have predicted that introduction of curvature in the sheet
favours the defects formation attributed to the decrease in formation energy.[54] This has
been seen in Figure 2.5 that the warped structure is dynamic and eventually flattens,
converting into in-plane strain in the unit cells to lower the energy. Within a period of 16 s
under e-beam irradiation at 80 kV, the boundary relaxed from the highly strained wrinkle to
the planar structure. However, the grain boundaries itself are robust, though with vacancies,

defects and wrinkles with high local strain exist along them. [55]

Figure 2.4. Grain boundaries (a) polar, constituted of 5/7s (N-rich); (b) polar, constituted of

5/7s (B-rich); (c) nonpolar, constituted of 4/8s.[54]
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Figure 2.5. HRTEM time series images of a grain boundary in a h-BN film. (A) Out-of-plane
strain and warping are visible in the lower right corner. (B) After 2 s the wrinkle remains but
the local structure of the 5/7s has changed. (C) After 4 s the wrinkle has changed curvature.
(D) After 8 s wrinkle is almost flattened. (E) After 14 s a strained nanograin formed. (F) The

dynamic transition is in equilibrium.[55]

Lattice defects has also been identified by directly imaging and even distinguishing

individual boron and nitrogen atoms under HRTEM and many triangle-shaped vacancies with
discrete sizes have been observed ascribed to the knockon effect of the incident electron
beam (Figure 2.6).[56] Note that all the triangles are in the same orientation, which indicate
that monovacancy of boron (Vg) and monovacancy of nitrogen (Vn) will not coexist as two
types of vacancies exhibit opposite orientations. Theoretically, boron has a lower knockon

energy (about 74 kV) than that of nitrogen (about 84 kV),[57] therefore, it’s prone to forming

15



boron vacancies rather than forming nitrogen vacancies under high energy charged electrons.
Consequently, Vn are not observed under HRTEM, but instead Vg, V3g+n and Veg+an, etc. are
found.[58] However, one group found that only one element forms a monovacnacy under 120
kV, which is voltage of atoms to be knocked out. Therefore, there might be other mechanism
except the pure knockon damage, such as an immediate replacement of the ejected atom by
mobile atoms nearby.[59] Additionally, the layer distance with a missing boron atom is found
to be substantially enlarged, indicating that dangling bonds for each N atom might be
repulsive to each other. Such a relaxation also results in restraining to form a pentagon and
stabilization of the Vg. It’s emphasized that no stable divacancy (Ven) has been observed in
order to compensate the charge because Ven would immediately transform to the Vag+n due

to the further removal of doubly coordinated boron atoms.[56]

Although defects tend to degrade the intrinsic thermal and mechanical properties, deviation
from the perfection can be useful in some applications. The band gap can be altered with the
defects.[60] It’s been calculated that B antisites (N site occupied by B instead) have strong
adsorption of CO- gas.[61] Different functional groups have been grafted on BNNS, which

can offer a better dispersibility and even give rise to magnetic property.[35, 62]
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Figure 2.6. Point defects in h-BN monolayer. (a) A typical HRTEM image showing the
lattice defects in h-BN with same orientation but various sizes. (b) Models for atomic defects

in h-BN. Vg and Vn stand for boron and nitrogen monovacancy respectively.[56]

2.4 Preparation of h-BNNS

A great effort has been devoted to preparing the BNNS and those methods show respective

advantages in relation to different applications.
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2.4.1 Mechanical exfoliation

2.4.1.1 Scotch tape cleavage

Mechanical exfoliation has been considered as the best and most simple way to prepare high-
quality 2D materials.[11, 12] Novoselov et al, who tried to obtain single sheets of other
layered materials like NbSez and MoSz, Bi>Sr.CaCuOx by micromechanical cleavage,
commented on the possibility of obtaining similar results on layered boron nitride sheets.[12]
Pacile et al isolated BN nanosheets (BNNS) using adhesive tape to peel off BN layers from
powdered h-BN and press onto a targeted substrate. Through repeating the peeling-pressing
process, BNNS would be exfoliated down to a monolayer level. Although large-scaled h-BN
sheets with an average crystal size of about 10 pum had been obtained, those sheets were
uneven with the thinnest region of about 3.5 nm but the thickest region of roughly 80 nm
(Figure 2.7).[63] Few-layered BNNS prepared this way has shown interesting properties.[37,
56, 58, 59, 64-67] However, this method is less effective and the lateral size of BNNS is

limited by the lateral size of commercial h-BN powder.

100nm —
80 —

60
40 —
20

Height

Figure 2.7. a) AFM topography image of exfoliated BNNS under tapping mode. b) The

dashed line indicates the position of the line profile. The thinnest area is 3.5 nm. ¢c) TEM

18



image of exfoliated h-BNNS in low magnification. (d) Zoom-in image highlighted by the red

arrow in c.[63]

2.4.1.2 Ball milling

Scotch tape method is perhaps the least productive and can only satisfy the requirement in
laboratories. In order to increase scalability, other methods used similar shear forces have
been employed.[68-70] Ball-milling approach is one of the most common mechanical
cleavage. A considerable size refinement was achieved at the initial hours (t<3 h) of milling
with the lateral size of particles decrease from 394-607 nm to 90-214.[71, 72] Additionally,
the high-energy ball milling may lead to the chemical activation of h-BN which is
intrinsically chemical inert. The amorphous part of activated BN can be easily hydroxylated

even at room temperature.[73, 74]

A low-energy ball milling with gentle shear forces introduced by rolling actions of the
planetary mill was also applied for the mechanical cleavage of h-BN. The milling energy is
controllable by adjusting ball sizes and rotating speed. During the milling process, h-BN
powder was under the protection from the benzyl benzoate which could diminish the ball
impacts and milling contamination associated with its high viscosity. Furthermore, compared
to other solvent, i.e. water, ethanol and acetone, benzyl benzoate has a similar surface energy
to h-BN, which largely prevents the newly isolated BNNS from agglomerating and facilitates
dispersion. A 67% production yield of few-layered BNNS was achieved and the in-plane
structure of the BNNS still remained.[68] A scalable ball milling has been proposed by
mixing h-BN powder with sodium hydroxide in aqueous solution via a synergetic effect of

chemical peeling and mechanical shear forces (Figure 2.8). With the assistant of aqueous
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NaOH solution, which is capable of reducing the shear forces and cutting the h-BN sheets
attributed to the reaction between h-BN and the hydroxyl ions, leading to minor damage to
the in-plane structure of the hydroxyl-functionalized BN nanaplatelets (OH-BNNPs).
Moreover, the concentrated NaOH solution enables a mild cutting reaction than molten
hydroxide, resulting in relative large flakes with an average size of 1.5 pm. The resultant OH-
BNNPs products are able to be redispersed in various solvents and form stable

dispersions.[75]

Vﬁhearforce C¢ Hydroxyl-Functionalized

Figure 2.8. Schematic illustration and corresponding SEM images of h-BN. (a,d) Cutting of
large h-BN sheets via the reaction between h-BN and the hydroxyl ions. (b,e) Thin curled
sheets peeled off from the surface of an h-BN particle by the shear forces. (c,f) Exfoliated

OH-BNNPs.[75]

2.4.1.3 Fluid shearing
Vortex fluid exfoliation is a novel and effective way to prepare the BNNS. h-BN powder was

dispersed in NMP, which serves as a stabilising surfactant to enhance the dispersion and to
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avoid agglomerating. The exfoliation processes occurred in a vortex fluidic device in which a
rapidly rotating 10 mm glass tube inclined at 45 °(Figure 2.9a). The shearing in the film
derives from the interplay between centrifugal and gravitational forces. The fluid formed a
thin steam which is in parabolic shape and approximates to a thin film along the tube at high
speeds. The thin steam gives rise to a shear force to partially lift the layers, and then the layer
slippage and exfoliation ensue. A noticeable increase in the yield of exfoliation was observed
when the tube inclined at 45<and the highest yield achieved with the rotation speed of 8000
rpm at this inclination angle. It’s proposed that this method may be applicable for the

cleavage of other two dimensional materials in a controlled condition.[69]

With the similar mechanism, high pressure microfluidization process is an alternative but
sophisticated method, enabling large-scale production of few-layered BNNS by shear fluid.
The working principle shown in Figure 2.9b is that the dispersion (DMF and chloroform as
the solvents) enters the system through the inlet reservoir and an intensifier pump generates
extremely high pressures to accelerate the product into the interaction chamber at velocities
up to 400 m/s. The dispersion stream separates into micro channels of various geometries as
narrow as the cross section of a human hair within the wide chamber. The dispersion stream
is then forced to collide upon itself, which generates huge forces of impact and shear with
several orders of magnitude higher than other technologies, e.g. homogenizator, sonicator and
high-shear mechanical stirrer. Finally, the resultant product is cooled and collected in the
output reservoir. This approach is highly efficient, completing one circulation in 0.6 min for

100 ml solution with a yield of 45%.[70]
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Figure 2.9. a) Schematic diagram of vortex fluid exfoliation of h-BN. b) Working principle

of a microfluidizer processor.[69,70]

2.4.1.4 Blender shearing

To progress from the laboratory to the commercial applications, developing large-scale
production methods for BNNS is necessary. Blender shearing technique is a practical scaling
up exfoliation which can offer large quantities of defect-free BNNS (Figure 2.10). The
mechanism of this process is that layered materials are exfoliated by high-shear laminar flow
rather than the localized, turbulent, highly dissipative flow. Four main processing parameters,
mixing time (t), mixing speed, (N), mixing volume (V) and rotor diameter (D), have been

optimized. The maximum lab-scale production rate can reach 0.4 mg/s.[76, 77]
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Figure 2.10. A and B) Photographs of the kitchen blender and its blade. C) Exfoliated

dispersions of MoSz, BN and WS,.[77]

2.4.2 Sonication-based exfoliation

Essentially, sonication-assisted exfoliation is a way to cleave BNNS through ultrasonication
energy in varied polar solvents, which are supposed to have the similar surface energy to that
of h-BN. Few-layered and even mono-layered BNNSs have been isolated from the h-BN

powder. This approach is facile without any sophisticated facilities and is scalable.

2.4.2.1 Exfoliation in organic solvents

According to the previous work of Hernandez et al [31] and Zhi et al[47], DMF (surface
energy 37.1 mJ/m2) exhibits polar-polar interaction with the h-BN surface to effectively peel
BN particles away since its surface energy could overcome the van der waals forces between
BN layers. The majority of BNNSs isolated are less than 7 nm with 52 BNNSs in a total of 73
nanosheets observed. Besides, those resultant BNNSs could be dispersed well in many

solvents, such as chloroform with 0.3 mg/mL, DMF with 0.7 mg/mL. Resultant dispersions
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were attractive since it is free of foreign materials rather than the solvent molecules compared
to another route using Lewis bases like amine molecules, which complexes with boron atoms
on h-BN surface.[78] Though they suggested that the surfaces are in an altered chemical
status deriving from the somewhat interaction between h-BN and solvents, compared to the
pristine h-BN, it was difficult to accurately determine the surface functional groups by means
of Fourier transform infrared spectroscopy (FTIR), associated to the weak signal intensities

and overlapped peaks reflecting the —OH, -NH, and —BN bonds.[47]

To build up a feasible methodology to efficiently screen the appropriate solvents, many other
solvents have been tried and surface energy was the first parameter to be considered.[31, 79]
However, exfoliation ability of solvents with similar surface tension diverges drastically.[31]
Therefore, Hildebrand solubility parameter was further employed.[80] Nevertheless, the same
issue occurs that many solvents with similar Hildebrand solubility parameter show the quite
disparity of exfoliation abilities since the Hildebrand solubility parameters were only suitable
for nonpolar systems.[32, 81] To more precisely explore the nature of the exfoliation process,
Coleman et al applied Hansen solubility parameter, which denotes successful solvents to be
those with dispersive, polar, and H-bonding components of the cohesive energy density
within certain well-defined ranges. It’s been demonstrated that layered compounds such as
MoS;, WSz, MoSez, MoTez, TaSez, NbSez, NiTez, BN, and BizTes can be efficiently
dispersed in varied solvents. Those layered materials are most effectively dispersed in
solvents with specific surface tensions (close to 40 mJ/m? in all cases). This conclusion sheds

light on how to search for new solvents and develop solvent blends.[32, 79]
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From a different aspect, Shen et al claimed that Hansen parameters are still not accurate for
predicting good solvents in that Hansen parameter is mainly applicable for solutes such as
polymers. In order to efficiently predict the exfoliation abilities of solvent, surface tension
components were directly probed and matched to predict solvents with effective liquid phase
exfoliation capability for a range of 2D materials, e.g. h-BN, graphene, WS, MoS>, MoSey,
Bi>Ses, TaSz, and SnS».[82, 83] It’s been proposed that exfoliation efficiency is improved
when the ratios of the surface tension components of the targeted solvent is close to that of
the 2D materials in question, for example, 1:1 IPA/water for graphene, WS,, h-BN and
MoSe;; 1:4 IPA/water for Bi>Ses, and SnS»; 7:3 IPA/water for MoS,, acetonitrile for TaS;

(Figure 2.11).

Compared to other organic solvents, ionic liquids (ILs) feature unique properties such as
nonvolatility, versatile solubility, and high thermal stability. Owing to those unique
properties and closely matched surface energy, it’s been used to effectively exfoliate
graphite.[84] Alternatively, ILs are also expected to be an efficient exfoliation media for h-
BN associated to their surface energies similar to those of h-BN. Additionally, interaction
may occur between ILs and h-BN surface, which facilitates the exfoliation. This approach
can reach a high yield of 50% and a high concentration around 1.9 mg/mL with a layer
number less than 10. Interestingly, anions are found more strongly to affect the
functionalization ratios (FRs) and concentrations. A clear anion effect on the FRs and

concentrations was observed with the order: [PFs] > [Tf2N] > [BF4] > [TfO]. This trend seems

to be related to the order of anion basicity and hydrogen-bond ability. Among them, [PFe]
anions screen [bmim] cations to a lower extent than other anions, leading to stronger cation-

m interactions of BNNS surfaces with [bomim][PFs] compared to other ILs.[85]
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Figure 2.11. Proposed mechanism of liquid phase exfoliation (LPE) process. The efficient

solvent for LPE should have surface tension similar to that of the aimed 2D materials.[82]

2.4.2.2 Exfoliation in water

Though h-BN is traditionally considered to be hydrophobic and the surface energy of water is
much higher than that of h-BN, aqueous dispersion of few-layered and monolayered h-BNNS
have been prepared through the sonication-assisted hydrolysis. The aqueous dispersion of
BNNS is free of surfactants or organic functional groups (Figure 2.12). The aqueous
dispersion of BNNS even exhibited strong affinity toward proteins such as ferritin, indicating
that the nanosheet surfaces were capable of further bioconjugations. The mechanism of the
exfoliation is largely based on the susceptibility of h-BN to hydrolysis. The whole process is
divided into two parts. Initially, boron-nitrogen bonds near defect sites might be prone to
attack by oxygen atoms from water molecules and defect further propagates until reaching
the edges, resulting in the smaller sheets. Then the smaller sheets were exfoliated from the

parent h-BN particle due to the combined contribution of mechanical agitation from

26



sonication and solvent polarity effect. The h-BNNS nanosheets have been obtained with
different lateral sizes (up to ~1um), which mainly depended on the initial h-BN samples as
sonication-assisted hydrolysis promoted the cutting of large and thick h-BN sheet to smaller

and thinner nanosheets.

Very recently, a modified aqueous exfoliation and dispersion of a series of 2D materials have
been reported via temperature control sonication. Unlike the previous methods, an extra
thermal energy is introduced via the dissipation of the sonic waves. This method allows the
stable storage longer than one month if the high temperatures are maintained. The simulations
suggest its good solubility is associated with the existence of platelet surface charges as a
result of edge functionalization or intrinsic polarity. Although those 2D materials have
dissimilar surface and physical properties, which result in quite varied dispersion
mechanisms, in general, high temperatures favour both exfoliation and dispersion stability for

all of them. [86]
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Figure 2.12. Schematics of exfoliation of h-BN via sonication-assisted hydrolysis.[28]

A simple co-solvents sonication-assisted exfoliation has been employed to produce BNNS
from h-BN powder. It easily alters the surface energy by adjusting the ratios of the mixture
solvents and enables avoiding working with those harmful or even dangerous solvents. In this
study, solvents parameters, such as molecular weight (M.W.), boiling point, conformation,
and safety considerations, have been selected. Methanol, ethanol, 1-propanol, 2-propanol,
acetone, and tert-butanol were considered under these criteria (Figure 2.13). It was found that
the co-solvent mixtures trump the results of the two liquids individually. The UV -vis results
imply that 60 w/w% tert-butanol is superior at dispersing and retaining BNNS, with 2-
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propanol and 1-propanol being second best, followed by ethanol, methanol and acetone.
Those co-solvent mixtures were stable more than 2 months.[87] Interestingly, it’s been found
that the increase in absorbance of UV-vis is directly proportional to increasing M.W., but
inversely proportional to surface tension. Obviously, surface tension is not the only key factor
of effective exfoliation, and M.W. plays a great role. This may support the importance of the
considering the Lennard-Jones potential between the surface of h-BN and the co-solvent
system, indicating that larger solvent molecules more effectively stabilize the dispersed

nanosheets than smaller solvent molecules.[88]
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Figure 2.13. UV-vis results for BNNS in different co-solvent systems.[87]

2.4.2.3 Exfoliation in acid

Wet exfoliation methods have suffered from the low yield, which are mainly ascribed to the
weak interaction between h-BN and the solvent molecules. Wang et al. used methanesulfonic
acid (MSA), a strong protic acid, to exfoliate h-BN via sonication. The final concentration of
BNNS in MSA can reach as high as 0.3 mg/mL, comparable to the results in other effective
solvents.[89] Previously, protic sulfonic acids have been demonstrated that they are powerful

solvents for those materials that hardly dissolve in common solvents, such as rod-like
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polymers, nanotube and graphene.[90-93] Similar to the mechanism in their previous work,
the solubilisation is attributed to the reversible protonation of the stiff polymer chains or
graphitic carbon. MSA can also protonate h-BN, leading to isolated positively charged BNNS
moieties associated with the local perturbation of electronic charges between h-BN
interlayers. Additionally, the charges induce repulsive forces between BNNS and facilitate
the dispersion process that aids the stability of the BNNS in MSA. Their hypothesis was
supported by the occurrence of the orange colour due to the charge-transfer between BNNS
and MSA molecules when the white mixture of h-BN and MSA was sonicated and
subsequently the disappearance of the orange colour when the sonicated dispersion was
exposed to air resulting from the adsorbed water acting as a competing base for deprotonation
and precipitation of the BNNS in MSA and leaving a colourless supernatant. Besides, the
results from FTIR and XPS indicate that the exfoliation process does not rise to oxidation of

the BNNS.[89]

2.4.3 Chemical functionalization assisted exfoliation

Chemical functionalization has been demonstrated to be an effective way for the exfoliation
of laminated materials, such as CNT,[94-97] BNNT bundles,[98-102] and graphite[103, 104]
by surmounting the van der Waals forces that integrate the unit entities together. Similar

strategy has also been tried to obtain h-BNNS.

Chemical functionalization can be divided into noncovalent, Lewis acid-base (ionic) and
covalent categories. Essentially, bulky organic moieties are attached to the periphery of the h-
BN and perhaps intercalate between the layers as well. When the functionalized h-BN is

surrounded by a solvent, the solvation force induced by the attached functional groups
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surmounts the van der Waals forces among the layers and exfoliate the bulk h-BN powder
into BNNS. Those exfoliated BNNSs are prone to be dispersed in other organic solvents or

water, ascribed to the functional groups attached.

2.4.3.1 Noncovalent functionalization

Followed by the success of preparing graphene nanoribbons[105], similar approach was
applied to preparation of BNNS. The process was facile, placing 0.2 mg crystals ina 5 mi
1,2-dictoxy-p-phenylenevinylene) and followed by 1 h sonication. The duration was
suggested be to an important factor that must be optimized for the yield and for minimization

for the damage on the crystal structure of the BNNS.[106]

Many approaches have been proposed to modulate h-BN nanosheets upon non-covalent
interactions.[107, 108] Basically, the polarity of the functional molecules is the key factor for
its optimal orientation on the BNNS. Organic molecules have several advantages as surface
dopants. A large number of organic molecules are available, and new ones can be customized
and synthesized by incorporating the required functional groups, which can offer control over
the molecular dipole moments, light sensing properties, hydrophilic or hydrophobic features.
The most common electron acceptor (tetracyanoquinodimethane, TCNQ) and donor
(tetrathiafulvalene, TTF) molecules have been introduced to noncovalently modulate the
BNNS. The DFT computations (as shown in Figure 2.14) suggest that no chemical bonds
form between BNNS and TCNQ/TTF as there are negligible changes in both complexes. The
interactions between these interactive species are dominated by the weak dipole-dipole and
electrostatic forces. In the lowest-energy configuration, TCNQ/TTF float atop the BN layer

with heights of 3.49 A and 3.68 A respectively. The BNNS slightly crumpled from the flat
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plane associated with the interaction from the TCNQ. In contrast, the BNNS is suffered from
a serious distortion resulting from the adsorption of TTF. There is only small energy disparity
between the most favourable and the less favourable doping sites for TCNQ and TTF,
resulting in the easily overcome energy barrier for molecular migration, thus both TCNQ and

TTF are easily mobile on the BN plane.[107]
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Figure 2.14. Top and side views of the lowest-energy configurations of the complexes
between BNNS and TCNQ (a) and TTF (b). The distance between dopants and BNNS as well

as distortion magnitude of the planar molecular or BNNS plane is also illustrated.[107]

Anchoring transition metals on h-BN has been widely studied theoretically, focusing on the
potential applications in spin polarized transport and catalytic performance.[109-113]
Nevertheless, an isolated metal atom tends to be very reactive due to the unsaturated valance
and induced spin. Therefore, it’s unlikely to dope a single metal atom on h-BNNS on a large
scale. In this regard, metal-arene (denoted as MCeHs) group has been found to be a potential
compound to functionalize h-BN. There are several advantages for MCsHe: (1) it’s thermal
stable and the synthetic routes are well established; (2) the metal atoms can maintain their

formal zero oxidation state in the form of arene n-ligands and the n-systems of the ligands are
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negligibly unperturbed. The chemical functionalization of h-BN with six metal-arenes
(MCgHs, M=Ti, V, Cr, Mn, Fe, and Co) has been calculated and its found that MCsHs can be
stably adsorbed on the h-BN surface, with binding energies from 0.97 eV for (FeCeHs) to 1.4
eV (MnCsHs), depending on the content of the adsorbates. Additionally, the induced
transition metal atoms from the adsorption of MCsHs group enable the reduction of band gap
of h-BN, resulting in the generation of the nonzero magnetic moments. Moreover, the
adsorption of an O2 molecule on h-BN is pronouncedly improved contributed to the MCe¢Hs

functionalization.[108]

The ab initio calculations suggest that five nucleobase, including guanine (G), adenine (A),
thymine (T), cytosine (C) and uracil (U), of DNA and RNA exhibit the same stacking
arrangement on the BNNS, regardless of the their biological properties. The stable
configurations are found to be different from those on metal surface[114, 115] or
graphene[116, 117] (homogeneous templates). The N and O atoms of the nucleobases are
prone to staying atop of B atoms of BNNS with a vertical distance of ~3.1 A. The adsorption
energies are in a sequence G > A>T > C > U, ranging from 0.69 to 0.5 eV. The noncovalent
functionalization of the BNNS with the nucleobases, attributed to the electrostatic interaction
generated by mutual polarizations (intra-molecule and intra -sheet charge re-distribution) of
adsorbates and adsorbent, induces a moderate adhesive force to immobilize nucleobases on
the sheet, which is slightly stronger than the n-n interaction the graphene and nucleobases but
does not damage intrinsic properties of BNNS and nucleobases.[118] Such a DNA/BN hybrid

is highly potential for the biological application in different environments.
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2.4.3.2 Covalent functionalization

Covalent functionalization has a stronger bonding force and it’s been demonstrated that
polymer composite with covalently functionalized BNNS exhibited superior physical
performance enhancement compared to using noncovalently functionalized BNNS.[119]
Therefore, it’s more promising to induce covalently functionalized BNNS as a nanofiller to
impart their remarkable properties into composites. With this in mind, hydroxylated BNNS
(OH-BNNS) was prepared by organic molecule functionalization and subsequent oxidation of
the organic peroxide.[62] In this work, exfoliated BNNS was selected as the initial reactant
by sonication-assisted exfoliation. The exfoliated BNNS was then mixed with organic
peroxide, liquid di-tert-butylperoxide reagent, in a sealed high pressure autoclave vessel and
tert-butoxy radical species were grafted on BNNS by the subsequent thermolysis of organic
peroxide. Finally, whereby the piranha solution (H2SO4:H20>, 3:1) can hydrolyze organic
tert-butoxy groups to obtain OH-BNNS. The resultant OH-BNNS became much more active
than the pristine h-BN. The hydroxyl groups are not only on the edges but also on the basal
plane of BNNS according to the calculation from the TGA result. The functional group that is
conducive to the better integration to the polymer chains allows the fabricated composites

consequently exhibiting substantial mechanical improvement.

Aggressive oxidants were also used to functionalize and exfoliate h-BN, resulting in the yield
of BNNS as high as 25% with 1-4 layers thick[120]. This deep functionalization even led to a
dramatic decrease in band gap (3.9 eV). There are other methods to exfoliate and
functionalize h-BN by using aggressive reagent, such as ammonium fluoride (NH4F)[35] and
fluoboric acid (HBF4).[121] As a result, few-layered fluorinated BNNS have been fabricated
with significantly reduced band gap, leading to generating new properties, i.e. magnetic

property and electrical conductivity, which is not exist in the pristine h-BN. Mechanistically,
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F ions tend to chemically bind to the B atoms on the surface of h-BN, forming the sp®-
hybridized B atoms that extrude out of the basal plane of h-BN. Driven by the sp3-hybridized
B atoms underlying F ions, the planar h-BN begins to curl, resulting in buckling of the
outmost h-BN layer. Finally, the diffusion of the intercalated ammonium ions exfoliates the

h-BN into BNNS.

h-BN is thermally stable at about 1000 <C in open air, but starts to degrade at the higher
temperature to form boron oxide. Intrigued by this tendency, a novel route for large scale
thermal exfoliation and functionalization h-BN has been reported.[122] It’s a simple
procedure that h-BN is heated at 1000 <C in air and the resultant product is purified by hot
water and then dried. The hydroxyl group attached on the BNNS has been verified by FTIR
spectra and XPS, which enhances the dispersibility of BNNS in solvent, up to 0.3 g L™*. A

large amount of small monolayer BNNS has been produced based on the AFM result.

Whereby sodium hydroxide/potassium hydroxide (NaOH/KOH) is eutectic at ~200 T, its
melts used to prepare cuprates[123] and nanostructures of complex functional oxide.[124-
126] Recently, it’s been proposed that NaOH/KOH melts was used to exfoliate bulk h-BN
powder.[28] Thin and folded nanosheets, randomly overlapped flat nanosheets, and randomly
scattered nanoscrolls were observed. The exfoliation is achieved by the following mechanism
(Figure 2.15). Cations (Na* or K*) adsorb on the outmost h-BN surface, leading to somewhat
curling of h-BN near edges and steps. The self-curling of the outmost h-BN layers enlarges
the interlayer spacing near the sides and promotes the subsequent insertion of cations and

anions. Then anions (OH") adsorb on the positively curved surface and facilitate continuous
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curling of the h-BN layer, followed by the peeling off BNNS from parent h-BN by the

reaction of h-BN surface with hydroxide melts.
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Figure 2.15. Illlustration of the h-BN exfoliation by hydroxide melts.[28]

2.4.4 Substitution reactions

Ggraphite was tried as source materials to synthesize single-crystalline mutil-layered boron
nitride with a thickness ranging from 5 nm to 40 nm.[127] Subsequently, another facile, low-
cost biomass-directed method was developed by using diverse biomass sources via the
carbothermal reduction of gaseous boron oxide species at 1500 <C under a N2 atmosphere.
Dandelion parachute, fleabane flower, pine needles and even large-mesh wiper papers have
been used as the sources. Single crystalline, laterally large and atomically thin BNNS has
been obtained with remaining the same macroscopic shapes of the original biomasses (Figure

2.16).
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BN nanosheets

Figure 2.16. Illustration of biomass-directed synthesis of high-quality h-BNNS.[127]

2.4.5 Unzipping BN nanotubes

Unzipping CNTSs through catalytic cutting or plasma etching has been developed to prepare
high-quality graphene nanoribbons (GNR),[128-130] and the achievement of unzipping BN
nanoribbons (BNNR) was ensued by unwrapping multiwalled BNNT (MWBNNT) through
delicate plasma etching.[131] The MWBNNT were deposited on a Si substrate and spin-
coated on a thin PMMA film. Subsequently, the PMMA/BNNT film was subjected to Ar
plasma etching, followed by the removing PMMA by acetone vapour and further calcination
at 600 <C for 6 h. Since the side and bottom parts of BNNT was initially embedded in the
PMMA film, the plasma only etched the top part of BNNT, giving rise to the BNNT

unzipping through cutting top walls.

Another unzipping method for the production of high-quality BNNR is through the corrosion

and unzipping of BNNT by ammonia solution.[132] BNNT was severely corroded with end-
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cap removed, tip sharpened, sidewall thinned, length shortened and also partial or even full

longitudinal unzipped.

An in-situ unzipping concept was put forward for the scalable preparation of high-quality
BNNR recently.[133] BNNR is fabricated by longitudinally unzipping BNNT during the
BNNT synthesis process and the resultant BNNR has a good crystallinity, high chemical
purity and few defects. Specifically, amorphous boron powder was first ball-milled in
anhydrous ammonia gas and the resultant B powder was blended with lithium oxide (Li20)
powder at a certain ratio. The blended powder was placed in an alumina crucible and heated
at 1200 <C in NHs atmosphere for 3 h. A fluffy white powder was formed with an unzipping
(BNNR/BNNT) ratio of more than 40%. The yield of the BNNR is able to be improved to
approximately 60% after sonication and centrifugation. The author proposed that the
unzipping is ascribed to the Li-NHs species rather than the individual Li, which may
penetrate into BNNT on defect sites and intercalate into the interlayer of BNNT, expanding
the interlayer spacing so that the BN sp? bonds break. With the assistance of the strain in

nanotube,[130] the bond breaking can extend along the BNNT to form BNNR.

2.4.6 Solid-state reactions

The most common and scalable synthetic route of h-BN is solid state reaction, which has
been extensively adopted by industries. A boron precursor, such as B>Oz or HzBOs, and a
nitrogen source, such as melamine, urea, N2> and NHz, are the common reagent for the
preparation.[134] Using the reactions of boron oxides with either urea or melamine, and boric
acid with urea, high-yield h-BNNS with varying thickness in a range of 25-50 nm, diameters

of 800-1000 nm and a surface area of 172 m?g™, have been produced through a simple
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template- and catalyst-free chemical vapour deposition process at 1100-1300 <C under
nitrogen gas flow[135]. Nag et al[136], using almost the same way but with boric acid and
urea at a lower temperature at 900 <C for 5h, suggested that the thickness of h-BNNSs could
be controlled by having varied the relative proportions of the two reagents. They achieved h-
BNNS with a majority of 1-4 layers and the high value of surface area of 927m? g** when the
boric acid/urea ratio was 1:48, which exhibited high CO, adsorption but a negligible H»
adsorption. Another approach to prepare h-BNNS of ~35 nm in thickness was that a mixture
of B.O3 and melamine was heated at 1200 < under N2.[137] Alternatively, a slurry of boric
acid, sodium azide, ammonium chloride, and urea was calcinated and the resultant disordered
BN was annealed subsequently, resulting in the h-BNNS with a thickness of ~30 nm and
lateral size of hundreds of nm.[138] h-BNNS nanoflowers were synthesized in a solid state
reaction of NaBF4, NH4Cl and NaNz3 in the autoclave at 300 <C for 20 h.[139] In order to
decrease the thickness of the h-BNNS, sublimed sulfur (S) was introduced into the

reaction.[140]

A novel synthetic route, “chemical blowing”, which is quite different from the methods
mentioned above, has been proposed by simply heating ammonia borane (AB) under Ar flow
through multistage process.[141] BN or Cx-BN sheets with a thickness ranging from mainly 1
to 5 nm has been synthesized, relying on making large bubbles with atomically thin B-N-H
(or B-N-C-H) polymer walls by releasing hydrogen gas from AB, somewhat resembling
blowing a balloon. A high yield about 25% of mono- and few-layered BN or Cx-BN sheets

were produced after annealing at high temperatures and collapse of the polymer bubbles.

39



Micrometre-scale h-BN sheets have been precipitated on a Ni substrate using cubic BN (c-
BN) granules as seeds under nitrogen and hydrogen gas flow.[142] Since there is a discrepant
solubility for boron and nitrogen in the nickel at the high temperature, specifically 0.3 at% for
boron and almost no solubility for nitrogen in solid nickel at 1085 <C respectively, boron
dissolves in nickel at high temperatures prior to its re-solidification on nickel surface,
followed by the reaction with nitrogen flow gas to form h-BNNS on the nickel grains.
Another similar way has been done by Suzuki et al[143] who has grown atomically thin h-
BNNS on both surfaces of a polycrystalline Co (Ni)/amorphous BN/SiO> sandwich structure
under vacuum with the thickness of 1-2 nm (3 to 7 layers) on the Co substrate and 1 nm (3-4

layers) on the Ni substrate respectively.

2.4.7 Chemical vapour deposition (CVD)

CVD method has often been employed to grow large-area h-BN films by the decomposition
of precursors on metal or graphene substrate under Ar/H; gas flow as a carrier gas. The
earliest study on the subject was published in 1968, in which diborane and ammonia as
precursors for the deposition of h-BNNS on various substrates (Si, Ta, Mo, Ge, and fused
silica) in temperature ranging from 600 to 1080 <C.[144] Many review papers have
summarized various CVD synthesis of h-BNNS.[15, 145-147] Essentially, the precursors for
h-BNNS could be either separate B and N compounds (i.e. BFs-NHs, BCl3-NHz3, B2Hg-NH3),
or a single precursor (ammonia borane, borazane, and borazine). Although those single
precursors are water- and air-sensitive, they are desirable due to low toxicity and the

inherently defined 1: 1 of B : N stoichiometry.
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Auwarter et al[148] used b-trichloroborazine, which has a higher stability than ammonia
borane to offer a slower and more steady decomposition reaction that allows a long and
continuous interaction between decomposed gases and nickel surface. Monolayer h-BNNS
has been obtained with below 3% of Cl coverage in one monolayer. Ye et al[149] coated h-
BNNS on SiBNC fibers by the deposition of borazine which is free of C and O. In their
study, they found that using ammonia is the prerequisite to crystalline h-BNNS deposition at
ambient pressure. Otherwise, extensive amorphous coatings were obtained .The optimal
temperature for the h-BNNS deposition was 1090 <C, as borazine is unstable at higher
temperatures. Shi et al[150] flowed borazine vapour by N2 gas under an ambient pressure at a
low temperature of 400 <C with an post annealing process at 1000 <C which facilitates the
further dehydrogenation of borazine and leads to a better crystalline h-BN. Varying thickness
of h-BN films have been grown by increasing the flow rate of borazine and reaction time.
Ismach et al[151] issued a facile and rational way to synthesize high-quality h-BN films with
controlled number of layers from diborane and ammonia under a low-pressure chemical
vapour deposition (LPCVD) growth system. He found that the sequence of dosing precursor
played an essential role in the number of h-BN layers and impurity with 1-5 layers for
diborane-first where the presence of B-Ni and B-O bonds were detected by XPS, but 2-4
layers for ammonia-first where no trace of N, Ni-N, B-O, and B-Ni was found. Diborane has
also been used for the production of h-BNNS by plasma-enhanced CVD method[152]
accompanied by ammonia gas, but the film presented a mixture of h-BN and amorphous
phases or in certain circumstance, c-BN. An alternative borane, decaborane, [153] has been
tried to form h-BNNS via decaborane/ammonia reactions on Ni and Cu substrate since
decaborane is known to react with many metals at high temperature to form metal boride
which could be involved in providing the initial seeds for h-BNNS growth. Films on Ni were

~2 nm thick but 2~15 nm thick instead on Cu under the same deposition condition. Ammonia
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borane, which is a crystalline solid and melts at around 106 <C, is the most ideal precursor
that shows many advantages including the stability in the air environment, 1:1 B/N
stoichiometry, free of foreign elements like C, Cl, F and O, and not toxic compared with
other boron containing precursors such as BFz or BCls. Song et al[46] sublimed AB to grow
large scale atomic h-BNNS with 2-5 layers which showed an excellent mechanical properties
with elastic modulus ranging from 200 to 500 N/m. Kim et al[154] also used ammonia borane
as a precursor and synthesized monolayer h-BNNS using CVD with two heating zones under
low pressure (LPCVD). Compared to previous atmospheric pressure CVD synthesis, in
LPCVD condition, the growth is preferentially limited and less affected by the geometry of
the substrate and gas flow effect. Lee et al[155] who has grown h-BNNS on polycrystalline
Ni foil using ammonia borane as B and N source, found that Ni (100) facets promoted the

growth of h-BN but the growth on Ni (111) surfaces was negligible.

Tuneable growth of h-BNNS can be obtained on polycrystalline Pt foils usingwith ammonia
borane as the precursor.[156] By simply altering the concentration of ammonia borane,
monolayer, bilayer and few-layered h-BNNS was synthesized. The mechanism for
preparation of the predetermined layers of h-BNNS is proposed as follows. At 70 <C, the
decomposition of borazane is weak, and the product quantity is close to the balance point that
needs for h-BNNS growth. At this stage, the h-BNNS growth follows a Frank van der Merwe
model associated with the adatom-surface (Pt) interaction, resulting in the formation of
monolayer h-BN domains and films. When the temperature is increased to 75 <C, the bilayer
nucleus forms ascribed to the increased quantity of borazane decomposition. The growth of

few-layer h-BNNS at 80 <C resembles to bilayers.
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In a recent study, monolayer h-BNNS was prepared on a whole Pt foil (2 x 5 cm?) under 100
mTorr with the size being limited only by the initial Pt foil size. The orientation of Pt foil
lattice plane and total pressure were the crucial parameters for thickness control.[157] At high
pressure, a thick h-BNNS tends to be grown on Pt (111), while thin h-BNNS was
preferentially grown on Pt (001) (Figure 2.17). It’s been explained that Pt (111) surface has
the higher density of the Pt atoms than that of the Pt (001) surface, resulting in a more

efficient decomposition of the borazine precursor.

Recently, our group have developed a novel synthetic route for large and homogenous h-
BNNS.[158] A comparative study has been conducted, which suggests that melted copper is
a better catalyst substrate than solid copper. Single crystalline monolayer and bilayer h-
BNNS with a lateral size of several microns were obtained on melted copper whereas
polycrystalline and mixed multiple layers (1-10) were found on solid copper. This difference
may be due to the small amounts of uniformly distributed nucleation sites on the smooth
melted surface, in contrast to the large amounts of unevenly distributed nucleation sites on

the grain boundaries and other defects on the solid copper surface.

111

001 101

=

el ™ e

Figure 2.17. The effect of Pt crystal orientation on h-BNNS growth. a) SEM image of h-
BNNS on Pt foil. The white- and green-dotted lines indicate the Pt (111) and (001) region,

respectively. b) EBSD image of the same region as (a) and the EBSD legend.[157]
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2.5 Properties and Applications

h-BN has a variety of advantageous physical properties, such as electrical insulation, high
thermal and chemical stability, high thermal conductivity, and excellent mechanical
properties, all of which entail a series of applications.[15, 146] The most promising
application is as the dielectric substrates in graphene electronic devices. Moreover, h-BNNS

is widely utilized as multifunctional composite fillers and sensor substrates.

2.5.1 Electronic properties and applications

Graphene devices on standard SiO; substrates are highly disordered, exhibiting
characteristics that are far inferior to the intrinsic properties of graphene.[159] However,
graphene devices on h-BN substrates have mobilities and carrier inhomogeneities that are
almost an order of magnitude better than on SiO». This is ascribed to its atomically smooth
surface that is relatively free of dangling bonds and charge traps, and its large optical phonon
modes, wide band gap (5~6 eV) and similar lattice constant to that of graphene. Atomically
few-layered BNNS-graphene heterostructures have exhibited extraordinary charge mobility
as high as 60,000 cm? V1 s1, three times larger than that on SiO2.[160] Another
heterolayered configuration (C-BN-C) has utilized field-effect tunnelling transistor devices,
where two graphene layers are separated by a thin h-BNNS.[161] Measurements of the
electron tunnel current through h-BNNS suggest that they are good tunnel barriers down to a

single atomic layer. [162]
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Owing to the wide band gap of BNNS in both lateral and through-thickness directions, the
theoretical studies on the electronic band gap and magnetic properties of 2D BN
nanostructures have been mainly focused on BNNR, albeit there are only a few of low-yield
synthetic methods available.[131-133, 163, 164] Resembling to GNNR, BNNR with either
zigzag or armchair edges exhibits much enhanced quantum confinement due to the edge
effect with anisotropic electronic or magnetic properties that are not present in BNNS. Band
gap of zigzag BNNR is indirect and decrease monotonically with increasing ribbon width
whereas the armchair BNNR experiences typical direct gap oscillation with distinct family

behavoir.

Band gap tuning of BNNR and BNNS might be achieved by the application of planar
strain[165, 166] or by hydrostatic pressure in the GPa range.[167] The band gap modulation
of BNNR often gives rise to a change in magnetic properties. While bare zigzag BNNR was
found to be magnetic semiconductors with spin-polarized states localized along the
edges,[168] it may be turned into half-metals via a directional external electric field.
Hydrogen modification of BNNR may also induce pronounced changes in electronics and
magnetic properties but in different way for zigzag and armchair BNNR. Specifically,
hydrogen-modified armchair BNNR remain nonmagnetic semiconductors whereas zigzag
BNNR counterpart displays half-metallicity and becomes ferromagnetic metals with either
hydrogen termination merely at the B edge[14, 169] or full surface hydrogenation.[170] A
gradual transition of zigzag BNNR from a nonmagnetic semiconductor to a ferromagnetic

metal could be achieved by tuning the degree of hydrogenation.[170]
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It’s been reported that it is experimentally feasible to use hydrogenation for band gap
reduction of BNNS. [171] The measured band gap of BNNS was decreased from 5.6 eV to
4.25 eV after subjected to 250 s of hydrogen plasma treatment. Additionally, a theoretical
study suggests that fluorine (F) is capable of functionalization of BNNS, making insulating
BNNS semiconducting.[172] The fluorinated BNNS have been prepared by treating BNNS
with HBF4and the insulating BNNS was successfully transferred to the semiconducting
fluorinated BNNS.[124] More interestingly, h-BN powder was directly fluorinated and
exfoliated by NH4F in autoclave at 180 <C for 24 h, and the fluorinated BNNS exhibits
magnetic property induced by the F-BN3 bond.[35] This is becuase that fluorination can
induce electron spin polarization in nonmagnetic BNNS. The magnetic moment of
fluorinated BNNS mainly comes from the electron spin-polarization of the F and the three N

atoms nearest to the sp3-hybridized B atom underlying the F atom.

2.5.2 Thermal properties and applications

Many groups have calculated thermal conductivity (k) values of h-BN, ranging from 300 to
2000 W m* K1,[173-176] which are much larger than that of most of metallic and ceramic
materials. Counterintuitively, h-BN « values are somewhat lower than that of graphene
(1500-2500 W mt K1), though they share similar crystal structures, lattice constants, unit
cell masses, and phonon dispersions. This disparity may be ascribed to the softer phonon
modes for BNNS and the mass difference between B and N.[173] The theoretical studies
suggest that a predominant contribution of the «x value is from out-of-plane vibrations of
BNNS. Monolayer BNNS therefore has a substantially higher x value than few-layered
BNNS associated with decreased interlayer phonon scattering. The x value decreases with
increases in layer number eventually converging to the value of h-BN.[175, 176] BNNR

exhibit inferior x value than BNNS, resulting from the edge-induced phonon scattering.[173]
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As zigzag and armchair BNNR show different extent of scattering effect, the « value of the

former considerably higher than the latter.

As an insulator with high thermal conductivity and remarkable chemical inertness, h-BN
possesses more merits than other conventional heat-transfer materials. It shows a great
potential as thermal filler. However, according to the theoretical calculation, layered BN
shows a significant anisotropy, which leads to its high thermal conductivity being
pronounced along the (002) planes. To maximize the exposure of (002) planes, researchers
tried to choose nanotubular and nanoshperical h-BN as fillers to utilize the thermal advantage
of h-BN. Zhi et al.[177] improved the thermal conductivity of water up to ~2.6 times by
using the combination of BNNT and BN nanospheres which also reduced the viscosity of
fluid. Exfoliated h-BN with maximum exposure to these (002) lattice plane has been tried.
[178] It’s been reported that thermal conductivity of mineral oil with 0.1 wt% exfoliated h-

BN was improved from 80% to 100% at 373K.

2.5.3 Mechanical properties and applications

Graphene has been suggested as one of the toughest material according to the theoretical
calculations and experimental results, with calculated and measured Young’s moduli of 1.05-
1.24[179-181] and 1 Tpa,[182] respectively. As structurally analogous to graphene, h-BN is
predicted to be equally strong and resilient. As calculated, the in-plane stiffness values of a
monolayer BNNS and graphene are similar, being 267 and 335 N m, respectively.[183] The
mechanical properties of BNNS have been investigated by nanoindentation measurements
using atomic force microscopy (AFM).[46] To be specific, circular wells with diameter

around 1pm were patterned onto a silicon substrate and BNNS were then transferred on to the
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prepatterned substrates. The mechanical properties of BNNS were investigated by indenting
the centre of each freestanding membrane with a diamond tip. The tested results for BNNS
with thickness of 1-2 nm are in the range of 220-510 N m™, which are smaller than the
theoretical value (270 N m™ for monolayer BNNS), largely attributed to the layer distribution
of stacking faults in the CVD synthesized films or the error in estimating the exact size of the

holes and the position of membrane contact with the substrate.

Owing to its exceptional mechanical properties, h-BN is a potential reinforcement material in
composites with ceramics or polymer matrices. Zhi et al.[47] fabricated BN composites with
PMMA and the resultant composites exhibited a 22% improvement in the elastic modulus of
PMMA, an 11% increase in its strength and a remarkable enhancement on thermal
conductivity by utilizing only 0.3wt% BNNSs fraction. Wang et al.[184] developed chemical
blowing concept to produce high-yield boron nitride nanosheets and fabricated polycarbonate
(PC)/BN and polymethylmethacrylate (PMMA)/BN composites with 22% and 17% increase
in elastic modulus and 35% and 32% improvement in yield strength, respectively by adding 2

wt% BN fractions.

2.5.4 Wetting properties and applications

Wetting is the ability of a liquid to maintain contact with a solid surface. In general, if the
water contact angle is smaller than 90< the solid surface is considered hydrophilic and if the
water contact angle is larger than 90< the solid surface is considered hydrophobic. Some
materials have a water contact angel even higher than 150< which is considered
superhydrophobic surface. Essentially, the wettability of a surface depends on its chemical

composition and microstructural geometry.[185-192] Smooth h-BN film is relatively

48



hydrophilic with a water contact angle (CA) of ~50< while morphology-modified h-BN
surfaces can be hydrophobic or even superhydrophobic.[187] This significant transition in
wettability is based on the combined effects of surface roughness and partial liquid-solid

contact area at the interface.

Quantum molecular dynamics (QMD) simulations have shown the contact angles of
monolayer BNNS and graphene are nearly same (86 ©and 87 < respectively). However,
simulation of a water droplet on the wrinkled single layer BNNS shows a notably smaller
contact angle. The varied wettability of the BNNS can be assigned to the polar nature of B-N
bonds that promote the interaction with polar water molecules on the wrinkled BNNS
surface. Additionally, the experimental results have also demonstrated that BNNS show
higher hydrophilicity than the simulated results, with smaller contact angles of 51-67 <[186,

192]

2.5.5 Piezoelectricity

The symmetry dependant properties make atomically thin monolayer BN piezoelectric,
whereas the bulk parent crystal is not. It has been discovered that a bilayer exhibits a strong
mechanical coupling between curvature and electric fields.[193] Density functional theory
suggests amplified in-plane piezoelectric displacements in bilayered BN by exceedingly large
factors on the order of 103-10*. This newly discovered electromechanical coupling to very
small radii of curvature in h-BN is an emergent property of bilayers, which may also occur in

other materials, including the semiconducting transition metal dichalcogenides.
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2.5.6 Field emission

It has been experimentally demonstrated that BNNT is able to emit electrons from their tips
under extremely strong electric fields.[194] With novel morphologies, layered h-BN could
exhibit different properties when compared to bulk h-BN or BNNT. A novel form of porous
BN nanoshperes, consisting of interconnected BN channels in the core, in addition to BN
nanocones and protruding BN ribbons on their surface, exhibits surprisingly stable field
emission properties at low turn-on voltages. These remarkable electron emission properties
are due to the presence of finite zigzag BNNR located at the surface of the nanospheres that
behave like metals. Similarly, BNNS protruding from BN fibres and SizN4 nanowires have

shown a low turn-on field of 1.9 and 4.2 V pm?, respectively.[195, 196]

2.5.7 Catalysis

Interaction between BN and the substrate may dramatically affect the chemical reactivity of
the substrate. DFT simulations imply that adsorption and catalytic activation of O on the h-
BN supported Au and Au: can be influenced by the interaction with the support via electron
pushing and donor/acceptor mechanisms.[138] This effect is ascribed to the mixing of the 5d
orbitals of the supported Au and Au with the N-p; orbitals of h-BN. Although defect-free h-
BN is inert and does not act as a good electron donor for the supported O»-Awu, it facilitates an
electron transfer from Au to O. In the case of the defected h-BN surface, Au and Au; are
trapped effectively by N or B vacancy and impurity point defects. Strong adsorption on the
surface defects is accompanied by the large charge transfer to/from the adsorbate. The excess
of the positive or negative charges on the supported Au and Au; can significantly enhance
their catalytic activity. Experimental study has demonstrated that Au/BNNS and Pt/BNNS
can be efficient catalysts in various reactions.[197] Especially, Pt/BNNS catalysts towards

CO conversion have shown lower full conversion temperature and higher stability. In another
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study, Ag/BNNS nanohybrid thin film coatings on quartz substrates were prepared and
evaluated as reusable surface enhanced Raman spectroscopy sensors, which were robust
when subjected to repeated solvent washing.[198] Additionally, with the unique thermal
stability of BNNS, the sensor devices may be readily recycled by short-duration high

temperature air oxidation to remove residual analytes in repeated runs.

2.5.8 Ecology

BNNS has been extensively studied for a variety of applications related to environment. For
example, porous boron nitride has recently been studied for applications in gas and
contaminants adsorption. B-N bond has ionic character that can induce an extra dipole
moment, suggesting that hydriding/dehydriding properties of BN are stronger than those of
graphite which has been considered as promising materials for hydrogen storage. Weng et
al.[199] synthesized boron nitride porous microbelts with a high specific surface area of 1488
m2g. H2 sorption evaluations demonstrate that those microbelts show high and reversible Ha
uptake from 1.6 to 2.3 wt% at 77 K and 1MPa. Nag et al.[143] produced BN nanosheets with
a majority of 1-4 layers which exhibit high CO2 adsorption, up to 32 wt%, but negligible H>
adsorption. Lei et al.[26] utilized the excellent sorption properties of BN for water cleaning.
The synthesized porous BN nanosheets exhibit remarkable sorption performances for a wide

range of oils, solvents and dyes, with mass uptakes reaching 3,300%.

2.5.9 Other properties and applications
h-BN is excellent lubrication due to low friction attributed to the weak van der Waals bond in
each layer. Besides, it was suggested that even single-layer h-BN could show low friction

without sliding at contact interface between layers[200]. Cho et al.[201] reported that even

51



infinitesimal BNNS additive dispersed in water without any surfactants can diminish the
amount of friction force and wear for a long time. Furthermore, combined with its high oil
absorption, moisture binding effect and intensification of colour effects, h-BN is used in
nearly all top-notch cosmetic products of foundation, make-up, eye shadow, blusher, kohl

pencil, lipsticks and a host of other skincare products.
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3.1 Chemicals

Chapter 3 Experimental

Detailed information on the chemicals used in this thesis is summarized in Table 3.1.

Table 3.1. List of chemicals used.

Chemicals name Formula Purity (%) Supplier
Hexagonal boron nitride h-BN 99.95+ Alfa Aesar
Ethanol C2HsOH 99.95+ Sigma Aldrich
Isopropanol (CH3).CHOH 99.95+ Sigma Aldrich
N-isopropylacrylamide (CeH11NO)n 97+ Sigma Aldrich
a-ketoglutaric acid CsHeOs 99+ Sigma Aldrich
N-N'-methylenebisacrylamide C7H10N20- 99+ Sigma Aldrich
Milli-Q water H20 5 ppb (TOC) | Millipore
Argon gas Ar n/a BOC gas
Magnesium diboride MgB: 99+ Alfa Aesar
Ammonium chloride NH4CI 99.5+ Sigma Aldrich
Hydrochloric acid HCI 32 Ajax FineChem
Ammonia gas NHa n/a BOC gas
Nitric acid HNO3 69 Sigma Aldrich
Melamine C3HsNe 99+ Sigma Aldrich
Ethylene glycol C2H602 99.8+ Sigma Aldrich
Boric acid H3BO3 Sigma Aldrich
Polyethylene glycol CanHan+20n+1 n/a Sigma Aldrich
Fumed silica SiOz n/a

Nitrogen gas N2 n/a BOC gas
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3.2 Characterizations and Instruments

3.2.1 X-ray diffraction

X-ray diffraction (XRD) is an efficient analytic technique that can yield information on unit
cell dimensions. X-ray diffraction is obtained from the constructive interference of
monochromatic X-rays by a crystalline sample. Generally, a cathode ray tube is used to
generate X-rays, which are filtered to produce monochromatic radiation, collimated to
concentrate them, and directed toward the sample. Constructive interference and a diffracted
ray are produced by the interaction of the incident rays and the sample when the conditions

satisfy Bragg’s Law (3.1).

nA = 2dsinf  (3.1)

Where d is the distance between diffracting planes, A is the wavelength of the incident X-ray
beam, n is any integer, and @ is the angle of incidence experienced by the X-ray beam
reflection from the faces of the crystal. The crystal size of materials can also be estimated

acoording to the Sherrer formula (3.2).

b= BcosO 3.2

Where K is the shape factor of the average crystallite, A is the X-ray wavelength, £ is the

half-peak width, and 26 is the peak position (.

The analysed material is finely ground. The XRD patterns were obtained on a GBC MMA

(Cuke, A =0.15406 nm) at UOW with step size 0.02and scan rate 3 <7min.
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3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a type of electron microscope routinely used to
generate high-resolution images of objects by scanning them with a focused beam of high-
energy electrons. The electron beam is generally scanned in a raster scan pattern, and the
position of the beam is combined with the detected signal to generate an image. SEM can
achieve resolution better than 1 nanometer. Specimens can be observed in high vacuum, in
low vacuum, in wet conditions (in environmental SEM), and at a wide range of cryogenic or

elevated temperatures.

In my case, h-BN is an insulator, so an electrically conductive coating (Au in this case) has
been used to produce better images. Otherwise, the randomly scattered electrons would

degrade the image quality. The SEM used for this PhD research was a JSM 7500F.

3.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it
passes through. An image is formed from the interaction of the electrons transmitted through
the specimen, and is magnified and focused onto an imaging device for a permanent record.
The image-recording device usually consists of a fluorescent screen on a layer of
photographic film and a digital camera. Additionally, a vacuum system, which consists of
pumps and their associated gauges, valves, and power supplies, are required. The source of
electrons is a heated V-shaped tungsten filament or, in high-performance instruments, a
sharply pointed rod of a material such as lanthanum hexaboride. The TEM microscopes used

in this thesis were a JEOL 2011 and a JSM 7500F at 80 kV.
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3.2.4 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is used for composition analysis and for the
determination of chemical states of elements, based on the way that electrons interact with
the sample. For instance, different elements in a sample result in changes in electron energies
after their interaction with the sample, which normally results in chromatic aberration. This
effect enables an image that provides information on elemental composition, based on the
atomic transitions during electron-electron interaction. EELS data in this thesis were obtained

on a JSM 7500F.

3.2.5 Energy dispersive X-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDS, EDX, or XEDS) is an analytical technique used
for elemental analysis. It is based on the interaction of some source of X-ray excitation and a
sample. Its characterization capabilities are largely associated with the fundamental principle
that each element has a unique atomic structure allowing a unique set of peaks on its X-ray
emission spectrum. Qualitative and quantitative information on the chemical composition and
elements can be obtained. Electron beam excitation is used in electron microscopes, so EDS

is attached to SEM and TEM. EDS data in this thesis was obtained on a JSM 7500F.

3.2.6 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique that is used to obtain an
infrared spectrum of absorption, emission, and photoconductivity of a solid, liquid, or gas. An

FTIR spectrometer simultaneously collects high spectral resolution data over a wide spectral

76



range. FTIR spectra in this thesis were collected using the KBr pellet method on a Shimadzu

FTIR Prestige-21.

3.2.7 Raman spectroscopy

Raman spectroscopy is a technique that is used to observe vibrational, rotational, and other
low-frequency modes in a system. It is commonly used in chemistry to provide a fingerprint
by which molecules can be identified. Raman spectroscopy relies on inelastic scattering or
Raman scattering of monochromatic light, usually from a laser in the visible, near infrared, or
near ultraviolet range. The laser light interacts with molecular vibrations, phonons, or other
excitations in the system, leading to the energy of the laser photons being shifted up or down.
The shifting energy gives information on the vibrational modes in the systems. Raman
scattering spectra (Horiba JobinYvon/LabRAM HR8000) were obtained at room temperature,

and the wavelength of the laser source was 632.8 nm.

3.2.8 Atomic force microscope

An atomic force microscope (AFM) is able to measure the roughness of a sample surface at
high resolution. Generally, the operation modes of AFM are classified into image formation
and the others. The image formation is a plotting method in the form of a colour mapping
through scanning in the x-y position of the tip and recording some particular z-coordinate
corresponding to each x-y coordinate. The thickness of samples in this thesis was measured

by an atomic force microscope (Asylum AFM).
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3.2.9 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition of a sample surface. XPS spectra are
obtained by irradiating a material with X-rays while simultaneously measuring the Kinetic
energy and number of electrons that escape from the top 0 to 10 nm of the material being
analysed. It is a surface chemical analysis technique that is able to analyse the surface
chemistry of a material in its as-received state, or after treatment. The elemental composition
of samples was characterized using an X-ray photoelectron spectrometer (PHOIBOS 100

hemispherical analyser SPECSGmbH) at energy of 486.6 eV.

3.3.10 Brunauer-Emmett-Teller surface area analysis

Brunauer-Emmett-Teller surface area analysis (BET) is a technique used to measure the
specific surface area. BET analysis relies on the BET theory, which explains physical
adsorption of gas molecules on a solid surface and serves as the basis for an important
analysis technique for the measurement of the specific surface area of a material. The BET
theory refers to multilayer adsorption, and BET surface area analysis usually adopts non-
corrosive gases (such as nitrogen, argon, carbon dioxide, etc.) as adsorbates to determine the

surface area data.

Relying on Barrett-Joyner-Halenda (BJH) desorption model, the pore size distribution of a
sample can be calculated from the isotherms obtained in the BET analysis. The measurements
in this thesis were conducted on a Quantachrome Autosorb MP instrument, with high purity
nitrogen (99.999 %) and carbon dioxide (99.995 %) gasses. Surface areas were determined

using Brunauer-Emmett-Teller (BET) calculations.
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Chapter 4 Hydroxylated Boron Nitride Nanosheets for thermal
management

4.1 Introduction

Isostructural to graphene, single-layer hexagonal boron nitride (h-BN) has alternating boron
and nitrogen atoms replacing carbon atoms in a sp?>-bonded two-dimensional layer.[1] Due to
its atomically flat and electrically insulating surface, the h-BN nanosheet (h-BNNS) has been
considered as an ideal substrate for graphene-based electronics.[2] In contrast to the covalent
C-C bond of graphene, the covalent nature of the B-N bond makes h-BNNS highly resistant
to oxidation (stable up to 840 <€ in air)[3] and to corrosion[4]. Additionally, h-BNNS shows
excellent mechanical properties and thus has been extensively applied as a lubricant in harsh
environments.[5] More interestingly, h-BNNS has excellent thermal conductivity, which
makes it an efficient filler to improve the thermal performance of liquids[6, 7] and solid
polymeric composites.[8] For all these applications, a facile method to synthesize high-

quality h-BNNS is a prerequisite to take full advantage of its intrinsic properties.

The methods for the preparation of h-BNNS have been quite limited and inefficient,
compared with the facile methods for the large scale production of graphene. So far, the most
common way of producing h-BNNS is via sonication-assisted exfoliation of bulk h-BN
powder. To overcome the van der Waals forces between the layers, the liquid media/solvents
for effective exfoliation should have similar surface energy to that of h-BN.[9] Mono- and
few-layered h-BNNS have been prepared by sonicating h-BN in media such as water,
isopropanol, and N-methyl-2-pyrrolidone.[10-12] A complete removal of some of the
solvents, however, can be hampered by their high boiling points. Compared with the
numerous reports on functionalized graphene, only a few papers have been published on
functionalizing h-BN, which is likely due to its exceptional chemical stability. Simulations

have indicated that effective functionalization of h-BNNS can change its band gap and
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consequently lead to applications in various fields.[13] Experimentally, hydroxyl
functionalized h-BNNS (OH-BNNS) has been synthesized via various methods, including
sonicating bulk h-BN powder in water,[10] heating bulk h-BN powder in air,[14] treating h-
BN powder in hot Ho.SO4/KMnO4 aqueous solution,[15] chemical reactions between g-CaN4
and B(OH)3,[16] and oxygen radical functionalization followed by hydrolytic
defunctionalization.[12] The presence of OH groups could alter the surface energy and thus
ameliorate the solubility of h-BNNS in a variety of solvents. Being very common in Nature,
hydroxyl (OH) groups can interact with various forms of inorganic and organic matter, and
therefore, the intrinsic properties of h-BNNS can be better exploited by grafting OH groups.
For example, OH-BNNS has been very effective for polymer reinforcement[12] and drug

delivery.[16]

In this thesis, commercial h-BN was directly exfoliated by a steam treatment and
simultaneously functionalized to yield OH-BNNS (Figure 4.1). This procedure is simple,
low-cost, free of harsh chemicals, and can be readily scaled up. Furthermore, it’s been
demonstrated that the functionalization occurs predominantly along the platelet edge. The
resultant excellent dispersion and stability of OH-BNNS in aqueous solution and organic
solutions make it an effective additive to N-isopropylacrylamide based hydrogels, leading to
much enhanced thermal conductivity without compromising the mechanical properties. The

resulting hydrogels demonstrate faster dimensional change and dye desorption upon heating.

4.2 Experimental section
Preparation of OH-BNNS
The exfoliation and in-situ functionalization of boron nitride was carried out in a tube furnace

with a fused quartz tube. Commercial boron nitride powder (99.95%, Alfa) in an alumina
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crucible was placed at the center of the furnace, with another crucible full of water placed a
few inches apart, upstream of the carrier gas inlet. After the quartz tube was purged with Ar a
few times, the furnace was gradually heated up and kept for 2 h at the set temperature under
Ar flow of 100 sccm. The resultant products were dispersed in either organic solvents, such
as ethanol and isopropanol (IPA), or deionized water, where OH-BNNS forms a milky
suspension. To quantify the OH-BNNS suspended in the liquids, the product obtained at 850
€ was dispersed with an initial concentration of 1 mg/ml and sonicated for 5 min. After
centrifuging at 1200 rpm for 30 min to remove the large particles, the ¥4 top of the suspension
was carefully transferred into another vial and then dried, with the resultant solid powder
weighed. For the products obtained at higher temperatures (> 950 °C), before being treated by

the same procedure, they were washed by DI water to remove H3BOsa.

Characterization of OH-BNNS

X-ray powder diffraction (XRD) patterns were obtained on a GBC MMA (Cu Ka, A =
0.15406 nm). Fourier transform infrared (FTIR) spectra were collected using a Shimadzu
FTIR Prestige-21. Raman spectra were obtained at room temperature using a Horiba
JobinYvon/LabRAM HR8000 with a laser source at 632.8 nm. The topographic heights of
OH-BNNS were measured by an atomic force microscope (AFM, Asylum Research, MFP-
3D). The morphology and lateral size of OH-BNNS were examined by a field emission
scanning electron microscope (FESEM, JSM 7500F, JEOL). Bright field and high resolution
transmission electron microscope (TEM, JEM 2010, JEOL) images were collected at 80 kV
accelerating voltage. Electron energy loss spectroscopy (EELS) mapping was performed to

determine the distribution of OH groups.

Preparation of PNIPAM/OH-BNNS
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Temperature sensitive hydrogel composites were synthesized from N-isopropylacrylamide
(NIPAM, Sigma-Aldrich). a-ketoglutaric acid and N-N” -methylenebisacrylamide (BIS)

were used as, respectively, the ultraviolet (UV)-initiator and the crosslinking agent (Sigma-
Aldrich). To create NIPAM polymer (PNIPAM)/OH-BNNS hydrogels, an ethanol-based OH-
BNNS dispersion (0.06 mg/ml) was used as the base medium to dissolve NIPAM (20 wt %),
along with the UV-initiator (2.5 mol %) and BIS (2.5 mol %). The molar concentrations of
UV-initiator and crosslinking agent were based on NIPAM monomer. To vary the
concentration of OH-BNNS in the final composite, ethanol was used to dilute the main OH-
BNNS stock solution. Where PNIPAM hydrogel was needed as a control, only ethanol was
used to dissolve the above components. Polymerization was performed in a UV chamber (300
nm) for 6 h. As-prepared hydrogels were removed from the polymerization mold and placed
in Milli-Q water to exchange ethanol with water, while water was replaced on a daily basis

for 3 days.

For Raman mapping (collected at 1362 cm™), the hydrogel sample was freeze-dried and then
crashed in an agate mortar with the pestle. Mechanical testing was performed on fully
swollen hydrogels using a Shimadzu mechanical tester (EZ-L). Tensile tests were carried out

on hydrogel ribbons (1 mm>& mm >20 mm), while compression tests were performed on
cylindrical hydrogels (15 x @15 mm?d). In both cases the cross-head speed was fixed at 5

mm/min. Differential scanning calorimetry was carried out on the hydrogels to determine
their heat capacity using a TA Q-100 DSC instrument. Through-thickness thermal diffusivity
of the hydrogels was measured on a Linseis LFA1000 Laser Flash Analyser at room
temperature. The hydrogels were taken out of the warm water (50 <€) to observe the change
in transparency using a digital camera (Optek, Australia) calibrated against a gray scale

background; they were placed in the same petri dish with warm water (50 <€) to observe the
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change in dimension; a similar set up was used to monitor the dye release, but with warm

water at 40 €.

4.3 Results and discussion

Stable dispersions of ~ 0.3 mg/mL OH-BNNS in water and ~ 0.06 mg/mL OH-BNNS in
ethanol (Figure 4.2a and b) appear translucent, and the concentrations are much higher than
those for h-BNNS with negligible amounts of hydroxyl groups[17] and are consistent with
previous reports.[7, 10, 14] The SEM studies show that the as-received h-BN (Figure 4.3)
powders consist of thick platelets with smooth surfaces and edges, and the lateral size is from
1 to 7 microns. The OH-BNNS (Figure 4.3a-c) obtained at 850 <€ appears to be transparent
due to the much reduced thickness, but with a slightly reduced lateral size ranging from
submicron to several microns. This is much larger than the exfoliated OH-BNNS in previous
reports.[10, 14, 17] When the temperature was increased to 1000 €€, smaller sheets with
more noticeable voids in the plane were obtained (Figure 4.3d-e). This morphology is very
similar to that in previous reports,[14, 17] where prolonged sonication was applied to
exfoliate the h-BN. The formation of small sheets with many defects will have a negative
impact on the heat transfer along the plane. Therefore, a low temperature, 850 <€ in this case,

has been selected to produce large OH-BNNS with fewer defects.

Figure 4.4a shows TEM images of OH-BNNS with morphology similar to the parent h-BN
powder. The Moiré&pattern is associated with the restacked few-layered OH-BNNS with
different orientations, which has been observed in the case of graphene.[18] Few-layered OH-
BNNS can be clearly seen in high magnification transmission electron microscope (TEM)
images (Figure 4.4b and Figure 4.3f). The electron diffraction pattern (inset of Figure 4.4b)

reveals the typical six-fold symmetry of h-BN, indicative of the structural integrity after the
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exfoliation. Atomic force microscope (AFM) topographic images of OH-BNNS were
acquired via tapping mode. Isolated OH-BNNS with a thickness of ~1 nm and lateral size of
approximately 2 um was observed (Figure 4.5). A terraced morphology showing a mono-
layered OH-BNNS joined to a tri-layered OH-BNNS can be seen, taking into account the
solvents trapped between the OH-BNNS and the silicon substrate.[19] The result is in good
agreement with that in Figure 4.4b, further supporting the effective exfoliation of h-BN

during the treatment.

. NH; - . e -
BN + H,0 22CLs 1 Bo, o e o o
-NB(OH), y = OH
> N T R o

Exfoliation & hydroxylation - - 7o

° Hzo - NH3 -] —=

Figure 4.1. Schematic illustration of hydrolysis-assisted exfoliation and hydroxylation of h-
BN powder in hot steam, where H2O reacts with h-BN, forming NH3z and -NB(OH)y, and the

highly energetic H2O and NHs assist the exfoliation through diffusion between BN layers.
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Figure 4.2. a) 0.3 mg/mL OH-BNNS in water; b) 0.06 mg/mL OH-BNNS in ethanol. OH-
BNNS/water, which contains more OH-BNNS, appears less transparent than the OH-

BNNS/ethanol.

Figure 4.3. SEM images of a) commercial h-BN, b) OH-BNNS exfoliated at 850 <€, ¢)
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zoomed-in image of (b), d) exfoliated OH-BNNS at 1000 <€; e) voids formed on OH-BNNS
at 1000 <€; 1) high resolution TEM image of OH-BNNS exfoliated at 1000 °C. (When the
synthesis temperature was increased to 1000 <€, the morphology of the resultant powder
shows more rough edges and small voids on the plane, in contrast to the morphology of

pristine h-BN and h-BNNS obtained at 850 <€.)

Figure 4.4. a) TEM image of a Moirépattern due to the stacking of few-layered OH-BNNS;
b) TEM image of four-layered OH-BNNS (inset showing the corresponding electron

diffraction pattern).
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Figure 4.5. AFM topographic image and the corresponding height profile of OH-BNNS
showing a terraced morphology with a mono-layered OH-BNNS joined to a tri-layered OH-

BNNS.
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Figure 4.6. AFM derived statistical thickness of OH-BNNS obtained at 850 <C.
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Similar to other nitrides, including SisNs4, TiN, and CrN, h-BN is also sensitive to moisture at
elevated temperatures, due to the strong affinity of N towards O in H>O.[20] After the heat
treatment under hot steam, white ammonium pentaborate tetrahydrate (NH4Bs0g 4H20)
powder is deposited on the inner wall of the quartz tube downstream of the Ar outlet,[21] as
confirmed by the X-ray diffraction (XRD) analysis (Figure 4.7). The initially pure deionized
water in the disposal unit has a high level of ammonia, as confirmed by the Nessler’s reagent
test (Figure 4.8). The overall reaction can be described in Equation (4.1), which has also been
observed before.[10, 22] The formation of NH4BsOg 4H>0 is due to the reaction between
NHz and H3BO:s.

Equation (4.1)

BN + H,0 — NHy + B(OH)5

HioCourts
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Figure 4.7. XRD pattern of the ammonium borate hydrate. (A white powder was scraped off
from the tube wall downstream of the Ar outlet. The XRD pattern of the white powder has
been well indexed to ammonium borate hydrate, which is formed by the reaction of boric acid

with ammonium gas.)
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Figure 4.8. a) Nessler’s reagent; b) Nessler’s reagent upon adding solution from the bubbler.
(The Nessler’s reagent test is commonly used for ammonia detection. It turns the reagent a
deeper yellow from a light yellow after several drops of solution have been added from the

bubbler, indicative of the formation of NH3 when hot water steam was blown over the BN.

The exfoliation is facilitated by the hydrolysis reaction at these high temperatures with the
release of ammonia gas. The high thermal input at these temperatures would weaken the van
der Waals forces between the BN layers. The hot H.O gradually reacts with h-BN, forming
voids (size depending on the temperature and reaction duration) on the (002) basal plane and
along the edges, which would further weaken the van der Waals forces. The highly dynamic
H>0 and NHs formed in-situ at such high temperatures may therefore penetrate through these
voids and diffuse slowly between the BN layers, causing exfoliation, as evidenced by the
SEM and TEM images (Figure 4.4a, b). AFM was used to measure the statistical thickness of

the OH-BNNS[11] (Figure 4.6), which confirms that the final product has a thickness that
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mainly varies from 1 to 5 nm, with ~20 % being 1-2 nm and over 60 % being 3-4 nm. This

method gives a high yield of > 30 % for few-layered h-BNNS in the products. The yield of

OH-BNNS could be controlled by optimizing the synthesis temperature and reaction

duration. It’s been found that the reaction rate is slow at 850 <C and the weight loss is only

5% in 2 h, suggesting that at this stage the majority of BN nanosheets remain as the solid

product. Higher temperatures contribute to the formation of boric acid and consequently

reduce the yields (Tables 4.1 and 4.2).

Table 4.1. (Yields of OH-BNNS at various temperatures)

Sample | Weight | Weight | Purified | Yields of | Weight of Ratio of OH-
of bulk | (g) weight | products | OH-BNNS (g) BNNS among
h-BN (after (9) (after separation) | the products
(9) heating)

BN850 |1 0.95 n/a 95% 0.30 31.6%

BN950 |1 0.98 0.8 80%* 0.15 18.75%

BN1050 | 1 11 0.65 65%* 0.08 12.3%

*: After removing boric acid

Table 4.2. OH contents (atomic percent) in the products obtained at various temperatures.

Sample B N OH

BN850 50.44 4441 5.15
BN950 50.27 43.50 6.23
BN1050 49.53 42.19 8.28
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The functionalization occurs simultaneously with the hydrolysis, as illustrated in Figure 4.1.
The driving force of the reaction is believed to be the formation of NH3 as a leaving group.
The exposed B atoms with dangling bonds then react with hydroxyl groups. The reaction in
Equation (4.1) describes a situation where charge neutral HsBOz is formed. In reality,
tetrahedrally coordinated N3B(OH) is also formed.[16] The presence of —-B(OH) can be

verified using Fourier transform infrared (FTIR) spectroscopy and XRD.[10, 12, 23]

Two strong FTIR bands at ~1343 cm™ and ~807 cm™ are present in pristine h-BN, h-BN
treated at 850 € (BN-850), and h-BN treated at 900 € (BN-900) (Figure 4.9a), which are
correlated with the in-plane stretching and the out-of-plane bending mode of h-BN,
respectively.[24] The red-shifts from 807 cm for pristine h-BN to 787 cm™ for BN-850, and
784 cm™* for BN-900, are due to the disruption by hydroxyl groups, which leads to vibration
at lower wavenumber.[12] A peak at 3440 cm™, assigned to the O-H stretching mode from
the N3B(OH) unit, appears in the BN-850, which is consistent with previous results.[10, 12,
15, 16] Reactions at lower temperatures would not lead to an observable band at 3440 cm™
(not shown here). For the BN-900, the O-H stretching mode at 3206 cm™ and a new bending
mode at 1200 cm™ appear simultaneously, which are correlated with H3BOs, where boron is
triangularly coordinated with oxygen.[25] This is confirmed by the XRD pattern (Figure
4.9b) of BN-900, where diffraction peaks associated with HsBOg are clearly visible.[14]
Based on the results obtained, it’s been proposed the following explanation. H3BOs has a low
decomposition point (~170 <€), but under the hot steam in the quartz tube, it can survive high
temperatures. Additionally, it also has a low boiling point of 300 <€, so it could evaporate
away quickly. Based on the NH4BsOg 4H>0 white powder obtained at the downstream outlet
of the tube (for all the temperatures), it can be reasoned that most of the HsBO3 has been

evaporated away. At 850 <€, the evaporation rate is relatively faster than the formation rate of
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H3BOs3, leaving no H3BO3 in the final product. At 900 <€ a reverse trend occurs, and HsBO3
was observed in the final product, as confirmed by FTIR and XRD. The reactions were tried
at higher temperatures with more HzBOs observed in the final product (Table 1). Therefore,
by adopting the optimum temperature, 850 <€ in this case, OH-BNNS can be obtained with
an undetectable amount of impurities after a single heat treatment. Furthermore, the resultant
OH-BNNS can be directly dispersed in solvents to be used as additives, avoiding tedious
purification processes such as washing, centrifuging, and drying, which have been typically
applied in the preparation of OH-BNNS.[12, 17, 26] The Raman spectra (Figure 4.9c) contain
bands at 1362 cm™ (BN-850) and 1360 cm™ (BN-900), close to 1366 cm™ for the commercial
h-BN, all of which can be attributed to the E>y mode vibration of h-BN. The slight red-shifts
of 4 cm™ (BN-850) and 6 cm™ (BN-900) in relation to that of the pristine h-BN are another
piece of evidence that the bulk h-BN has been exfoliated to produce predominantly few-
layered nanosheets, which feature reduced interlayer interactions and shortening of the B-N

bond.[12]
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Figure 4.9. Pristine h-BN and h-BN treated at 850 <€ (denoted as BN-850) and 900 € (BN-

900). a) FTIR spectra showing the presence of only -NB(OH)y in BN-850, as opposed to the
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large amount of H3BOs in BN-900; b) XRD patterns revealing the presence of H3BOz in BN-
900, which is negligible in BN-850. c) The red-shifts in the Raman spectra of the Exq peak

indicate the formation of few-layered BN at elevated temperatures.

FTIR and X-ray photoelectron spectroscopy (XPS) have been often used to validate the
formation of OH-BNNS, but the location of OH groups on the plane has been vaguely
described.[12, 15, 23] Aberration-corrected TEM is one of the most powerful tools to
characterize matter at the sub-nanometer level. It is typically coupled with energy dispersive
X-ray spectroscopy (EDS) to unequivocally identify elements present in the structure. EDS,
however, is not reliable for light elements (O and lighter) due to many experimental factors.
This limitation is overcome by the use of electron energy loss spectroscopy (EELS), where
the light elements can be detected with the same resolution as the microscope. Here, EELS
has been employed to probe the location of the OH groups in the BN sheets (Figure 4.10).
Note that in these TEM images, the edges have the same intensity as the interior of the sheet,
indicating that it is not a folding but a flat edge. Obviously, the O-K peak at ~532 eV in areas
2 and 3, which are along the edges of the OH-BNNS, and the disappearance of the O-K peak
in areas 4, 5, and 6, which are away from the edges (Figures 4.10 and 4.11), suggesting that
the h-BNINS have been functionalized predominately on the edges rather than on the basal
plane. In addition, the presence of 1s-n* and 1s-6* peaks of the N-K edge confirms that the

intrinsic hexagonal structure of h-BN still remains.
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Figure 4.10. EELS mapping shows that the hydroxyl groups are predominately located along
the edges of the nanosheets. Area 1 is off the OH-BNNS so no O-K or N-K peaks are
observed; on moving to the edge of the OH-BNNS (area 2), the O-K peak appears and then
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becomes weaker on moving away from the edge (area 3). The O-K peak is not observed
when moving further into the basal plane (areas 4, 5, and 6). The presence of 1s-n* and 1s-6*

peaks of the N-K edge confirm that the intrinsic hexagonal structure of h-BN still remains.

Herein, it’s been demonstrated the use of OH-BNNS as an effective additive to enhance the
thermal response of poly(N-isopropylacrylamide) (PNIPAM) hydrogel. PNIPAM is one of
the most widely studied temperature sensitive hydrogels, with applications ranging from drug
delivery to various types of smart systems.[27] The efficacy of these applications is highly
dependent on the critical response of the hydrogel to changes in temperature, which in most
cases needs to be extremely fast. To take full advantage of the high thermal conductivity of h-
BN as an additive, it is critical to well disperse the h-BN in the hydrogel network, which is
not easy due to its hydrophobicity. In this work, the Raman mapping indicates that OH-
BNNS is uniformly embedded in the hydrogel matrix rather than forming scattered
aggregates (Figure 4.11c and d), The excellent dispersion can be ascribed to the extensive
hydrogen bond network between the hydroxyl groups on the h-BNNS and —HN of N-
isopropylacrylamide (Figure 4.11a). Such a uniform distribution would effectively favor the
exploitation of the high intrinsic thermal conductivity of the h-BNNS, which consequently

enhances heat transfer throughout the hydrogel network.
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Figure 4.11. a) Schematic illustration of the formation of PNIPAM/OH-BNNS hydrogel,
where the cross-linked PNIPAM and OH-BNNS are integrated through hydrogen bonding, b)
photographic image of PNIPAM/OH-BNNS hydrogel, ¢) Raman mapping collected at 1362
mt, showing the uniform distribution of the OH-BNNS in the hydrogel network, and d)
Raman spectra of three points with maximum (I11), mean (I1), and minimum (I) intensity,
judged by human eyes. The featured peaks of PNIPAM (at ~1450 cm™) and OH-BNNS

(~1360 cm™) have an independent existence.

As a well-known temperature sensitive hydrogel, PNIPAM becomes opaque and shrinks at
the same time when heated above ~32 <€, and it returns back to its initial state when the
temperature is reduced below the transition temperature. A faster change in opacity and size
indicates a better temperature response, which is critical for practical applications. Such an
improvement was observed in the response of the PNIPAM/OH-BNNS hydrogels to

temperature changes. The addition of only 0.07 wt% (based on polymer precursor) OH-
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BNNS to the hydrogel improved the thermal conductivity by 41% (Figure 4.12a). When the
PNIPAM/OH-BNNS hydrogel composite and pure PNIPAM were taken out of warm water at
50 <€, the former showed a much faster change in transparency than the latter, with a
maximum 40% margin (Figure 4.12b), indicative of the pivotal role of OH-BNNS in the

thermal enhancement.

As the dimensions of the hydrogel have an inverse temperature dependence, another test was
carried out to compare the rate of the length change of cylindrical samples when the
temperature was increased from room temperature to 50 <€. Both hydrogels were made under
the exact same conditions with the same dimensions. The PNIPAM/OH-BNNS hydrogel
composite shows faster length change (inset in Figure 4.12c). Specifically, the greatest
difference in length appears at 30 seconds, when the hydrogel composite has shrunk to 3.8
cm from 4.2 cm, a 5-fold greater shrinking rate than that of its neat counterpart, which has
shrunk from 4.2 cm to 4.15 cm. Finally, after 6 minutes, the lengths of both hydrogels are
nearly the same. The faster response rate is attributed to the highly improved thermal
conductivity across the composite due to the presence of OH-BNNS sheets. This faster
change in dimension would make the PNIPAM/OH-BNNS hydrogel composite a better

candidate for actuator applications (e.g. valves) that work by thermal stimulation.

Dye release from the hydrogels was also tested, which provides a simple simulation of the
releasing process for drug solutions. Since PNIPAM hydrogels undergo large volume
deformation upon heating, the drug molecules can be “squeezed” out of the hydrogel
composite. Blue dye (blue food coloring) was loaded on both neat and composite hydrogels
in the same petri dish, until both reached equilibrium with an identical dark blue color, as

perceived by human eyes. They were then put into warm water (T = 40 <€) for dye release.
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After 0.5 minutes, the PNIPAM/OH-BNNS hydrogel began releasing the dye, while the neat
hydrogel showed no detectable change in color (Figure 4.12d). At 3 minutes, the color of the
PNIPAM/OH-BNNS hydrogel became a lighter blue, indicating that more dye had been
released during the same period than for the neat hydrogel. The faster dye release upon
temperature change again indicates that the well-dispersed OH-BNNS improves heat
conductivity. PNIPAM/OH-BNNS hydrogels therefore could show a prompt response to their
environmental temperature to deliver drug solutions more effectively than the corresponding

neat ones.
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Figure 4.12. a) Thermal conductivity improvement with the ratio of OH-BNNS (inset: the

improvement by percentage), b) change in transparency, c) change in length of cylindrical

samples (inset: photographs of hydrogels at different times, with PNIPAM on the left and

PNIPAM/OH-BNNS on the right), d) dye release upon heating, and e) schematic illustration

of the enhanced heat transfer in PNIPAM/OH-BNNS hydrogel, which has resulted from the

excellent integration between the OH-BNNS, H>O, and the cross-linked PNIPAM through

hydrogen bonding.
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As discussed above, the treatment of bulk h-BN powder at high temperatures under steam
leads to simultaneous exfoliation and functionalization of the h-BN. The resultant OH-BNNS
is edge-modified and hydrophilic enough to form good suspensions in water and alcohol.
Moreover, when mixed with polymers soluble in water or alcohol, the OH groups on the
nanosheet edges appear to be conducive to a collective interaction between the h-BNNS and
the polymer, most likely through hydrogen bonding, and thus, no phase segregation takes
place. This is evidenced by the Raman mapping collected at 1362 cm™ (Figure 4.11c-d),
which reveals a uniform distribution of h-BNNS across the hydrogel network. It is important
to note that there is no obstacle to using other hydrophilic monomers and polymers to prepare
hydrogel composites, so long as the precursors are soluble in water or ethanol. Indeed,
uniform poly(ethylene glycol)/OH-BNNS and poly(hydroxyethylmethacrylate)/OH-BNNS

composites have been successfully fabricated.
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Figure 4.13. Raman spectra of OH-BNNS, PNIPAM, and PNIPAM/OH-BNNS. For the
Raman spectrum of PNIPAM/OH-BNNS, the featured peaks of PNIPAM (at ~1450 cm™)

and OH-BNNS (~1360 cm®) are of independent existence.
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It is well known that water-PNIPAM interaction and water-water interaction in the hydrogel
is highly sensitive to changes in temperature. Below the lower critical solution temperature
(LCST), hydrophilic amide (-NH) and carbonyl (-CO) groups form hydrogen bonds with
water molecules, with the interaction dominated by an enthalpic term. Once above the LCST,
the entropic gain overcomes the enthalpic term, and water molecules are released.[27] How
to effectively transfer the heat to “all” the molecules so to speed up their response is critical
for any thermal-stimulus applications. These intermolecular hydrogen bond interactions
between water and OH-BNNS, as well as PNIPAM and OH-BNNS, allow the OH-BNNS to
act as a thermal carrier to continuously and effectively diffuse the heat throughout the
hydrogel composite matrix (Figure 4.12e), which consequently enhances the thermally
stimulated performance of PNIPAM/OH-BNNS hydrogel according to the tests above. The
absence of -OH groups on the basal plane is also advantageous, since otherwise, deformation
of the h-BNNS plane would occur, especially in the case of hydrogen bonding. It’s been also
found that OH-BNNS can effectively improve the thermal conductivity of the NIPAM/water
mixture and even pure water (Table 4.3), which is critical, since the hydrogel contains a large
amount of water (> 80 % by weight). The improvement is likely due to the high phonon
transport along the OH-BNNS basal planes [6, 28]. The interfacial thermal contact resistance
is minimized due to the large contact area between the OH-BNNS and the polymer, as well as
the water. In addition, the close interaction through hydrogen bonding will effectively
facilitate the transport of phonons between the BN sheets. It’s been believed that the presence
of OH groups has not appreciably perturbed the crosslinking efficiency of the hydrogel,
which significantly affects the response time when the temperature is changed. The swelling
(change in mass) ratio of the hydrogel remained unchanged, ~ 9.2 +/- 0.1, when OH-BNNS
was added (at the concentration range studied here). No change was observed in the LCST of

the polymer (all around 32 <C) upon adding OH-BNNS. In addition, the shrinkage ratios of
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the hydrogels with and without OH-BNNS are the same, although the rates of dimensional
change are different (Figure 4.12d). Therefore, the thermal enhancement is predominantly
caused by the incorporated OH-BNNS. A simple simulation (Figure 4.14) indicates that the
experimental data are close to the those predicted using a parallel conduction model.[29] It
should be noted that, in the parallel model, the conductive filler is arranged in parallel with
the direction of thermal flux, which is the most ideal case. It should be noted that the thermal
contacts between any interfaces are normally poor. It’s been confirmed the good dispersion of
OH-BNNS in the hydrogel composite with excellent contact between the OH-BNNS and
PNIPAM hydrogel through hydrogen bonding. The As used here is 360 W/mK, which is the
experimental value for 11-layered h-BN with trace of poly(methyl methacrylate)(PMMA),
and it was suggested that the ineffective removal of the PMMA residue would degrade the
thermal performance.[30] It should also be noted that thermal conductivity of single-layered
h-BN can be over 1000 W/mK.[31] In this case, there is a proportion of few-layered,
including monolayer, OH-BNNS, which could contribute more thermal enhancement than
relatively thick OH-BNNS. It’s thus likely that the experimental value of the 0.04 wt%
loading is close to the simulated value.

Table 4.3. Thermal conductivities of DI water, DI water/NIPAM, DI water/OH-BNNS and

DI water/NIPAM/OH-BNNS.

Sample DI water | DI water/NIPAM | DI water DI water
/OH-BNNS | /NIPAM/OH-

BNNS

Thermal 0.61 0.56 0.66 0.64
conductivity

(W/mK)
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The thermal conductivity of the PNIPAM/OH-BNNS hydrogel composite as a function of the
filler content was simulated using a parallel conduction model.[33]

A=V A+ (1=V) -2,

where A = thermal conductivity of the composite, A, = thermal conductivity of the neat
hydrogel, A¢ = thermal conductivity of the filler, and V = volume content of the filler. As the
loading of OH-BNNS is very low, the density of the hydrogel is assumed as same as OH-
BNNS. The thermal conductivity of h-BN is taken as 360 W/mK, an experimental value for

11 layers of h-BN.[34]

The hydrogels need to maintain suitable mechanical properties for practical applications. All

polymerization solutions made with OH-BNNS dispersions remained stable for several days
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until they were polymerized, after which, the nanosheets were fully locked into the network.
Over 5 tests, no significant improvement in the Young’s modulus was observed when OH-
BNNS was incorporated into the hydrogel formulation. Some improvements were obtained
from compression testing of the hydrogel composites, where PNIPAM/OH-BNNS hydrogels
exhibited a higher compression strength and final strain (Figure 4.15).

Notably, h-BNNS is known to be non-cytotoxic and has been studied for therapeutic or
diagnostic applications.[16, 32] The PNIPAM/OH-BNNS hydrogel composite is not expected
to be cytotoxic either. Therefore, the dramatic improvement in the response to external heat

stimulation could be very beneficial for a wide range of bionic and soft robotic applications.
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Figure 4.15. Compression test of PNIPAM/OH-BNNS and PNIPAM.

4.4 Conclusion

In summary, a facile and scalable method has been developed to directly exfoliate and
functionalize intrinsically hydrophobic bulk h-BN into hydrophilic OH-BNNS. The hydroxyl
groups are predominantly located along the edges of the nanosheets rather than on the basal

plane. The excellent dispersibility of OH-BNNS in water and alcohol makes it an effective
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additive to hydrogels. The intrinsic thermal properties have been perfectly inherited, since the
resultant OH-BNNS exhibited large and few-layered morphology rather than the small
fragments produced by the sonication-based exfoliation. The PNIPAM/OH-BNNS hydrogel
composite shows a much faster thermal response compared to the bare hydrogel, with a 41%
improvement in thermal conductivity achieved by adding only 0.07 wt% OH-BNNS. The
hydrogel composite also shows faster dimensional change upon heating, with the discrepancy
proving that OH-BNNS has passed on its excellent thermal properties to the PNIPAM
hydrogel. Most interestingly, the dye-release test demonstrates its improved drug delivery
capability. According to the merits above, this PNIPAM/OH-BNNS with its superior thermal
response is envisaged to be a promising candidate in the field of bionic and soft robotic

applications.
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Chapter 5 Few-layered and hierarchically porous boron nitride nanosheets
5.1 Introduction

Hexagonal boron nitride nanosheets (h-BNNS) are an inorganic analogue of graphene and
one of the most studied two-dimensional (2D) materials. h-BNNS possesses fascinating
properties such as superb mechanical strength and high thermal conductivity.[1-3] h-BNNS
have thus been explored as reinforcing nanofillers to enhance the mechanical and thermal
performances of composites.[4-6] Moreover, h-BNNS show unique properties that are absent
in their carbon counterparts, such as high electrical resistance, excellent oxidation resistance,
and chemical inertness in harsh environments.[7-9] These properties have provided the
driving force behind the booming interest in h-BNNS for a diversity of applications, such as
drug delivery, pollution remediation, anticorrosion coatings, and insulating substrates.[10-14]
As a result, intensive efforts have been devoted to the synthesis of high-quality, few-layered
h-BNNS in quantities suitable for large-scale applications. One of the most common ways to
produce h-BNNS is through sonication-assisted exfoliation of bulk hexagonal boron nitride
(h-BN) in selected polar solvents, such as isopropyl alcohol, N,N’-dimethylformamide, and
water.[4,15-17] These methods have led to h-BNNS with a large distribution of layer
numbers (from few to hundreds), and the resultant sheets tend to have a small lateral size
(less than 1 mm). In addition, the sonication-assisted method normally requires many hours,
and the yield is not satisfactory.[16,17] Thus, a scalable synthesis of h-BNNS with

controllable layer thickness is keenly sought after.

Template-based methods have been used to make highly ordered porous BN structures.[18—
20] These methods have several disadvantages, however, such as difficulties in efficient
filling of the nanopores and complete removal of the template. Furthermore, for large-scale

production, the cost of the template could be very high. Template-free and dynamic-template
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strategies have been introduced more recently to synthesize porous BN in forms such as
sponges, belts, and ribbons.[13,21,22] It remains a critical challenge to control the

morphology of porous BN as a 2D sheet structure.

Herein, a controllable bottom-up synthesis of few-layered porous h-BNNS has been reported.
This strategy employs the unique crystal structure of MgB., where Mg atoms are sandwiched
by boron sheets (Figure 5.1a). During the reaction, h-BNNS formation is constrained by the
formation and decomposition of Mg-based by-products, and as a result, only few-layered
nanosheets with controlled pore size are obtained. The resultant porous h-BNNS show good

CO2/N: selectivity and adsorption capability.
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Figure 5.1. (a) Schematic diagrams of synthesis of h-BNNS. (b) Fourier transform IR (FTIR)

spectra, and (c) XRD patterns of the samples obtained at different temperatures. The product
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obtained at 450 <C is denoted as BN450, and the same notation has been applied to all the

samples.

5.2 Experimental section

Synthesis

Magnesium diboride (MgB., Alfa Aesar) and ammonium chloride (NH4Cl, Sigma Aldrich)
were used as received. In a typical experiment, MgB- (0.1840 g) and NH4ClI (1.2840 g) were
ground together into a homogeneous mixture in a glove box and then transferred into a boron
nitride crucible. The reaction was carried out in a tube furnace with a fused quartz tube (50
mm inside and 55 mm outside diameter). The quartz tube was evacuated 3 times and filled
with Ar in between. Subsequently, the mixture was treated under ammonia at varied
temperatures from 450-1050 <C for 2h. A high flow rate of 200 sccm was used to prevent the
formation of solid products that may cause blockage. After the reaction, the furnace was
naturally cooled down to room temperature. The product was washed with 1 M hydrochloride
acid and deionized (DI) water, dried at 80 <C overnight, and then collected for further

characterizations.

Characterization

X-ray powder diffraction (XRD) patterns were obtained on a GBC MMA (Cu Ka, A =
0.15406 nm). Fourier transform infrared (FTIR) spectra were collected using a Shimadzu
FTIR Prestige-21. Raman spectra were obtained at room temperature using a Horiba
JobinYvon/LabRAM HR8000 with a laser source at 632.8 nm. X-ray photoelectron

spectroscopy analysis (XPS, PHOIBOS 100 hemispherical analyser SPECSGmbH) was
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carried out at the energy of 486.6 eV. High resolution transmission electron microscope
images were acquired in JEOL 2011 and JEOL ARM200F at an 80 kV accelerating voltage.
Gas adsorption studies were carried out using a Quantachrome Autosorb MP instrument, with
high purity nitrogen (99.999 %) and carbon dioxide (99.995 %) gasses at the Wollongong
Isotope and Geochemistry Laboratory, UOW. Surface areas were determined using Brunauer-

Emmett-Teller (BET) calculations.

5.3 Results and discussion

The dynamic template afforded by the layered structure of MgB: is the key to producing few-
layered porous h-BNNS (Figure 5.1a). During the synthesis, NH4Cl is introduced as an
etchant and NHz as the nitrogen source to form h-BNNS. The final products were washed
with dilute hydrochloric acid and deionized water prior to characterization. At temperatures
lower than 450 <C, the final solid product appears brownish, indicating the formation of
elemental boron. At 450 <, the B-N stretching mode at 1400 cm™ becomes visible in the
infrared (IR) spectra (Figure 5.1b). With increasing temperature, h-BN starts to dominate the
products, as confirmed by the growth in intensity of the IR bands at 1400 cm™ and 790 cm™
that are associated with the stretching and bending modes of B-N vibrations, respectively
(Figure 5.1b). The X-ray diffraction (XRD) results (Figure 5.1c) agree well with the IR
results, in that temperatures of 550 <C and above facilitate the formation of BN. When the
synthesis temperatures were elevated to 950 <C and 1050 <C, the products evolved into a
mixture of h-BN and turbostratic boron nitride (t-BN), with an extra set of (002), (100),
(101), (102), and (004) peaks appearing (Figure 5.1c). t-BN consists of partially disordered

BN layers with interspacing larger than that of h-BN.[23,24]
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To further elucidate the reaction mechanism, the reaction was carried out at the lower
temperature of 350 <C. The resultant product was identified from its XRD pattern as
ammonium magnesium chloride (NHsMgCls), with the hydrate formed because NHsMgCls is
hygroscopic (Figure 5.2). The likely process involves the decomposition of NH4Cl
(decomposes around 338 <C) into NHz and HCI, which then reacts with MgB., forming
NH4MgCls and elemental boron. At higher temperatures, the elemental boron formed in situ
reacts with NHs to form BN (Figure 5.1a), and the NHsMgCls decomposes to NH3, HCI, and
amorphous MgCl».[25] MgCl, would be present throughout the thermal process (m.p.

714 <C; b.p. 1412 <C), playing a vital role in preventing the BN layers from aggregating.
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Figure 5.2. XRD patterns of the solid product obtained at a) 350 <C and b) 650 <C without
any treatment. At 350 <C, NH4Cl decomposes into NHz and HCI, which react with MgB.,
forming ammonium magnesium chloride (hydrated when exposed to air). At 650 <C, Mg-

based byproducts exist in the whole process and finally form into MgO.

X-ray photoelectron spectroscopy (XPS) was used to determine the chemical compositions of
the products. The full survey spectrum reveals the presence of B, N, and C (Figure 5.3a),
indicating that Mg and CI have been largely removed. The C element can be assigned to the
carbon tape used as the substrate for the specimen. Two dominant peaks in the spectra
(Figure 5.3b and c) are located at 190.7 eV (B 1s) and 398.0 eV (N 1s), in close agreement
with the reported values for h-BN.[3] Energy dispersive spectroscopy (EDS) under
transmission electron microscopy (TEM) (Figure 5.4) also reveals the presence of B, N, C,
and O, and negligible amounts of Mg. The formation of h-BNNS is also confirmed by the
Raman spectra, where the Ezg mode centred around 1364 cm™ is observed (Figure 5.5) for
BN1050, and redshifts are observed for both BN850 and BN650, indicating reduced

thickness of the h-BNNS with lower synthesis temperatures.
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Figure 5.3. a) Full XPS survey spectrum of typical resultant h-BNNS for all samples, but
only spectrum of BN650 is shown here; b) and c) XPS spectra for B and N elements,

respectively.
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Figure 5.4. EDX spectrum collected under TEM for sample BN750, indicating that the
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Figure 5.5. Raman spectra of BN650, BN850, and BN1050.

The morphologies of the h-BNNS have been carefully characterized through TEM (Figure

5.6). h-BNNS prepared at 650 <C (BN650) has a sheet-structured morphology with a lateral
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size of up to 1.5 mm and wrinkles all over the sheet due to its thin graphene-like nature. The
majority of the resultant h-BNNS is bi-layer at 650 <C (Figure 5.6d), and monolayer h-BNNS
was also observed (Figure 5.7). As the synthesis temperature is increased, the h-BNNS
becomes thicker, and it is up to 10 layers in BN850 and 20 layers in BN1050 (Figure 5.6b
and c). This is because higher temperatures accelerate the evaporation and decomposition of
the Mg-based by-products, favouring better crystallisation and growth. Note that during the
synthesis, those nanosheets are prone to joining together to form bigger sheets, especially at

higher temperatures.

Figure 5.6. TEM images of BN650, BN850, and BN1050: (a—c) low magnification; (d—f)

high magnification with clear lattice fringes.
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Figure 5.7. TEM image of BN650 with monolayer h-BNNS.

Nitrogen adsorption-desorption isotherms (Figure 5.8a) of the samples collected at 77 K
show type-1V curves and Hi-type hysteresis loops. The pore size distributions derived from
the adsorption branches using density functional theory (DFT) are correlated with the
synthesis temperature (Figure 5.8b). A sharp peak corresponding to a pore size of 1 nmin
diameter is observed for BN650 and BN750 (Figure 5.8b), suggesting a large proportion of
micropores in these two products. This is also evident from the cumulative pore volume as a
function of pore diameter (Figure 5.9). The micropore volumes of BN650 and BN750 are
more than 3-fold higher than for the samples obtained at higher temperatures. All the samples

contain mesopores around 4 nm in diameter.
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Figure 5.8. (a) Nitrogen adsorption—desorption isotherms. Closed symbols represent
adsorption, and open symbols represent desorption. (b) Pore size distributions of the samples

synthesized at varied temperatures. The inset is an enlargement of the small pore diameter

range.

A previous report has proposed that micropores in porous h-BNNS arise mainly from

enlarged interlayer distances and nonparallel BN layers.[21] Temperatures over 850 <C

121



facilitate crystallization of the h-BNNS, as evidenced by the XRD patterns (Figure 5.1c), and
consequently, reduce the amount of non-parallel BN layers and thereby micropores. The
evaporation of Mg-based by-products is temperature-dependent. Lower synthesis
temperatures lead to slow evaporation and decomposition of the by-products, which slows
down the crystallization of BN and contributes to the formation of larger amounts of
micropores. It is also possible that the migration of the volatiles out of the materials may
damage the BN layers and thereby generate pores. The Brunauer-Emmett-Teller (BET)
surface area and cumulative pore volume data for the samples are summarised in Table 5.1.
The surface areas range from 61-236 m? g%, much higher than that of the commercial BN
powder (~25 m? gt). Based on the high specific surface areas and hierarchical pore-size

distributions, this form of porous h-BNNS is expected to be a promising adsorbent.

Table 5.1. List of the specific surface areas and cumulative pore volumes for samples

synthesized at varied temperatures.

Sample Specific surface area/m? g! Cumulative pore volume/cc g™
BN650 235 0.256
BN750 236 0.364
BN850 108 0.303
BN950 94 0.293
BN1050 61 0.220

Recently, porous h-BNNS have attracted attention for gas adsorption and pollutant removal
due to their high porosity and high specific surface area, as well as their low density and high
chemical stability.[21,26,27] The capture of CO: has attracted considerable attention in recent
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years, since anthropogenic CO> emission is believed to be the main contributor to global
warming. Each BN sample was therefore examined for CO> sorption up to 760 Torr at 298,
288, and 273 K (Figure 5.10a). Although BN750 has the highest specific surface area and
largest cumulative pore volume (Figure 5.9), BN650 exhibited the highest CO, adsorption
capacity. This could be ascribed to its micropore volume, which was highest in BN650
(Figure 5.8b and Figure 5.9). It is known that the micropores, not the surface area, play a
dominant role in CO> adsorption at low pressure.[28] This is corroborated by the low CO>
adsorption by samples BN850, BN950, and BN1050, all of which have low micropore
volumes (Figure 5.8b and Figure 5.9). Note that mesopores may become predominant once
micropores are already saturated and BN650 has the highest volume when micropores and
mesopores are combined. In addition, BN650 demonstrated excellent selectivity of CO2 over
N2. The selectivity was calculated from single component isotherms at 298 K, using values
representing the composition of flue gas emitted from coalfired power plants (15% CO3; 75%
N2; 10% other gases). The CO2/N: selectivity as calculated through eqn 5.1 is 26.3, indicating
that this form of h-BNNS exhibits high selectivity towards CO, adsorption. This selectivity is
also ascribed to the large micropore volume which is known to be an essential factor for the

selective adsorption of CO. over N2.[29,30]

Equation of CO: selectivity

S = [g1/92)/[p1/p2] (5.1)

S = selectivity

gi=quantity of CO, @ p:

ge=quantity of N> @ p2

p1 = 0.15 bar (0.15 atm) for CO,
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p2 = 0.75 bar (0.75 atm) for N2
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Figure 5.9. Cumulative pore volumes as a function of pore diameter.

Heat of adsorption (HoA) calculations were conducted for all the samples, and the results are
shown in Figure 5.10c. BN650 is the best performing material, with good maintenance of the
strength of the interaction out to coverage of over 7 cm® g*. BN750 behaves similarly but
with a lower heat of adsorption. The data for BN850 and BN950 indicate a strong attraction
for CO; at very low coverage, with values over 50 kJ mol™, although this rapidly drops away
to below 20 kJ mol™ at a coverage of around 2 cm® g*. This indicates that BN650 has more
active sites that feature strong interaction with the CO. molecules than the other samples do.
Note that at low pressure, HOA would affect the selectivity, and at high pressures, several
other factors come in. In this paper, the selectivity test was carried out at ambient pressure of

N2 and CO2, where CO, binds strongly with the active sites.
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Another possible reason for the strong interaction between CO, and h-BNNS comes from
recent simulations suggesting that lattice vacancies in BN give rise to strong interactions with
CO2 molecules,[31-34] with N vacancies leading to interactions between Lewis acidic B
atoms and lone pairs on the O atoms in CO». The XPS results (Table 5.2) indicate that the as-
obtained h-BNNS contain more B at lower synthesis temperatures, suggestive of potentially
more B active sites. As the synthesis temperature increases, the B/N ratio comes closer to
unity, resulting in less B active sites. The amount of B active sites could be correlated with
the measured heat of adsorption (HoA, Figure 5.10c). The rapid drop in HoA for BN1050
compared with the steady HoA over adsorption for BN650, indicates that more active sites
are available for CO; adsorption in BN650. It is difficult, however, to experimentally prove

this reasoning at this stage.

Table 5.2. B and N atomic ratios (based upon XPS analysis) for samples prepared at varied

temperatures.
Sample N 1s (at%) B 1s (at%)
BN650 44.50 55.50
BN750 45.85 54.15
BN850 46.12 53.88
BN950 46.76 53.24
BN1050 47.30 52.70
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of adsorption plots for each sample. Closed symbols represent adsorption, and open symbols

represent desorption.

5.4 Conclusion

In summary, a controllable synthesis method for few-layered porous h-BNNS was developed
using MgB: as a dynamic template. At the optimum temperature, a large proportion of bi-
layered h-BNNS is obtained, and to the best of my knowledge, this has not been achieved
previously in a bottom-up synthesis. Additionally, the h-BNNS are hierarchically porous,
with 1 nm micropores and 4 nm mesopores. The material is favourable for CO; adsorption,
providing a CO2/N> selectivity of 26.3. This facile and efficient synthetic method is very
promising for the large-scale, low-cost preparation of porous h-BNNS for adsorption

applications.
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Chapter 6 Conclusions and Outlook

6.1 Conclusions

During my PhD study, two types of h-BNNS, OH-BNNS and porous h-BNNS, have been
synthesized and investigated. Based on their structural and chemical features, they have been
appropriately utilized for different applications with satisfying results. For example, the OH-
BNNS/PNIPAM hydrogel composite exhibits significantly improved thermal performance
compared to the neat PNIPAM hydrogel; porous h-BNNS has a high surface area

andabundant micropores, which result in high adsorption capacity towards COs.

OH-BNNS was produced through exfoliation and functionalization of bulk h-BN by water
steam at high temperature. This synthesis process is a facile one-pot and low-cost method
without the need for any harsh chemicals. More importantly, it is easily scaled up, so that it is
fully qualified to meet industrial quantity requirements. Additionally, the mechanism of the
exfoliation and functionalization process has been clearly clarified. It has been found that h-
BN is easily affected by moisture at high temperature, which provides a new facile method to
exfoliate and functionalize h-BN. Furthermore, it has been demonstrated that the hydroxyl
groups are only located along the edges of OH-BNNS, which has been confirmed by EELS
mapping and Raman mapping. The resultant OH-BNNS can be well dispersed in aqueous and
organic solutions, with dispersions of 0.3 mg mL™* in water and 0.06 mg mL™ in ethanol,
respectively. This excellent dispersion of OH-BNNS enables it to be an effective additive to
PNIPAM hydrogel, achieving a remarkable enhancement (41%) of the thermal performance
by adding only 0.07 wt% OH-BNNS without compromising its mechanical properties. In
addition, the distribution of hydroxyl group along the edges of OH-BNNS strongly improves

the thermal response of OH-BNNS/PNIPAM, since hydroxyl groups on the basal plane
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would be detrimental to the heat transfer. In the application testing, the OH-BNNS/PNIPAM
hydrogel composite exhibited improved dimensional change. More interestingly, the dye-

release test suggested that it has elevated drug delivery capability.

The synthesis of porous h-BNNS was designed by using MgB: as a dynamic template and
NH.4ClI as an etchant, with NHz as a carrier gas and nitrogen source. This method has avoided
many of the shortcomings previously reported in the literature, such as difficulties in efficient
filling of the nanopores and complete removal of the template, limited production, high cost
of templates, and additional procedures for the removal of templates. More importantly, it is
able to control the morphology of the porous BN to produce a 2D sheet structure with a
majority of bi-layered sheets. MgB: supplies the dynamic template associated with its layered
structure, where Mg atoms are sandwiched by boron sheets. In the reaction, NH4CI
decomposes to HCI, acting as an etchant to react with the Mg layers, while NH3 acts as a
nitrogen source to form the h-BNNS. The brownish powder obtained below 450 °C suggested
the formation of elemental boron. With elevated temperature, the B-N stretching mode and
bending modes started appearing sequentially in IR spectra, indicating the formation of h-
BNNS. In addition, the morphologies of h-BNNS were investigated. The majority of the
resultant h-BNNS is bi-layered at 650 °C and the h-BNNS becomes thicker with elevated
temperature. This is ascribed to the acceleration of evaporation and the decomposition of Mg-
based by-products at higher temperatures, promoting better crystallisation and growth of h-
BNNS. It has also been proposed that the porous structure is due to the evaporation of Mg-
based by-products and the migration of volatiles out of the material. The resultant porous h-
BNNS has shown much higher surface area than that of the bulk h-BN (=25 m? g), ranging

from 61-236 m? g'*. Moreover, the products synthesized at 650 °C and 750 °C had a large
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proportion of micropores, which enabled them to exhibit great CO. adsorption capacity and

CO2/N2 selectivity.

6.2 Outlook

All the work above can be modified to some extent to improve their performance. For the
first sub-project, to enlarge the lateral size of OH-BNNS and to reduce the layer thickness
would make the thermal conduction more continuous and smooth, and more (002) planes
would be exposed, which would be beneficial for thermal transfer. For the second sub-
project, there is considerable room to enhance the surface area to increase the adsorption

capacity.

h-BNNS is endowed with many excellent properties, especially its chemical and thermal
stability and its nontoxicity, which enable it to trump other materials in some sophisticated
fields, such as electronic, military, and biological applications. Although there is a long way
to go for the more practical applications to be realized, | think that h-BNNS will be a shining

star in this scientific field.
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