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Abstract

Porous boron nitride (BN) recently emerged as a new class of adsorbent material with bond
polarity and unprecedented high thermal and oxidative stabilities. These properties make BN
an attractive adsorbent for use in a wide range of adsorption applications, especially those
operating under extreme conditions. Yet, the number of studies on this fascinating material
remain limited and its structure and chemistry still vastly unknown. A full understanding of its
formation mechanisms, as well as control of its pore structure and chemistry, are necessary to

exploit its full potential.

This thesis presents an in-depth investigation of the effects of synthesis conditions on the
formation of porous BN and a detailed characterisation of the material. A novel synthesis
method was developed for producing high surface area (>1900 m?/g) porous BN with tuneable
micro- and mesoporosity, without the use of templates, presenting opportunity for scalability.
The shaping of porous BN powders into industrially relevant pellet morphologies was achieved
with no significant detriment to the desirable textural properties of the material. A way to
reduce the hydrolytic instability of porous BN is elucidated and samples with significantly
higher water tolerance were produced. Finally, porous BN materials with various pore
structures and chemistries were tested for a range of adsorption applications in gas, liquid and
vapour phase, identifying adsorption mechanisms and outlining potential ways to improve
adsorption performance. Overall, this thesis opens the door to the design and improvement of

porous BN, establishing it as a promising adsorbent material.
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Thesis Outline

Motivation

Adsorbent materials have demonstrated enormous success in a wide variety of different fields
ranging from water and air purification to catalysis, separations and many more.'** Adsorbents
are large surface area materials capable of efficiently adsorbing and retaining molecules of
liquid or gases on their surface. Owing to the success of these materials it is widely believed
that they hold the potential to address some current world challenges, such as the sequestration
of carbon dioxide from emission sources, significantly reducing greenhouse gas emissions, or
the separation of complex chemical mixtures such as hydrocarbons from crude oil,
circumventing distillation and significantly lowering industrial energy consumption. In fact,
separation processes account for more than half of the energy consumed in industry as they are
mostly performed via energy demanding methods, such as distillation; adsorbent materials

open the door to separation by size-exclusion or chemical affinity by physisorption.’

The continuous development of adsorbents means that materials with improved performance
are constantly sought. Porous boron nitride (BN) is a novel class of adsorbent material, which
offers a range of promising properties such as the presence of a bond-polarity, and extremely
high thermal and oxidative stabilities.® However this material remains relatively underutilised
and is not yet widely investigated. The progress of porous BN therefore requires further
research, such as the improvement of its textural properties and the elucidation of mechanisms
of formation and material limitations. The improvement and understanding of this material

represents the overarching motivation of the work discussed herein.
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Thesis Content

The thesis is structured into seven chapters. It opens with a thesis outline describing the context
and the motivation for this research project. The first chapter presents the theory of adsorption,
BN structures and properties and reviews the different synthesis methods employed to produce
high surface area BN materials. It also includes a comparison of publications in which porous
BN materials were tested for adsorption in gas or water cleaning applications. At the end of
chapter 1, the knowledge gaps from the literature were identified and the objectives for this
thesis outlined. Chapter 2 describes the bottom-up synthesis method employed to produce
porous BN materials in this project. It also describes the characterisation techniques used with
backgrounds and parameters selected. Chapter 3 presents a study on the effect of different
reaction variables on the chemical and physical features of the porous BN materials produced.
This study allowed for a deeper understanding of the synthesis mechanisms for producing BN
as well as to produce porous BN materials with different structures and chemistries. Chapter 4
describes a new method of synthesis for producing porous BN materials. This method enables
us to obtain porous BN with record high surface areas and tuneable micro- and mesoporosity
Chapter 5 presents an evaluation of the stability of porous BN materials in aqueous solutions
and water vapour and explains the decomposition mechanisms. It also provides a method for
improving the hydrolytic stability of the material, while still maintaining a relatively high
surface area. Chapter 6 describes the tests performed for screening potential applications for
porous BN materials. Studying BN materials exhibiting different pore structures and
chemistries, we could identify the mechanisms of adsorption. Finally, the overall conclusions
from this research project are presented in Chapter 7, where a way forward for further future

development is also proposed.
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Chapter 1: Literature Review

The aim of this project is to synthesise porous BN materials for adsorption applications. As
such, this literature review begins with an overview of the fundamentals of adsorption theory
and a review of the key adsorbent materials. Subsequently, the literature review focuses
exclusively on BN including, but not restricted to, the most relevant synthesis methods
employed for producing high surface area BN materials. These areas have been chosen to cover
the motivation for investigating porous BN for adsorption-based applications. An in-depth
review of the pertinent papers in the literature, in which porous BN has been employed for
adsorption, is presented to provide insights into the previous uses of this material. Furthermore,
with the presence of water/moisture typically being present in the envisioned adsorption
applications, an additional section is dedicated towards investigating reports of the stability of

porous BN in such environments.

1.1 Adsorption theory

Adsorption is the phenomenon of adherence of molecules of fluids to the surface of a material.’
The adsorbed fluids are named adsorbates, while the substrate material is known as adsorbent.
Adsorption can be classified by the type of interaction between adsorbent and adsorbate, i.e.
physisorption or chemisorption. Physisorption involves weak interactions (London dispersion
forces or van der Waals forces), while chemisorption concerns the formation of chemical
bonds. It must be noted that physisorption is more common than chemisorption and generally
exhibits low specificity, while with chemisorption, specific molecules can be selectively
adsorbed.” Only a single layer of molecules of adsorbate can be chemisorbed and, because of
the chemical bonds, regeneration of the adsorbent requires a larger amount of heat. On the other
hand, physisorption may involve the formation of multiple layers of molecules (a multilayer)
adsorbed onto the adsorbent’s surface. Additionally, physisorption is not energetically
activated, so thermodynamic equilibrium is quickly reached and increased temperatures are not
favourable, while chemisorption often requires an activation energy, so reaching
thermodynamic equilibrium can be slow and increased temperatures can result in enhanced

adsorption.
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Adsorption is employed for many industrial applications, for instance to store molecules of
gases more efficiently or to separate chemical mixtures. As adsorption is a surface
phenomenon, efficient adsorbent materials must have high surface areas and well-defined pore
structures, in order to selectively adsorb specific target molecules. Therefore, in-depth
characterisation of adsorbent’s textural properties is required and is usually done using nitrogen
sorption analysis to produce isotherms. This analysis allows for the quantification of micro-
and mesopore contents and to estimate the surface areas of adsorbent materials (using the
Brunauer-Emmett-Teller (BET) analysis).® Pores can be classified into three main groups:
micro- meso- and macro- pores, depending on their dimensions. Micropores exhibit a width of
less than 2 nm, mesopores between 2 and 50 nm and macropores larger than 50 nm. The
nitrogen isotherms obtained represent the amount of probing gas (nitrogen) adsorbed onto the
surface of the material at specific relative pressures. Based on their shapes, nitrogen sorption
isotherms can be classified into different types (IUPAC classification)’ which are related to
different types of porous or non-porous materials. In nitrogen isotherms, a desorption step is
also usually performed by lowering the pressure. In mesoporous adsorbents, during the
desorption step, hysteresis loops are present because of capillary condensation. The desorption
hystereses can be classified based on their shapes, which can be correlated to the pore

structures.’

1.2 Adsorbent materials

Adsorbent materials should exhibit a variety of properties: a high specific surface area
(generally in large excess of 100 m?/g) in order to accommodate as much adsorbate as possible;
a “rich” chemistry and a well-defined pore structure in order to selectively accommodate the
adsorbate and enhance the adsorption; chemical, thermal and mechanical stability so they can

be reused without modification of their properties and loss of efficiency.

A high specific surface area can be obtained either by creating materials with a large amount
of pores (e.g. porous carbon) or by developing materials at the nanoscale (e.g. graphene).'® In
nanomaterials the surface-to-volume ratio is very high, which increases their reactivity and
adsorption capabilities. One such example of a nanomaterial with high surface area is graphene.
Graphene is a 2D material which has been highly studied for its many possible applications,

including adsorption '!.
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Porous materials can be broadly divided into crystalline (e.g. metal organic frameworks
(MOFs), covalent organic frameworks (COFs), zeolites) '>!* or amorphous structures (e.g.
activated carbon, certain types of microporous organic polymers (MOPs)).!> Crystalline
materials exhibit a well-defined pore structure, given by their crystallographic arrangement.
Amorphous materials, on the other hand, have broader pore size distributions because the
porosity is related to their chemical structure. However, the theoretical surface areas achievable

are often higher than in crystalline materials as they are not crystallographically constrained.'

Zeolites are a well-studied class of crystalline microporous adsorbents. They are
aluminosilicate minerals which can occur naturally and exhibit a well-defined pore structure
and, for this reason, they are often defined as molecular sieves. They exhibit high mechanical
and thermal stability. However, zeolites are often sensitive to water vapour and can exhibit low

selectivity to adsorbates.!”1®

Another class of porous crystalline materials are MOFs. MOFs are composed of metal clusters
and organic linkers which allow for the production of well-defined pore structures and
incredibly high surface areas.!” However, MOFs often display limited stability in water or at

high temperatures and their use is limited by their high cost.?’

A relatively new class of crystalline adsorbents are COFs. COFs are organic crystalline
structures formed from light elements joined by strong covalent bonds.!* They exhibit high
versatility which is achieved by changing their building blocks. This allows for tuning of their

pore structure and chemistry. However, research on these materials is still at an early stage.'*

A widely studied class of amorphous adsorbents are activated carbons. These materials are
generally cheap to produce as they can be synthesised from readily available precursors and
they exhibit high surface areas (up to over 3000 m?/g) and good chemical stability (i.e. resistant
to water vapour and acidic and alkali conditions).?!"?2 However, carbon-based materials present

oxidation issues at temperatures above 500 °C.

MOPs are microporous materials composed of light elements without the presence of metals,
which can be crystalline or amorphous (e.g. hypercrosslinked polymers).'® Amorphous MOPs
can theoretically exhibit higher surface areas than crystalline equivalents, however, the pore

structure i1s much harder to control.

A relatively recent addition to the class of adsorbent materials is boron nitride (BN). BN is a

very promising material, similar to carbon but with higher thermal stability and a bond polarity.
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It exists in many crystalline forms (as described in more detail in the following section) and it
can be produced with high surface areas, either in a crystalline form with high aspect ratio
(nanosheets, analogous of graphene), or as a 3D porous material (turbostratic BN, analogous

to activated carbon).

This literature review gives an overview of the properties of this fascinating material, focusing
on its strengths but also limitations; it describes the main methods to produce BN with high

surface areas and gives some examples of applications in adsorption.

1.3 Boron nitride

Boron nitride (BN) is a non-oxide ceramic which consists of an equal number of boron and
nitrogen atoms. BN is similar to elemental carbon because it has the same number of electrons
between the neighbouring atoms and it exists in different crystalline forms: hexagonal (h-BN),
rhombohedral (r-BN), cubic (c-BN), wurtzite (w-BN), turbostratic (t-BN) and amorphous (a-
BN).?> The hexagonal lattice form can also be obtained in different morphologies at the
nanoscale, such as 2D nanosheets (boron nitride nanosheets, BNNSs), 1D nanotubes (boron
nitride nanotubes, BNNTs)?* or 0D fullurene®* (Figure 1-1). The first 2 crystalline forms, h-
BN and r-BN, are formed from sp? hybridized atoms, while c-BN and w-BN are formed from
sp> hybrids, as a result, c-BN and w-BN are analogous to the carbon forms of diamond and
lonsdaleite, respectively, i.e. they are rare because of the extreme conditions that their synthesis

requires.

Boron nitride (BN)

BN nanotube hexagonal BN turbostratic BN amorphous BN cubic BN
(BNNT) (h-BN) (t-BN) (a-BN) (c-BN)
1D 2D 3D

Figure 1-1 Boron nitride allotropes classified based on their hybridisation state and on their
dimensionality.
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h-BN consists of boron and nitrogen atoms forming a 2D honeycomb structure, with the 2D
layers bound together by weak van der Waals forces. The spacing between layers is about
0.333 nm, which is very similar to that observed in graphite (Figure 1-2).%> The atomic layers
in h-BN exhibit predominantly an AA’ stacking pattern, which means that each B atom in one
layer eclipses with a N atom of the upper (or lower) layer, due to electrostatic interactions, also
called “lip-lip” interactions.?® A few papers have demonstrated that even if AA’ is the most
common form of stacking, h-BN can also exhibit AB stacking.?’” h-BN exhibit a high melting
point (3000 °C), high temperature stability (stable up to 1100 °C in air),?® large thermal
conductivity (300-2000 W/mK), a negative coefficient of thermal expansion (a/b axis: —2.9 X
107%/K , ¢ axis: 4 X 107% /K), low density (2.3 g/cm?), high mechanical strength, a low
coefficient of friction (< 0.3) and good resistance to oxidation.”> h-BN is a also wide band-gap
semiconductor-insulator (5.6 eV).2® Like any crystalline material, h-BN (and BNNS) can
exhibit some structural defects (Figure 1-2b,c). The type and extent of these defects are
typically related to the material itself but also to the methods used to synthesise it. Contrary to
graphite, Stone-Wales defects, which consist of pentagon or heptagon fused rings on BNNSs,
are thermodynamically unfavourable due to the requirement of the formation of B-B or N-N
bonds. On the other hand, the most common defects in BNNSs are vacancies or point defects
(Figure 1-2¢). These defects often exhibit a well ordered triangular shape, because of the atomic

structure of h-BN (Figure 1-2c). 2

BN, however, can also be obtained in non-crystalline forms, such as amorphous (a-BN) which
is completely disordered and formed from sp? hybridised atoms, and turbostratic (t-BN) which
is formed from 2D h-BN layers randomly orientated on top of each other and with a larger

interplanar spacing compared to fully crystalline h-BN (Figure 1-3).
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Figure 1-2 (a) h-BN or few-layer BNNSs with unit cell and dimensions; (b) Stone-Wales
defects; (c) vacancies (V indicates vacancies, N refers to nitrogen vacancies and B to boron
vacancies; the numbers indicate the amount of boron or nitrogen vacancies).

> 0.333 nm

Figure 1-3 (a) Amorphous BN; (b) Turbostratic BN structure composed of h-BN layers
randomly stacked on top of each other with larger d-spacing compared to h-BN;
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1.4 Synthesis methods leading to high surface area BN materials

There are two main routes to obtaining high surface area BN: (i) producing a material with a
large aspect ratio (e.g. nanosheets or nanotubes), or (ii) producing a material with a large
amount of pores (porous BN). BNNSs, similarly to graphene, fall into the first class and have
a theoretical surface area of 2630 m?/g.?° Porous BN, however, falls into the second class and
is usually a disordered turbostratic and amorphous material, with the 2D h-BN layers randomly
tilted between one another. It exhibits stacking and vacancy defects, low crystalline order and
usually a large amount of impurities. The stacking defects generate micro- and mesopores
within the BN structure (Figure 1-4). The surface area for porous BN is theoretically higher
than in a nanosheet configuration, as it is not limited by the crystallographic arrangement of

the material.

Here, the main synthesis methods leading to high surface area BN materials are reviewed (with
the exception of the methods used to produce nanotubes). Methods can be broadly classified
into top-down and bottom-up approaches. Top-down methods involve the exfoliation of h-BN
crystalline materials in order to increase the surface areas of the materials, often leading to
BNNSs. Bottom-up methods, instead, involve the synthesis of porous BN or BNNSs starting
from chemicals containing boron and nitrogen. It must be noted that bottom-up methods can
lead to a variety of different BN structures, depending on synthesis conditions. However, only

the methods leading to relatively porous BN materials are reviewed here.

h-BN BNNSs t-BN
>10L 1L 2L 3L <10L
> «—>

Low aspectratio High aspectratio Large amount of pores

———— mesopores

-~ micropores
surface area surface area = a
WT T— - - —= 3
?.n ‘volume | volume S
\ AN L/l
e Vi 7 —

Figure 1-4 Schematic representation of 2D h-BN sheets forming a 3D h-BN graphitic material
with low surface area; BNNSs composed of less than 10 h-BN layers (L) and exhibiting high
surface area; t-BN composed of h-BN layers lacking of stacking order and with the presence
of a large amount of pores.

30



1.5 Top-down synthesis methods

1.5.1 Mechanical exfoliation

In mechanical exfoliation methods, shear forces play a central role in the production of BNNSs
by peeling apart h-BN layers. However, it must be noted that when solvents are employed in
the exfoliation, other forces can assist in the exfoliation of h-BN layers, as described in section

2.5.2.

1.5.1.1 Scotch-tape
BNNSs can be produced in small quantities employing the scotch-tape method, which uses an

1.3% This method allows for well-

adhesive tape to peel the h-BN layers from the bulk materia
ordered and clean samples, composed of a maximum of 10 layers to be obtained.’! Scotch-tape
was also used in combination with other exfoliation methods such as high-energy electron
beam * or reactive ion etching.®* Although the scotch tape method generally maintains the
crystallinity and the original lateral sizes of h-BN, it is only suited for fundamental studies

when one wishes to analyse the properties of “pure” BNNSs.

1.5.1.2 Ball-milling

Another mechanical method to produce BNNSs via exfoliation of h-BN is ball-milling.3*3®
Ball-milling method produces shear and impact forces that cause h-BN to exfoliate, but also
tends to create defects on the surface of the BNNS due to the impact forces of the balls on h-
BN.3** In order to minimise the amount of defects, low energy milling in combination with
the use of lubricating solvents was reported.***’ Ball-milling can also be combined with
chemical exfoliation methods, for example, NaOH was employed in the exfoliation, with OH"
ions reacting with h-BN, particularly near defect sites, thereby “cutting” the h-BN sheets.*!.
Recently, this method, combined with the use of NH4Cl powder and heat treatment, was used
to obtain BNNSs with high specific surface areas for adsorption processes.*® Additionally,
milling was used to produce NH> functionalised BNNSs in high yields (30 mg/mL), which
were used to create BN aerogels with relatively high surface area (273 m?/g). Overall, ball-

milling is a rather straightforward method, however the surface area of the materials remains

relatively low and the absence of pores can result in low selectivity.

1.5.1.3 Other mechanical devices
Chen et al. reported the exfoliation of h-BN using a vortex fluidic device with N-methyl-

pyrrolidone as the solvent.*> The vortex fluid device is a rotating tube inclined at ® = 45° and
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the shearing in the film is produced from the interplay between centrifugal and gravitational
forces. In this process, impact forces are less intense than ball-milling methods, reducing the

number of defects formed. However, the quantities of monolayers obtained remained small.

Hilmi et al. pioneered the use of a microfluidizer high-pressure fluid processor to exfoliate h-
BN using a solvent mixture of N,N-dimethylformamide (DMF) and chloroform.** The high
shear forces produced during this process induced exfoliation in high yields (yield of 45 %).
The thickness of BNNSs obtained was about 8-12 nm, and the sheets were a few micrometres
in width.* High-pressure microfluidization proves to be promising for large-scale production,

however exfoliation remains inefficient at producing few-layers nanosheets.

1.5.2  Combination of sonication and chemical methods

Liquid exfoliation consists of dispersing h-BN in a solvent and subjecting the mixture to
sonication. It is suggested that sonication can trigger exfoliation owing to two synergistic
effects: (i) the sonication generates shear forces and (ii) the interactions between the polar
solvent and h-BN weakens the van der Waals forces between layers. At the weak sites of h-
BN, i.e. defect sites and layer edges, sonication can also cause the h-BN layers to break, thereby

leading to a decrease in the layers’ lateral size.

Several authors reported the exfoliation of h-BN via sonication in different solvents. Some
examples of organic solvents used are: DMF,* 1,2-dichloroethane,?’ isopropanol,* dimethyl
sulfoxide,*®  N-Methyl-2-pyrrolidone (NMP),  dimethylacetamide = (DMAc),  1,2-
dichlorobenzene and ethylene glycol to name but a few.?>*’ Coleman et al.* found that the
most promising solvents (surface tension close to 40 mJ/m?) were those that minimise the
energy of the exfoliation. Exfoliation of h-BN in solvent mixtures were also attempted:
ethanol/water (55:45 v/v)*® and tert-butanol in water (60 wt%)*. However, generally the
concentration of BNNSs obtained via sonication in organic solvents remained low (up to ~

1 mg/mL) and only partial exfoliation was achieved.

Lin et al. demonstrated that water is also effective at exfoliating h-BN using sonication.’ In
this case it was found that hydrolysis of h-BN contributed to the exfoliation (in addition to
polarity effect and shear forces). However, the BNNSs were obtained in relatively low yields

(0.05-0.1 mg/mL) and the presence of hydroxyl groups will impact their hydrophilicity.

In an attempt to improve the yields of exfoliation, acids were also employed,®! for instance

methanesulfonic acid was used assisted by sonication and produced BNNSs with
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concentrations of 0.2-0.3 mg/mL. The proposed exfoliation method was the protonation of h-
BN by methanesulfonic acid, which induced repulsive forces between the BNNSs. A
significant improvement in the yields of exfoliation was obtained via sonication in ionic liquids
(~1.9 mg/mL).>? However, this method necessitates the use of ionic liquids, which are toxic,
as well as solvents such as acetone for the removal of ionic liquids. Other exfoliation methods
have been reported: sonication at high pressure,> sonication using supercritical CO2>* and a

controlled lithiation process.>3

Overall, exfoliation using sonication is a relatively easy method to implement as it does not
require any specific equipment. However, it leads to non-uniform BNNSs with a wide range
of layers and in low concentration. In addition, if the BNNSs were to be extracted from the
solution, they would likely re-stack, thereby producing a material with low surface area. Some
of the solvents used are toxic and/or exhibit high boiling points, thereby leading to high energy

consumption to remove them.

1.5.3  Exfoliation via chemical functionalization

Exfoliation via chemical functionalization can be broadly described as occurring in two steps:
(1) h-BN is dispersed in a solvent containing an organic molecule (often a polymer) while
applying sonication and (ii) the solvent is evaporated and then the functionalized BNNSs can
be re-dispersed/exfoliated in different solvents. The first step is made possible owing to
interactions between the h-BN surface and the organic molecule. The exfoliation of the BNNSs
then occurs owing to the chemical affinity between the organic molecule used to functionalize
h-BN and the solvent. The organic molecules help to reduce the “lip-lip” interactions between

the different layers.

In 2008, Han et al. presented a pioneering study on the exfoliation of single crystal h-BN using
a chemical method. They used a dichloroethane solution of a conjugated polymer to exfoliate
the crystal into BNNSs through sonication.’” Lin et al. presented an easy chemical method to
isolate mono- and few-layer BNNSs from h-BN powder using hydrophilic amine molecules.*
In that case, the process of functionalization can be explained by the presence of Lewis acid-
base interactions between the amino group and the electron deficient boron atom of the h-BN.
To extract BNNSs, an appropriate solvent was added, followed by sonication.’® It was
demonstrated that when a similar exfoliation method was employed after ball-milling,

functionalisation was more efficient because of the presence of defects.?* Furthermore, mixed
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solvent systems (ammonia solution:IPA) have also been employed in the chemical exfoliation

of h-BN.**

Overall, the functionalization/exfoliation methods described above enable one to disperse
BNNSs in a range of different solvents by carefully selecting the functionalizing compounds.
However, this approach requires an extra step compared to exfoliation with organic
solvents/water/acids. In addition, it leads to a modification of the BNNS chemistry by adding
chemical functionality to the layers. The latter aspect may or may not be desirable depending

on the desired applications.

1.5.4  Exfoliation in acids and molten hydroxides without sonication

Exfoliation can also be performed using acids without sonication. Du et al. reported an
exfoliation in acid to obtain BNNSs with large lateral sizes.®® Similarly to the oxidation of
graphite to produce graphite oxide, they exfoliated the nanosheets starting from h-BN powders
using H2SO4, KMnO4 and H20:. The nanosheets obtained were crystalline and hexagonal in
phase and with no impurities or oxidation. The mechanisms of exfoliation included an
intercalation step, followed by the formation of nanoparticles in the interlayer spacing and
finally the in-situ release of gases, which caused the h-BN layers to peel apart. Stengl et al.
reported a similar exfoliation method.>® Despite being efficient, exfoliation in acid requires the
nanosheets to be washed afterwards to eliminate acid residue. Furthermore, this method is

environmentally unfriendly because of the chemicals used.

In 2013 Li et al. first reported an exfoliation method using molten hydroxides.®! Once again,
sonication was not applied in this study. They prepared a homogeneous mixture of NaOH and
KOH with h-BN powder, which was then heated in an autoclave. They obtained mono and

few-layer BNNSs and nanoscrolls (curled BNNSs) with high crystallinity layers.

1.5.5 Thermal method

Solvent-based sonication techniques can generate partially exfoliated h-BN or BNNSs in small
concentrations and the other synthesis methods reported above are not always suitable for large
scale applications. In this context, Cui ef al. developed a new top-down method to produce
hydroxylated BNNSs in high concentration.®? Despite h-BN being more oxidation-resistant
than graphite, when heated at high temperatures in air, oxygen is incorporated into the h-BN
lattice. h-BN was, therefore, heated in air (around 1000 °C) and then dispersed in water (yields

for BNNSs suspended in water up to ~ 65 %). Single-layered sheets with large lateral sizes
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were obtained, which contained oxygen, hence the name BNO. After BNO was formed, it was
functionalised using isocyanate, to demonstrate its reactivity, due to the —OH groups present.®
A similar exfoliation method was also reported by Yu et al.®> Although this method produces
BNNSs in high yields, the sheets are chemically changed. Moreover, the incorporation of

oxygen increases the hydrophilicity of the materials, which is detrimental in some applications.

1.5.6 Gas exfoliation

In 2016, a novel exfoliation technique to produce BNNSs in high-yield was presented.®* This
technique consisted of heating h-BN commercial powder to 800 °C in air, and then submerging
the material into liquid nitrogen until it completely vaporises (Figure 1-5). This strategy
assumes that h-BN layers expand when heated, causing a reduction of the “lip-lip” interactions
between the h-BN layers. The quenching and gasification causes the 2D sheets to curl and
exfoliate. This exfoliation procedure was repeated for 10 cycles and led to BNNSs with 1-
5 layers and with a yield of up to 20 wt.%. Interestingly, this is one of the only top-down
exfoliation methods in which the surface area of BN was reported and increased from
10 to 278 m%/g after exfoliation. Although this technique provides improved yields, BNNS

surface areas remain relatively low and the production method is energy intensive.

——— :
rapid-quenchin liquidN; o~ 455 gasify and exfoliate

s00°C / "x

“- ~ : e
B Er == i =
s . i
b —
< : -

bulk BN few-layered BNNS

Figure 1-5 Gas exfoliation of h-BN into BNNSs.%

1.5.7 Boron nitride nanotube unwrapping

Nanoribbons are folded nanosheets. In 2010, Zeng et al. reported the preparation of single and
few-layer boron nitride nanoribbons through boron nitride nanotube (BNNT) unwrapping.®
Erickson et al. prepared boron nitride nanoribbons through boron nitride nanotube unwrapping,
using alkali metal intercalation.®® This method obtains highly crystalline boron nitride

nanoribbons that are similar to nanosheets, but are semi-conductive. However, in order to use
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it as a top-down method to produce BNNSs, it is necessary to first have boron nitride nanotubes

as a raw material. The synthesis of BNNTSs is not included in this review.

1.6 Bottom-up methods

Bottom-up methods are syntheses that produce BN starting from boron- and nitrogen-
containing precursors. The BN produced via these methods can be either in the form of BNNSs,
a film (usually via CVD which is not included in this review), an a-BN/ t-BN material or fully
crystalline h-BN, depending on the type of synthesis and conditions used.

1.6.1 Chemical blowing technique

Wang at al. reported for the first time a new technique to produce BNNSs in high yield and
with large lateral sizes.®’ The authors called this technique “chemical blowing”. Typically, they
used ammonia borane (BH3NH3, AB) as a boron and nitrogen precursor, in a tubular furnace
under an argon gas flow. They employed a multiple-step heating procedure during which, the
release of Ho generated the blowing effect. The release starts at low temperatures and forms
large bubbles which “become solid” at high temperature, forming BNNSs by collapsing via
ultrasonic treatment. The yield was high (25 wt.% of the starting precursor) and large area
BNNSs were obtained. In another paper by the same authors, a higher yield was reported
(40 wt.%) using the same method, but optimizing the various steps, in particular the pre-

treatment. %

This method of synthesis seems really promising to obtain a high yield of BNNSs
with large lateral sizes and only a few-layers. The materials obtained could be exploited for
fundamental studies. However, the surface area of the nanosheets obtained with chemical
blowing is still not very high (~130 m?/g), and they contain some impurities, likely due to the
reaction of AB with oxygen or water. Furthermore, the price of the AB precursor is very high
and, therefore, prevents the production of nanosheets in large quantities for industrial

applications.

1.6.2  Chemical vapour deposition

BNNSs can also be produced via bottom-up methods such as chemical vapour deposition.®’
However, these methods usually produce a large film composed of just a couple of layers of
BNNSs. Therefore, this is of more interest for electronic devices or film coatings, rather than
the production of high surface area materials. The review for this synthesis method is, therefore,

not included here.
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1.6.3 High temperature syntheses with the use of templates

Porous BN can be produced from boron- and nitrogen- containing precursors via a high-
temperature heat-treatment under controlled atmosphere. The porosity can be tuned by the
inclusion of a template during high temperature BN synthesis, which is then eliminated post-

synthesis or during the synthesis.

1.6.3.1 Hard templates
The hard template method consists of using a solid mesoporous material (such as mesoporous
silica) as a template to produce mesoporous materials (such as BN). After BN production, the

removal of the template results in templated porosity.

Mesoporous BN was synthesised using a variety of mesoporous templates, for example with
the use of a tri(methylamino)borazine (MAB) precursor and silica and carbon templates.”® The
synthesis of BN using the carbon template was more promising than the silica one: the
mesoporous BN obtained with the carbon template had a specific surface area of 540 m?*/g,
compared to 140 m?/g for the silica template. Rushton and Mokaya prepared mesoporous BN
using silica templates and an ammonia borane (BH3-NH3) precursor, heated under a
nitrogen/ammonia gas flow, producing a BN with a specific surface area of 327 m*/g.”! Zeolite
templates were also employed for the synthesis of micro- and mesoporous amorphous BN
(Figure 1-6).7> A double synthesis process was used: firstly a carbonaceous template was
prepared by impregnation of the zeolite with propylene before the zeolite was dissolved in acid.
Secondly, the carbon template was impregnated with polyborazylene and BN was obtained
through ceramization. The carbon template was eliminated by heat-treatment either in
ammonia or air. The samples obtained were amorphous and had relatively high specific surface
areas (570 m%/g) and pore volumes (0.78 cm?/g; volume of micropores: 0.20 cm?/g). Elemental
analysis of the samples indicated almost complete removal of carbon (1 at.%) and the presence
of oxygen impurities (14-15 at.%) with traces of boric acid. The absence of crystallinity was

attributed to the confinement effect imposed by the template during the crystallites’ growth.
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Figure 1-6 Templating method to produce mesoporous BN from zeolite template.”
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1.6.3.2 Structure directing templates
Structure-directing agents are organic compounds that are mixed with BN precursors, their

subsequent elimination during the heating step generates BN with high porosity.

Dibandjio et al. prepared mesoporous BN using tri(monomethylamino) borazine (MAB) as
precursor and cetyl-trimethylammonium bromide (CTAB) as a structure-directing agent.”
Mesoporous t-BN was obtained with a specific surface area of 800 m%/g. Li et al. reported the
synthesis of highly porous (2078 m?*/g) BN nanoribbons, using boric acid and melamine
precursors and a triblock copolymer (P123) as a structure-directing agent.”* Their heating
process consisted of two-steps up to 1300 °C under nitrogen flow. The BN obtained, described
as “activated”, presented oxygen and carbon impurities and a turbostratic structure with low
crystallinity. Other similar templating methods were reported with the use of different structure
directing agents: D-trimethyl ammonium chloride (DTAC), 7 cetyl trimethylammonium
bromide (CTAB),”® and 1-butyl-3-methylimidazolium ([Bmim]BF4) as both template and
source of carbon atoms.”” Han et al. reported the synthesis of porous BN with low crystallinity
using activated carbon as a template.”® However, they did not impregnate the carbon with B-
and N-precursors. Instead, they placed activated carbon on top of a boron trioxide powder in a
furnace, under nitrogen flow (resulting surface area: 67 m?/g). In a similar way, Vinu et al.
reported the synthesis of mesoporous BN and boron carbon nitride (BCN) from a mesoporous

carbon template.”

In general, the template methods as described above enable good control over the pore structure
of BN. However, the BNs produced generally contained large amounts of impurities or
exhibited lower surface areas than those synthesised using template-free methods. Another
disadvantage of templating methods is that they require additional steps to both synthesise and
eliminate the template/structuring agent. Furthermore, the elimination of hard templates mostly

forms mesopores and no micropores.

1.6.4 Solvo-thermal reactions

Porous BN nanocarpets were prepared by placing precursors (NHsBF4 and NaN3) inside a
teflon tube filled with benzene in an autoclave (260 °C, 150 MPa). BN nanocarpets exhibited
low crystallinity, a large number of defects and a surface area of 117 m?/g.*® The mechanism
of formation of BN nanocarpets consisted of three steps: 1) BNNSs formed and acted as
substrate, i1) BN nanodots grew on the BNNSs, iii) nanorods formed from growth of the

nanodots. Another solvothermal reaction was reported in which the same precursors and sulfur
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were made into pellets, heated in an autoclave and washed. In this case hollow spheres of BN

were obtained and exhibited surface area of 210 m?/g.%!

The main advantage of solvo-thermal reactions is the low temperature required during the
synthesis of porous BN, which is advantageous in the reduction of production costs. However,
the materials produced exhibited relatively low surface areas and a large amount of chemicals

were required, some of which are toxic.

1.6.5 Template-free high temperature reactions

Template-free syntheses are typically solid-state reactions between a boron precursor (e.g.
boric acid or boron oxide) and a nitrogen precursor (e.g. melamine or urea). In some cases
ammonia gas was employed as nitrogen source.?” Boron and nitrogen precursors are heat-
treated at high temperatures (generally above 800 °C) under an oxygen-free gas atmosphere,
and depending on the temperature used, atmosphere, precursors etc.; either h-BN, BNNSs or t-

BN can be produced.?

Relatively low synthesis temperatures (<~ 900 °C) often lead to a a-BN/ t-BN material with
poor crystalline order and a large amount of oxygen residues (~10/20 wt.%).%> When the
synthesis temperature is increased (~ 1700 °C), oxygen impurities usually decrease and h-BN
with higher crystalline order is produced, however, the material’s surface area also

decreases. 8?8

Zhao et al., presented a two-step synthesis of BN nanoplates using a template-free method.®?
The authors employed increasing synthesis temperatures up to 1400 °C and observed that the
crystallinity of the material increased with increasing synthesis temperature and went from a

turbostratic to a hexagonal crystallographic arrangement.

The synthesis temperature clearly has a strong effect on the resulting BN’s crystalline structure,
impurity content and surface area. However, other synthesis parameters can also affect the
chemistry and structure of the BN material obtained. For instance, it was shown that the use of
NaCl with melamine and boric acid precursors can promote the crystallisation of h-BN at
relatively low synthesis temperature (1050 °C) by accelerating kinetics of crystallisation, due
to the formation of a melt.%> Similarly, the presence of boron oxide, which melts at high
temperatures, was shown to be beneficial in the crystallisation of h-BN, by creating a liquid
oxynitride in between BN crystallites, which allows for easier rearrangement at high

temperatures.®® Formation of BN was observed at temperatures as low as 220 °C and the
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amount of oxide residual increased with decreasing urea to boric acid molar ratios.®® The use
of specific precursors, such as a MgB» boron source, can also induce crystallisation at relatively
low temperatures owing to the specific structure of MgB», with Mg atoms placed in between
boron sheets, constraining BN growth into ordered BN sheets.®” The use of a reactive gas
atmosphere, such as ammonia or hydrogen, was shown to have a beneficial effect in reducing

1’88—89

oxygen and carbon impurities in the final BN materia while a post-treatment in air at

relatively low temperatures (< 900 °C) was shown to reduce carbon impurities.”®

The selection of specific synthesis parameters can also have an effect on BN pore structure.
For instance, the use of an excess of nitrogen precursor was shown to increase BN surface area
by Nag et al., who reported the synthesis of porous BN at high temperatures with a method
involving the reaction of boric acid with urea in different ratios.”! Therein, the surface area of
BN materials could be tuned by the varying of the boric acid and urea molar ratios. Molar ratios
of boric acid: urea of 1: x with x= 6, 12, 24, 48 and 72 were used. The mixture was then heated
at 900 °C in a nitrogen atmosphere. The overall reaction is: B2O3; + 2NH3 — 2BN + 3H20. The
authors determined that the layer thickness (number of layers) decreased with increasing urea
concentration and the surface area increased by threefold.”! However, despite the ability to tune
BN surface areas, they remained relatively low (< 1000 m?/g) and did not permit any control
of the pore structure. Similarly, it was demonstrated that increasing the molar ratio of
dycianamide to boric acid precursors, the surface area of BN could be increased up to

1900 m?/g,°> however, this synthesis also required ammonia gas.

Similar synthesis methods were widely reported in the literature to produce porous BN
materials with varying crystallinities, pore structures and chemistries. Recently, Lei et al.
synthesised oxygen-doped porous BN by dissolving boron trioxide and urea in methanol at
room temperature to obtain a white powder.”® The powder was then heated to 1100 °C under
nitrogen/hydrogen gas flow. The BN prepared using this method was made up of 2-6 layers
and had good surface areas (536 m?/g), however it contained oxygen impurities. Typically,
when melamine was used instead of urea as a nitrogen source, the microstructure of the BN
materials resembled that of whiskers instead of 2D sheets.”” ** Li et al. reported the synthesis
of porous BN whiskers with high surface areas for hydrogen storage and water cleaning.”
These whiskers were synthesised using boric acid and melamine precursors, which were
dissolved in water and heated to obtain a white precipitate that was filtered, dried and used for
the reaction. The reaction consisted of three different stages performed in a tubular furnace

under nitrogen flow up to 1460 °C. They also heated up the sample overnight at 550 °C in air

40



to remove any traces of carbon, resulting in h-BN whiskers with very high specific surface
areas of 1687 m?/g. This represents one of the only studies that reported porous BN with both
high crystallinity and high surface area. Clearly, it was shown that reaction parameters used

during the formation of BN are fundamental in order to control BN’s pore structure.

Interestingly, in most studies the boron- and nitrogen- containing precursors were first
dissolved in water or other solvents to prepare an intermediate for the synthesis of BN.%%-1: %3
For melamine and boric acid precursors, the dissolution step resulted in the formation of a
melamine diborate compound, with hydrogen bonds between melamine and boric acid.””*> On
the other hand, for urea and boric acid the dissolution step was often employed to simply mix
the precursors uniformly®' and its importance remained overlooked until Wu et al. recently
showed that BN surface area can be directed by re-crystallising urea and boric acid precursors

from solvents with different boiling points.”® This study outlined the fundamental importance

of intermediate preparation in tuning the structure and chemistry of the porous BN produced.

The scale-up of a-BN/ t-BN production was also attempted in an early study in 1997 to produce
500 g of material.”” In this study, tri-calcium phosphate was added to boron oxide and ammonia
in order to increase the reactive surface of the boron oxide melt during the high temperature
reaction and promote the formation of BN. However, the BN material produced exhibited low
surface areas (<20 m?/g), that, although not discussed, is believed to be related to the use of a

gaseous nitrogen precursor, limiting the amount of gases released in-situ.

Overall, high temperature syntheses enable the production of relatively large quantities of BN,
while keeping the number of synthetic steps low. As a result, high temperature synthesis is one
of the more industrially relevant. On the other hand, to obtain highly porous BN, the
temperature of the synthesis usually has to be kept relatively low to promote the formation of
t-BN, which can suffer from hydrolytic instability, as discussed in detail in Section 2.8.
Moreover, t-BN often contains oxygen impurities, which are difficult to avoid at low
temperatures. In conclusion, template-free syntheses are highly promising for producing BN
materials for applications in liquid and gas separations, where high purity and high crystallinity
are not necessary requirements but a high porosity is desirable. Nevertheless, some issues still
need to be addressed: control over BN surface area and pore structure needs to be provided,
the role of intermediate preparation needs to be clarified and hydrolytic stability needs to be

improved.
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1.7 3D BN

Three-dimensional (3D) BN materials are defined here as macroscopic 3D foams, pellets,
aerogels or monoliths. Although t-BN and h-BN are technically 3D structures at the molecular
scale, their macrostructure is usually in a powder form, hence they are not included here. In the
recent literature there has been great interest in the production of 3D BN materials for use as
adsorbents. The advantage of these materials over powders is that they often exhibit a
hierarchical pore structure, allowing for better mass transport, and they are more easily

handled.

1.7.1 3D BN deriving from top-down methods

3D BNNS aerogels or monoliths have been prepared by a variety of different techniques and
usually exhibited low surface areas and high macropore volumes. In a typical procedure, BNNS
aerogels were prepared by exfoliating h-BN to give BNNSs, which were generally
functionalised, cross-linked and freeze-casted.”>!% The resulting 3D BN gels often showed
good mechanical properties and elasticity. A low-density BN monolith was prepared by Sudeep

et al. from h-BN industrial powder via cross-linking and lyophilisation.!%!

1.7.2 3D BN deriving from bottom-up methods

3D BN materials can also be prepared via bottom-up methods. For instance, Zhao et al.
described a template-free reaction using ammonia borane and thiourea precursors, mixed and
heated to 1200 °C to give a BN foam.!> While ammonia borane acted as BN precursor, the
thiourea acted as foaming agent, releasing gases during BN synthesis. The resulting material,
however, exhibited a low surface area (32 m?/g). 3D BN foams were also prepared on templates
such as nickel foam'® or a graphene aerogel.!**A relatively high surface area of 400 m?/g was

reported for the graphene aerogel template and good sorption capacity for oil and dyes.

Some of the structures obtained from top-down and bottom-up methods are shown in Figure

1-7.

Overall, the production of 3D forms of BN is advantageous if the material is to be employed
in adsorption or if good mechanical properties are required. However, the materials produced
with the methods outlined often exhibit significant macro- and mesoporosity with low
micropore volumes and surface areas, making them undesirable for many adsorption

applications.
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Freestanding h-BN foam

Figure 1-7 3D BN foams and monoliths prepared via (a)’® top-down and (b,'?? ¢!%) bottom-
up methods.

1.8 BN water stability

The applicability of porous materials depends not only on their desirable textural properties,
but also on their durability (i.e. chemical, thermal and oxidative stability). Surprisingly, a few
studies reported t-BN to be unstable when exposed to water or moisture. Water instability is
detrimental in many adsorption applications, such us pollutant removal from aqueous solutions,
or gas sorption in the presence of water vapour. Long term storage of materials also requires
inert atmospheres or humidity-controlled environments. A brief review of BN water stability

studies is therefore presented.

In an early study in 1981 it was observed that BN films deposited via CVD from BCl3-NH3-H»
precursors at low temperatures (< 450 °C) were unstable upon exposure to moisture.'% In 1994
Cofer and Economy analysed the instability of t-BN and linked it to the degree of crystallinity
of the material or its d-spacing.!% The authors suggested that many BN materials synthesised
via CVD methods are likely to suffer from moisture sensitivity when not fully crystalline.'%
Therein it was also suggested that larger d-spacings result in weaker bonds between the
different BN sheets and usually smaller crystallites, both of which facilitate water to react with
BN. When fully hydrolysed, t-BN converted to a denser B,O3 material. In 1997 Alkoy et al.
studied the decomposition of t-BN produced at 900 °C from boron oxide and ammonia.’” The
authors analysed a t-BN material stored for one year under ambient conditions, i.e. in air, and
concluded that it had produced an ammonium borate complex (NH4Bs034H>0). It was also
shown that heating the t-BN material at higher temperatures during synthesis (>1500 °C)
resulted in more crystalline h-BN with smaller d-spacing and it was suggested that this material

could exhibit higher stability. However, the surface areas of the materials produced at both low

43



and high synthesis temperatures were poor (< 20 m?/g) and a mechanism of decomposition was

not proposed.

Hydrolysis was also observed more recently on a ball-milled BN material with a degree of
amorphisation due to the mechanical exfoliation.!?” It was proposed that BN reacted with water
with the following reaction: 2BN + 3H,0 — B»03; +2NH3s. In cold water the hydrolysis reaction
was slower due to the formation of a glassy boron oxide-type layer, which was insoluble in
water below 60 °C. Surprisingly, more recently a similar hydrolysis reaction was reported on
fully crystalline h-BN when sonicated in water for exfoliation.>® The h-BN edges were “cut”
during exfoliation, forming OH groups bound to boron atoms, and releasing ammonia (detected
in the water). More recently, Florent and Bandosz produced porous carbon-doped BN and
reported the material to be highly unstable in water and moisture.'!®® Hydrolysis caused both a
loss of surface area and chemical changes. The B-C bonds were reported to be the most unstable

sites, although B-N also showed some instability.

In conclusion, it is clear that BN materials suffer from an intrinsic issue of stability in water or
moisture. It appears that the instability is higher when the material exhibits lower crystallinity
and is almost negligible when the material is fully crystalline. However, despite a number of
studies reporting BN to be unstable in water, this issue is not well understood and a solution
for overcoming the degradation of porous BN in water is yet to be presented. Many studies
reported the utilisation of t-BN materials for aqueous applications (see Table 1-2 in Section

2.9).

1.9 Applications of porous BN

As porous BN is an analogous material to activated carbon but with higher thermal stability
and a “richer” chemistry owing to its bond polarity, it is a promising candidate to compete with
or surpass carbon-based materials in industrial separations and catalysis. The major studies in
which BN has been tested for adsorption applications are summarised in Table 1-1 and Table
1-2. It must be noted that the utilisation of BN materials for adsorption applications is gaining

increasing interest in the literature.

1.9.1 Gas sorption

Porous BN materials exhibit high surface areas, high micropore volumes, a bond polarity and
high thermal stability, making them potential candidates for a range of diverse gas sorption

applications ranging from COa capture,?’8% o1 109111 1, gtorage, 76 9091 9394 formaldehyde
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85, 112 113

removal from air, paraffin/olefin separations, ' efc. The context for CO> capture stems
from reducing greenhouse gas emissions, while H» storage is of interest as a renewable fuel,

and hydrocarbons separations is beneficial for the chemical industry.

An early effort to synthesise porous BN for gas sorption was made in 1994, preparing t-BN
with surface areas up to 712 m?/g for the adsorption of carbon dioxide and methane.'% It was
observed that the gas sorption capacity did not depend solely on BN surface areas, but also on
their pore structures. More recently, a carbon-doped BN material was produced, exhibiting one
of the highest CO; sorption capacities reported for BN materials.®® A higher CO; affinity was
shown on CBN compared to pure BN (capacity of: 3.9 vs 1.7 mmol/g at 25 °C and 1 bar),
highlighting the importance of surface chemistry in adsorption.®® Furthermore, OH and NH>
functional groups were identified in other studies as responsible for enhancing CO> sorption
capacity.''% ¥ In general, however, the CO> sorption capacity in porous BN materials remains
relatively low when compared to other classes of adsorbent materials, such as MOFs, ! likely

due to the weak interactions of CO; molecules with BN materials.

Porous BN materials were tested for hydrogen storage applications, for instance, Li et al.
reported a hydrogen adsorption of 5.6 wt.% at room temperature at a pressure of 3 MPa.*® The
uptake capacity was attributed to: i) large micropore volume and surface area; ii) polarity of

1. °* synthesised porous BN by a

the B-N bond; iii) presence of structural defects. Weng et a
similar method and the H» adsorption increased with increasing synthesis temperatures up to
2.3 wt.% (at-196 °C, 1 MPa), but did not directly correlate to BN textural features (i.e. surface
area and micropore volume). The authors attributed this adsorption behaviour to the presence
of inhomogeneities in BN samples with more or less “active sites” for H,. However, these
active sites were not properly defined. Lei et al. synthesised oxygen-doped BN with a BET
surface area of 536 m%*/g.®> This BN adsorbed up to 5.7 wt.% of H» at 5 MPa and room
temperature, and upon lowering the pressure to ambient conditions, 89 % of the hydrogen was
recovered. The H» sorption/desorption cyclability was also evaluated over 15 cycles with

minimal decrease in capacity. Their calculations demonstrated that oxygen impurities have a

positive effect on hydrogen adsorption.

Porous BN materials were also tested for paraffin/olefins separation.!'* Porous BN showed
higher affinity to paraffins compared to olefins (e.g. kinetic selectivity of methane/ethane: 15).

The authors suggested that the adsorption mechanism is solely related to dispersion forces, as
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the amount of gas adsorbed increased with 1) molecular weight of the adsorbates; ii) the boiling

point of the adsorbates (higher boiling point compounds are more likely to condense or adsorb).

In general, porous BN materials showed promise for gas sorption applications and were usually
synthesised with template-free bottom-up methods. However, the mechanisms of adsorption
are not always clear in the literature and their understanding alongside the tuning of porous BN

properties may allow for significant improvements in BN gas uptake capacity.

46



L8

16

"IN J9A0 0D JO AJAIDO[OS
Y31y  A[oAR[OY  SBAIR  QOBJINS
Terruis ypm sopduwres g 10y sonroeded
uondios ) P sAImerodwd)
MO] Je uonesieIsAo pajoword tgIN

ordwes eare
ooepIns 1soy31y uo painsedw uondiog

‘so[dwes uoamiaq sazis
010d0IOTW UI SOOUAIAJJIP 0} PAIe[LI0D
°q  pnod  ANADRMRS  TOD/MHD
'soproedeo  uondios se3 pue seore
00BJINS [ UO9M}Oq UONE[OLIOD ON

!

¢80
=0d/d

60~

S¢

961-

08-

Ly

¥'0~:¢0D

STTH

€L 0D

S'I~HD

$'S-+'0~ 20D

(Do 0SL

-($9 10J

189Y31Y)
9¢T

(8%:1 oner
10¥) LT6

CIL-LEY

"I9JeM pUR [DH YIm
poysem sem jonpoxd oy -aroydsoune

€HN Jopun D, 0S01 03 dn pajesay [DYHN
pue g3 :935-oje[duid; dn-wonog

"IN IepUn D, 006
0} dn pajeay jonpoid ‘pajeioderd 1A\
(Do §9) I97eM UI PIAOSSIP (TL:1°8:1
‘YT TIT “9:1) sonel JUAIIp Ul
BOIN/PIOE OLI0Y :991J-9je[dWd} dN-wonog

"*HN Jopun 10 3, 0001-008
03 dn wnnoea ur sisKjoikq -a1oydsoune

udgontu A1p 1opun siosindaid ouowAjod
wolj SISOYIUAS :991J-0je[dwd} dn-wopog

"$O0URIQJAIL PUEB SHIBWAI T/ W

ul BaJe Q0ejIns jud[eAmbo [ gg ‘uondrosop SISOYIUAS Joriq yim uondios ses 10J paisa) sem Ng yorym ur sioded arnjeid] jo Arewwng - d[qeL



06

I

OlT

88

"Teq | 0] POIdMO[ SBM
amssoxd oy} usym PaIsed[ar 9q Prnod
ud30IpAY Ay JO 9, 6'¢g “damssaid ym
oruojouowr saseardur Ajoeded Ty Ay

Tow/ 3 81~°0
amssaxd  ySiy e Aoeded Q)

U3IH ‘sedale doepns JUISBAIOUL M
sasearour uondiospe ) ‘uosredwod
e se dnoi3 ino Aq paysiqnd 1odeq

'VAd
oy ur sdnoi3 €qD pue [AXOIpAY dy)

yim Q) Jo Ayurgye suons “pawrojrad

oM suonenus  uondiospe 0D

'NOE 10§ # ‘N 10§ 81 JO ANANOS[Os
LSVI IN/OD 'NOd 10§ [owy/[y ¢

-Z¢ pue Ng 10§ [ow/y L2~ =*0 "T0D
10} paaayaId wu /() uey) S 9ZIS 210J

‘Anstayd pue 9zis a10d uo Surpuadop

uondios 70D ‘Ng 01 paredwod NDY
10} 20D Jo sanroeded uondios 1soySIH

0¢

0¢C
0¢

01
0¢

S1°0
10

S¢
0T
S¢
14
S¢

14
194

174

8'LT H
00T ~:€0D
0’8 ~ 0D
90 ~ *HD
9’1 ~ 0D

6'0~:€0D
€L 0D

(Ng
amd 10§) £°T 20D

6'¢€ ‘0D
¢'1:20D
¢'1:0D
9°¢ *t0D

L8I1

174!

(VAd
% IM |
QM) 1

(NO4g 105
159Y31Y)
LL8

(Ng Iog
1S9y 311])
cell

Iopun "D, 0941 03 dn uneay a3els N
‘PALIp pue paysem ‘paIdIJ ‘), S8 Ie I9jem
Ul POAJOSSIp (01381 JR[OW 7:]) PIoe OLI0q
QUIWRRIN  3IJ-dje[dud)  dn-wonog

TN UT D, 0SOT J© SISOYIuAS "soner
Je[oW JUAIOMJIP Ul poxXIW  s10sInodxd

poe  OLI0OQ puB  joInlq  /OUIWUB[OW
/edIN 1991}-91e[dUId) dn-tmonog
*a8uods

Ng/VAd Wio} 01 SulkIp-091 njIs-uf
"VAd SuIsn payuI[-SSOId pue pajerjojxd
‘pasipixo  sem  Jopmod  [ensnpur
Ng-Y :poypowt umop-do} via Weoy Ng ¢

"N urelqo 03 €N Jopun
Do 008 18 pojean-jedy Joyung °(Inojodo
umoliq) poureiqo sojdwes HNg 1y Jopun
Do 008 18 juounean-jedy uonerodead
[pun- 9,06 e PIAJOSSIpP
d1oMm (sorjel Jejowr JUIAIBA) pIOB JLIOQ
pue ourweldN :331-je[dwd) dn-wonog

Djem Ul




9L

€6

Y6

"tH o uondiosisAyd 103
wadyost [eardA [, -opdwes eare doejIns
1soy31y oy uo pamseow uondios TH
'onel gV/9V.LD M ISeaIoul SOWnjoA
azodororw  pue seare odelnS  Ng

‘Kyroeded uondios TH pasearour
ul paj nsax Surdop-udSAx0 jey) pamoys
SUOIB[NWIS "SO[OAD G| JOAO PIsnal
Ng Jeq [ 03 aumssaid oy) Surromoy Aq
Pasea[a1 9q P[nod udFoIpAY a3 JO 9, 68

'3/ wd 6°() :ownjoa d10d [303 Jo31e]
sey oyeydn <y 31soySiy ynm ordwesg
‘ownjoA o10doIOIWU pue BAIER QJBJINS
uo puadop jou soop oyeydn Ty oy
"B/ W HHTT = Do 00TT Y& PISISIYIUAS

oidwres 10y Apoedeo <y 1soysiy)
armerddwd)  SISOYIUAS  SuISeAIOUL
yum  sasearour  Ajoeded T oy

0S

01

6v

(onex
qgv/av.id
1S9y 311])
4!

961- 0°S *“H

S¢ €'8C *H 9¢¢

(Do 0001 ®
SISOUJUAS

961- v 11 H 10J) 88%1

SN Jopun D, S ¥ Juounean
-JedH °poLIp PUB [OUBYJQ Ul POA[OSSIP
(01 03 dn parrea oner Jysom gv/dV.1D)
Josmoard  (gy) oueloq  eruowwe
Qredwd gyl) :9je[dws) dn-wopog

"paurelqo uagAxo
%¥e v YIM Nd "TH/ N 1epun D, 0011
01 dn pojeay uay) ‘JOUBYIOW UL PIA[OSSIP
(ones reowr [:g) siosinoaid Iprxoln
uoloq :eal() :995-9je[dwd} dn-wonog

VdI urun O ¢ 10j pejyedtuos Ng "*HN
ur D, 0011 03 paeay 1onpoid ‘uoreiodead
[mun D, (6 18 Ijem Ul PIA[OSSIP
(onex rejowr z:1) siosinddxd proe ouoq

QuiwepRly  3dI-aje[duRd)  dn-topog
“TYSTUIOAO
e ur D, (0SS Je Judunedn-isod IN



S8

41!

911

6

HO®BN 'SO[0A0 G JOAO UONBIdUIFAI
Toye ANiqers 1oy3iy pAIqIUxe N
QUIT[BISAID QIOTA “SdIeIddwd) JoMOJ Je
Ng-Y Jo uonezi[eisAio pajowod [DeN

"3/3w ¢ 03 PIsI[Iqe)s Uy} pue Sunli 4
1SIJ 9y} SULINP PIseINdP doueuLIopdd
vondiospy ‘OHDOH Jo uondiospe
pue suopoerjul  Ng  Sulseaioul
ur  juepodwr  ore  sdnoi3  ourwe
10 [AXO0IpPAY 1By} PaIsad3ns sioyine Ay,

"TH [3IM SUOI}OBIIUI
Sursearour ‘yuowowr dodip [euonIppe
ue oAey so1dyds oy) Jo ddeyms judq
oy uo spuoq N-g Y} ‘IOA0AIOIN TH
2103s 0} d[oy prnoo saxoyds moroy ayl
ur (sarodoroewr) sadeds proa a3ie ayy
1ey} paIsaddns sioyme Ay Ayoeded
uondios J[qISIOAY "BoIe d0BlNS Ng
Sursearour yym pasearour Ayoeded g

pe o, SHOdI snoradid se sonroeded c
Je[IWUIS "SBAJe QJBJINS [HE SUISBAIOUl
QM pasearour  oyeydn T oy

001

01

$¢

S¢

194

961-
961-

0¢

LCI~-OHOH

(dre ur opAyoprewIoy
Jo wdd oz yim)

9°0 -OHDOH

€0T *‘H

6’9~ H
6'C1 *H

0] judwjean-jedy pajeroderd
oY) pue D, ] 1B IAJBM Ul PIAJOSSIP 1M
[DBN pue (orjer Jejowr 7:]) proe oLoq

orem

£9¢ pue QuIWR[N :331J-d7e[dId) dN-wonog

"IN Jopun D, (006 1B Judunean

-1edy -uoneiodeAd [mun ), 69 1B IdEM

I Ul PIAJOSSIp (onel Iejow [:Z[) proe

LT9 OLI0Q pue BAI() :33J-9)e[dWd}) dN-W00g

0T 10} Do (TE 18 9AR[O0INE UI PAJBIH

s1o[[ed ojur possard pue paxiu § pue

<1z ENEN ‘TAgYHN :TeWIay3-0AJ0S dn-wiopjog
(D008

e pue

"EHN Topun ), 00Z1 01 dn pajesy
I:€ "pareIodeAd Iojem pue I9jem Ul POAJOSSIP

= vg/A0Q) (sonel Iejow JUIIJIP UI) SPIWRUBAIIP
0061 proe ouog 931j-oje[dwid)  dn-wopog




4N

€1l

'sdnoi3 tHN pue HO pue tHN
U99M)9q paulIo} spuoq-H sarodoorwa

0] ssoooe  Juneyqoey  ‘uvondiospe
oyl 01 Jeooudq  oIe  sa10dosojy
'soproedes  uondios QD pue fHN
Sunowoid ‘quasaid sdnoi3 cHN pue HO

"Su1jo[0
0} paredwod suhgjered 031 Ayuiyge
IOUSIH "oseyd paqIospe/pasudpuod e ul
9q 03 19521d samyeraduwd) Surroq Joysy
yim sa[nodjowt jey pue (uondiosisAyd)
S9010] uoIsSIddSIp Yeom AQq UQAIZ
st uonidiospe jey) Joej oy} 0} panqrye
SI  yomym  ‘paqrospe  A[renudrojard
are sjutod 3urroq 1oysSiy 10 Jy3rom
Ienoojow  JOUSIY UM  SI[NIJ[OIN

‘sjonpoid
OIX0} SSO] 0} PAUAAU0D Sem OHDH
‘Apoeded [eaowar  opAyopeWIOY

paroxdwr pamoys Ng poreudardur

IS

S¢ €S *HN
(wugey .
- 90 700 PUE ¢ IN UL Do 0SOT 01 p1edy "suo) ¢ SuiAdde
761 ‘90°1 AQ IopurAo e ojur passaid ormxiw
50215 210d) ‘loueylowl Ul PIAJOSSIp (omer Jejowr
. [:G) 9pIXOL U0IOQ PpUB OPLIO[YIOIPAY
0 LT 20D PITT oulprueny  0a5-9je[dwid}  dn-wonog
¢S~ BHD
Sy~ PHO
0°¢ ~ °H®D Do 009 18
1'T ~ VI Ire Ul Juauiean-isod €HN Jopun D, 0SO1
16 SISOIUAS ‘uoneiodeAd [run Idjem Ul
§°0~"HO POAJOSSIP (O1jeX JR[OW [:€) PIOR JLI0Q puUE
ST S0°0 ~ TN 09€1 oprweIpueAo1(] :331-3re[dwd) dn-wonog

‘HO®BN
M paeudardwr  1oyuny - ‘paureiqo

Ng ouleiskio vy "Iy 1opun D, 0501



1.9.2  Water cleaning

A large amount of research is focusing on developing better adsorbent materials for the removal
of contaminants from water. Porous BN materials have recently emerged as a promising
solution because of their high adsorption capacities of inorganics (e.g. metal ions) and organics
(e.g. dyes, oils and antibiotics) from water and possibility of being regenerated.!'!” A full list of

the papers is reported in Table 1-2.

Removal of inorganic pollutants

Li et al. *° synthesised a porous BN material with high surface area (1687 m?/g) which could
remove up to 373 mg/g of Cu?’ ions from water, exceeding the capacities of other adsorbents
such as carbonaceous materials.!!” The high sorption capacity was linked to high surface area
and the presence of defect sites. The same authors further improved BN sorption capacity by
producing an activated material with a template method (surface area over 2000 m?/g) for the
removal of metal ions from water.”* Again, Li et al.''® produced fluorinated porous BN, that
despite the lower surface area (~1250 m?/g) compared to their previous works, exhibited higher
sorption capacities for metal ions, which was linked to the presence of functional groups (NHo,
OH). 3D BN foams were also tested for the removal of metal ions showing high sorption
capacities (Cd*": 482 mg/g-561 mg/g), which was again attributed to the presence of functional
groups (NHz, OH).”> ''° Generally, the adsorption mechanisms of BN materials for metal ions
were: 1) physisorption; ii) chemisorption; iii) electrostatic interactions; iv) hydrogen bonding;

v) ion exchange.'!”

Removal of organic pollutants

Porous BN materials were tested for the removal of oils from water.'?°'22 BN could adsorb up
to 190 times its own weight in oils, and could be recycled either by burning in air, by washing
with solvents or by heating at 600 °C in air. Interestingly, an increase in the d-spacing of the
nanosheets was observed after oil adsorption.'?° This highlights the ability of BN to swell when
it adsorbs hydrophobic liquids. The uptake of oil could be explained by two different factors:
1) physisorption and ii) the capillary effect in the holes and in the interlayer of the nanosheets.
Clearly, the oil sorption is not just due to physisorption, but other sorption mechanisms are
involved. This was further confirmed by the synthesis of a BN 3D foam with low specific

surface area (32 m?/g) but high adsorption capacity for oil.!?!
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A large number of studies (see Table 1-2) presented the use of porous BN for the removal of
dyes from water and in this case no swelling of the material was observed. Instead, the
mechanisms for dye sorption were associated to: i) n-m stacking interactions between the BN

80, 123-124

materials and aromatic dye molecules; i) electrostatic dipole-dipole interactions

between the polar B-N bond and the highly polar dyes;!?* % iii) physisorption due to high
micropore volume and surface area of BN,!?* 125 and iv) hydrophobic interactions. The
adsorption capacity was also found to be highly dependent upon the pH of the solution, which
was due to electrostatic interactions with the polar dyes, which could be weakened by
competitive adsorption of protons or hydroxides.?” 126 For a similar reason, it was also found
that OH-functionalised BN showed improved capacities for cationic dyes (e.g. methylene blue)
when exhibiting a negative surface charge.'?’” Porous BN materials showed higher sorption
capacities of organics from water compared to some activated carbons.!!” Generally, however,
any hydrolytic instability of BN was not reported. In fact, porous BN was often successfully
regenerated by heating in air and reused for multiple adsorption and desorption cycles with a
loss of efficiency of about 5-15 % after up to 10-15 cycles.3® 7 121 127128 However, it was
mentioned that higher crystallinity confers to the BN material a higher stability when used in

dye sorption applications, without linking this statement to hydrolysis.'?’

Another possible application for porous BN is the removal of antibiotics from water, however,
although the removal capacity was impressive (over 10 times that of other nanomaterials
adsorbents),'?” it was observed that when BN surface area was measured after regeneration, it
had decreased significantly.'?® The decrease in surface area was attributed to remnant carbon
after regeneration, rather than hydrolysis, which was not considered. The authors attributed the
high sorption capacity for antibiotics to: i) high surface areas and pore volumes; ii) the
crumpled structure of BN iii) - interactions; iv) Lewis acid-base interactions between amine

groups and BN.

Interestingly, in most studies in which BN was tested for adsorption applications, the material
was synthesised using bottom-up techniques. However, a paper recently presented a study of
adsorption using nanosheets prepared via ball-milling (i.e. a top-down method).® BN and
NH4Cl powders were milled under a nitrogen atmosphere with steel balls. The BNNSs obtained
exhibited a high specific surface area (751 m?/g) and a type IV N adsorption isotherm. The
authors tested the nanosheets for adsorption of Lysozyme (a model protein) from water and

demonstrated successful recycling of the BN after protein adsorption.
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In conclusion, porous BN materials showed promise in water cleaning applications, from both
organic and inorganic pollutants. However, the instability of porous BN materials in water was
not assessed, although the materials were often regenerated and tested for multiple sorption

cycles, showing a relatively low decrease in performance.
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1.9.3  Catalyst or catalyst support

A catalyst support must present a high surface area, high oxidation resistance, chemical
inertness, and high thermal conductivity to avoid hot spots and sintering of the metal particles.
Catalyst supports should also avoid any reaction with water.'*’ BN exhibits most of the required
properties listed above and it was demonstrated that t-BN powder with low crystallinity can be
used as a support for catalysts.!**4} t-BN demonstrated a very high thermal stability and weak

interactions between the support and the metal particles.'*

Although BN materials were usually considered inert, it was recently demonstrated that h-BN
or t-BN materials have catalytic properties and were used in oxidative dehydrogenation

144-147

reactions, opening the door to a whole new range of applications. However, catalysis

deviates from the purpose of this thesis, and is, therefore, not discussed here in detail.

1.10 Conclusions and knowledge gaps from the literature

The number of papers in which porous BN or BNNSs were produced with high surface area
and tested for adsorption applications remains relatively low (< 100 publications). Several
synthesis or production methods have been explored with relative success, with each technique

offering a different set of strengths and weaknesses.

Most of the papers in which BN was used for adsorption applications employed bottom-up
synthesis methods. This is because top-down methods do not always provide the required
energy to overcome lip-lip interactions in h-BN, leading to BNNSs in low yield. BNNSs
produced via top-down methods are often crystalline in the 2D plane but lack tunable pore
structures and significant surface areas, thus far. Moreover, exfoliated BNNSs are often

obtained in solution and they tend to re-stack together when dried.

Bottom-up methods, on the other hand, can produce large quantities of t-BN, BNNSs or h-BN.
Among the bottom-up synthesis methods, the template-free method is often preferred as it
involves fewer chemicals and synthesis steps and is, therefore, more industrially relevant.
However, in template-free methods it is hard to control the pore structure and surface area of
the BN materials produced. In addition, the formation of porous BN via this route is not well-
understood, in part due to the lack of understanding on the influence of the various synthetic
parameters. Moreover, the presence of impurities and the crystallinity of porous BN produced

can vary significantly from one work to another. Sometimes, these features are, in fact, not
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reported at all. The porous BN produced via bottom -up methods exhibits limited crystallinity
and a turbostratic nature with a large number of defects, features which are beneficial in
adsorption. However, owing to these properties, t-BN was shown to exhibit hydrolytic

instability and this issue was often overlooked in the literature.

Finally, the great potential of BN for adsorption was showed in a number of studies, however,
there seems to be little understanding of the correlation between adsorption properties and the
structure of porous BN sorbents. This understanding is key in order to optimise the chemical

and physical features of BN and enhance its adsorption.

With the aim of addressing the knowledge gaps outlined above, the production of porous BN
needs to be optimised, evaluating the influence of all the reactions’ variables (e.g. temperature,
heating rate, precursor chemistry and ratio, intermediate preparation) on the chemical and
physical features of the material obtained. In addition to probing the effect of reaction variables,
predictable and reproducible pathways to porous BN need to be established. A reliable method
for the tuning of BN surface area and micro- and mesopore volume is also required. The
chemical and physical structure of the porous BN must also be studied in more detail, with
focus on the amount of oxygen and carbon impurities present in the porous BN material. Porous
BN hydrolytic stability also needs to be evaluated and methods developed to overcome this
issue. Finally, it is important to test the porous BN materials for applications in both gas and
liquid separations, in order to understand the material’s potential in separation, clarify the
mechanisms of adsorption and the links between BN physical-chemical features and adsorption

capacity.

1.11 Research aim and objectives

The aim of the project is to provide a proof-of-concept for the use of porous BN for liquid and

gas separations.

1.11.1 Objective 1: To produce porous BN materials with high surface area and tuneable

porosity

This objective aims at providing a better understanding of the relationships between the
parameters used during the synthesis and the properties of the porous BN materials produced.
This approach will potentially lead to porous BN materials with enhanced surface area and a

tailorable porosity.
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1.11.2 Objective 2: To evaluate and improve BN robustness and recyclability

The effects of moisture exposure on porous BN structure and chemistry needs to be studied in
depth and related to the BN characterisation. This approach will potentially allow one to

provide a way for minimising hydrolysis and improving BN recyclability and robustness.

1.11.3 Objective 3: To test BN for different adsorption applications

While Objective 1 focuses on the understanding of the relationships between the synthesis
methods and the properties of the nanosheets, Objective 3, which is strongly linked to Objective
1, aims to specifically link the structure/chemistry of the porous BN materials to their

adsorption properties.
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Chapter 2: Methods

2.1 Porous BN powder synthesis

Porous BN was synthesised from solid precursor mixtures including at least one precursor
containing nitrogen (i.e. urea, melamine, or biuret) and one precursor containing boron (i.e.
boric acid or boron trioxide). The precursors were either dissolved in water and recrystallized
prior to the synthesis, or simply mixed and ground. The precursor mixtures were then
transferred to an alumina boat crucible inside a tubular furnace for pyrolysis. The crucible lid
was left partially open (~2 cm), facing the nitrogen inlet. The tubular furnace was a Carbolite
Horizontal tube furnace HST 12/600 equipped with a quartz tube of 80 mm internal diameter
x 1050 mm length, a schematic representation of the synthesis setup is shown in Figure 2-1.
The furnace was sealed with gas tight flanges and thermally insulated with ceramic plugs at
both ends of the tube. Nitrogen (zero grade, BOC) was flowed at 250 mL/min for 3 hours prior
to the start of the reaction, after which the flow rate was lowered to 50 mL/min, during the
reaction. The precursors were then heat-treated under nitrogen gas flow and after heat-
treatment the nitrogen was kept flowing while the furnace cooled naturally to ambient
temperature. A trap and a bubbler filled with water were used at the outlet tube of the furnace,
in order to prevent air from entering the system and to dissolve the ammonia and isocyanic acid

produced during synthesis. The resulting BN was stored in a dessicator.

Flow meter Tubular furnace Trap & Bubbler

Outlet gases

N, Vent
| o | b
N, plugs crucible
——a |
50 mL/min 1050 mm

Figure 2-1 Schematic of tubular furnace set-up with flow meter and bubblers.
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2.2 Porous BN pellet preparation

Dry porous BN powder (~200 mg) was coarsely ground with a pestle and mortar and was
placed into a pellet die (Specac, 13 mm evacuable stainless steel). The die was positioned into
a manual press and 5 tonnes of load were applied to form a pellet. The pellet was carefully

removed from the pelletizer by inverting the die and applying a small load on its base.

2.3 Characterisation techniques

2.3.1 Structure

2.3.1.1 Pore structure and surface area: Nitrogen sorption isotherms at -196 °C

Nitrogen physisorption isotherms were measured using a porosity analyser (Micromeritics
3Flex) at -196 °C. Prior to nitrogen sorption analysis the samples were degassed to remove
molecules of gases or liquids adsorbed onto the surface. The degas step was performed by
heating the samples overnight at 120 °C at roughly 0.2 mbar pressure and degassing them again

in-situ on the porosity analyser for 4 h down to around 0.003 mbar at 120 °C.

This technique is a volumetric technique, which calculates the amount of nitrogen adsorbed
onto the sample by measuring the change in pressure in the chamber.'*® Progressive amounts
of nitrogen gas are dosed into the sample chamber and the pressure is monitored until it reaches
equilibrium. The free space, which is the volume not occupied by the sample, is calculated at
the end of the isotherm measurement analysis by dosing helium into the analysis chamber.!*3
The nitrogen isotherms collected can then be used to estimate BET surface areas, total pore
volumes, micro- and mesopore volumes and pore size distributions of BN samples.’
The equivalent surface areas of the samples were calculated by applying the Brunauer-Emmett-
Teller (BET) method to the nitrogen isotherms (1)%:

1 1 c—-1 (P) (1)

)R

Where:

V': volume of gas adsorbed (derived from the isotherm);

Vn: volume corresponding to the monolayer coverage;

P: equilibrium pressure for the gas (derived from the isotherm);
P,: saturation pressure (derived from the isotherm);

C; constant.
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The Micromeritics software was then used to plot the equation rearranged as (2):

1 P
TP~ 1 Vs (P_> (2)
—0) _ 0
vi#)-1]
From this plot Vi, and C can be calculated from the intercept (V—lc) and slope (%) and the

BET surface area may then be calculated as follows in equation (3):

VmSadsorptiveNavogadro (3)

S =
BET VM

Where:
Sadsorptive: Cross sectional area of adsorptive;
Vy: molar volume of the adsorptive at STP (22,414 cm?/mol);

Nayogadro: Avogadro constant.

The BET surface area was calculated from the pressure range in which the data points fit a

linear data fit and satisfy the following criteria:

- Pressure range V[Po-P] increases with P/Py;

- The pressure corresponding to Vi, is within the pressure range selected;

- Negative intercepts are not acceptable.
The total volume of pores was calculated from the volume of N> adsorbed at P/Po = 0.97 using
equation (4):

P, standard Vadsorbed VM (4)
RT

Viot =

Where:

Ptandara: Standard pressure (10° Pa);

Vadsorvea: Vvolume of nitrogen adsorbed at P/P = 0.97 (derived from the isotherms);
Vy: molar volume of liquid N at 77 K (34.65 cm®/mol);

R: gas constant;

T: standard temperature.

The micropore volume was determined using the Dubinin-Radushkevich method,'*® which is

based on equations (5) and (6):

P\’ ®
log(n) = 10g(nic) — D (log (P—))

Where:
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n: adsorption capacity at P;

Nic: adsorption capacity from the micropores;
D: empirical constant;

P: equilibrium pressure (derived from isotherm);

P,: saturation pressure (derived from isotherm).

Log(n) is then plotted against (log(P/Po))? allowing for the calculation of a value for nmic from

the intercept of the linear range of the plot.

The micropore volume is then calculated from (6):

_ nmicM (6)

Vmicro -
pore
pP

Where:
M: adsorbate molar mass;

p: adsorbate density.

The mesopore volume was calculated by subtracting the micropore volume from the total pore
volume. Pore size distributions were estimated using a DFT model for carbon materials with
slit pores (using the SAIEUS program provided with the 3Flex porosity analyser). The NLDFT

model for carbons with slit pores at 77 K in N> (see footnote) was adopted.

2.3.1.2 Micro/nano-scale morphology: SEM

Scanning electron microscopy (SEM) is a technique, which uses the signal generated from an
accelerated and focused electron beam onto a conductive sample. The beam (2-40 keV) is
generated by an electron gun and accelerated to an anode.!*® The electrons are then focused
and scanned through a sample by using a set of electromagnetic lenses (condenser, objective

and scan coils). When the primary electron beam hits the sample, different phenomena occur:

- Backscattered electrons (BE): '** BE are generated from the primary electron beam which
is elastically scattered. These electrons have high energy (as the primary electron beam)
and are scattered more by heavier elements. Therefore, contrast in BE images depends on
the material’s composition. Images in BE mode have a lower resolution as the interaction
volume of the high energy electrons with the sample is higher compared to other signals,
such as secondary electrons;

- Secondary electrons (SE): SE are generated from primary electrons expelling the samples’

electrons out of their orbitals. SE have lower energy than BE (~50 eV), therefore only

http://www.nldft.com/ 69




electrons closer to the surface can escape.!>® This gives a better resolution compared to BE
imaging mode, as well as a much more pronounced topographic contrast.

- X-rays: X-rays are generated when primary electrons knock electrons out of their inner
shells, triggering an electron from an outer shell to move down in energy to replace it. This
energy difference is dissipated by generating characteristic X-rays (up to ~10 keV), which
can give information about the material’s composition as their energy matches with the
energy difference between the two atomic orbitals. X-rays can be collected with two
different types of detectors: Energy dispersive X-ray spectroscopy (EDX) or wavelength
dispersive X-ray spectroscopy (WDX).

For porous BN, the morphology of the samples was evaluated using a scanning electron
microscope (SEM, Leo Gemini 1525, Zeiss) in secondary electron mode (InLens detector) at
5 kV. The samples were ground, deposited on carbon tape and coated with 20 nm of chromium
to reduce charging in the microscope. The chemical composition and elemental distribution

was also measured at 5 kV with an EDX detector.

2.3.1.3 Crystalline structure: X-ray diffraction
X-ray diffraction (XRD) is a non-destructive bulk technique used to characterise the crystal
structures of materials. In powder XRD the material is finely ground and each set of crystalline
planes constructively diffracts X-rays at specific angles (0) (Figure 2-2). Crystalline patterns
plot the intensity of X-rays diffracted at different angles and they can be used to determine the
type of crystalline structure obtained, the spacing between different set of planes (d-spacing),
the crystallite sizes and preferential orientations. Bragg’s law (7) is then used to calculate the
d-spacing:

nA = 2dsinf (7)
Where:
n: integer;
A: wavelength;
d: spacing between planes;

0: angle between incident X-rays and crystal lattice.
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nA = 2dsiné

Figure 2-2 X-ray diffraction principle with Bragg’s equation.

Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (PANalytical
X’Pert PRO) in reflection mode. The operating conditions included an anode voltage of 40 kV
and an emission current of 40 mA using a monochromatic Cu Ka radiation (A = 1.54178 A).
The XRD detector used was X’Celerator (silicon strip detector). The samples were finely

ground before analysis.

For BN materials, XRD was mainly used to identify the type of crystalline structure obtained:
hexagonal or turbostratic. While h-BN exhibits the typical graphitic hexagonal pattern with
sharp high intensity peaks, t-BN exhibits only two broad low intensity peaks typical for
turbostratic materials.”” This is because the different 2D layers of t-BN are randomly orientated,

lacking crystalline order.

The peak position for the (002) peak for h-BN or t-BN is of particular importance as it allows
for the calculation of the d(002)-spacing by applying Bragg’s equation (Figure 2-3).">! The
interlayer spacing for h-BN is 3.33 A, and is larger for t-BN materials.”’

In XRD, different sets of parallel planes are named with Miller indices (h k1) when they
intercept the unit cell edges in a/h, b/k and c/l. XRD patterns with two broad low intensity
peaks for the (002) and (101) reflections for t-BN, can also indicate the presence of few-layer
BNNSs.!%2 Nanosheets, similarly to few-layer graphene, lack stacking order due to their
exfoliated nature. Therefore, to gain more insight into BN crystalline structure, XRD needs to

be coupled with high-resolution transmission electron microscope.
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Figure 2-3 Crystalline structure with the different d-spacings for crystalline h-BN materials.
(Unit cell dimensions from °7)

2.3.1.4 Nano-scale morphology and crystalline structure: Transmission electron
microscopy

Transmission electron microscopy (TEM) is a characterisation technique which uses the
information collected from electrons transmitted through the sample, rather than scattered as
in SEM. Electrons are again produced from electron guns, with acceleration voltages of ~100-
400 kV.'33 Electrons are focused onto the sample by using a set of condenser lenses and
apertures and the transmitted beam is then magnified and focused onto a screen to display the
image.'>* In order for electrons to be transmitted through the samples, these have to be
sufficiently thin, depending on the samples’ average atomic number and the acceleration
voltage used. Although, theoretically, TEM should be able to image with sub-atomic
resolution, ! the actual resolution cannot reach the wavelength limit and for a Jeol 2100Plus,
which was used in collecting most of the images presented in this thesis, the point resolution is
0.23 nm. In imaging mode the contrast is given mainly by thickness, electronic composition

and crystalline orientation of the sample.

For porous BN powder samples, the powder was dispersed in ethanol and deposited on a copper
carbon holey grid and the microscope was used in imaging mode (not diffraction mode). Fast

Fourier transform (FFT) patterns were calculated using ImageJ'*

software on the images
collected, which allowed for the identification of any crystalline patterns present. Angus Crake

helped in the collection of some of the TEM images presented in Chapter 6.
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2.3.1.5 3D imaging: Scanning TEM tomography

Scanning TEM (STEM) is a type of electron microscope equipped with scanning coils to focus
and raster the beam across the sample. The microscope can be operated in standard imaging
mode by analysing the main transmitted beam signal (bright field, BF), or in dark field mode
(DF) in which the detector is not in line with the transmitted beam and collects diffracted
electrons. The advantage of DF mode is that the contrast in images is given mainly by atomic
number and thickness, limiting the effects due to crystal orientations.'>!>’ Electron
tomography is a technique which allows for 3D reconstructions of samples by collecting
images of the specimen tilted at various angles.!®” STEM tomography was performed on DF
images collected with the help of Dr. Catriona McGilvery and the reconstructions were
performed with the help of Josh Bailey. The technique was employed to directly visualised

pore shape, size and connectivity for mesopores in BN samples with different pore structures.

TEM and STEM imaging were carried out on an FEI Titan 80-300 Cs image-corrected
microscope, operating at 80 kV and 300 kV. Sample preparation was performed by dispersing
porous BN powder in ethanol and drop-depositing the supernatant on a holey carbon copper
grid. STEM images were acquired using a convergence semi-angle of 10 mrad and an inner
and outer collection angle to the high angle annular dark field (HAADF) detector of 40 and
196 mrad, respectively. The bright contrast in the STEM images is from regions containing
higher atomic number and/or density. For the tomograms, STEM images were acquired every
2° from -54 and +74° and between -70 and +74°. The images were aligned and reconstructed
using Inspect3D (FEI Visualization Group). A total of 64 and 62 images were used in each of
the final reconstructions. The initial reconstruction was carried out using a weighted back
projection algorithm and then reconstructed using 25 iterations of a simultaneous iterative
reconstruction technique algorithm. The reconstructed 3D TEM tomography data set was

imported into Avizo (FEI Visualization Group, France) as a .rec file.

Image processing steps were taken to remove the noise in the data, thus allowing a more reliable
subsequent segmentation. A 3D Median filter was applied with a neighbourhood setting of 26
and 3 iterations, followed by a standard 3D Gaussian filter with a kernel size of 5. Manual
verification through all slices confirmed that no major loss of features was encountered using
this filtering procedure. A manual threshold was then applied to identify ‘seed’ voxels in the
two phases, by first selecting the high grayscale values attributable to the BN material.
Subsequently, the remaining unassigned voxels were selected and shrunk by 10 voxels in all

directions, allowing for growth towards the true interface in the next step. A typical watershed
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segmentation procedure was then followed via a gradient mask and inundation process leading
to all voxels being assigned as either pore or BN. To account for small numbers of inaccurately
labelled pores, a simple threshold procedure was followed within the BN label field to re-label
these voxels. No smoothing or simplification was applied on generating the 3D surfaces. To
demonstrate the distinct pore morphologies of each of the two samples, a sub-volume was

extracted from each 3D dataset and a surface generated for the pore phase.

2.3.2  Chemistry

2.3.2.1 Surface chemistry: X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique, which employs X-
rays with a known energy (hv) to irradiate a sample in a vacuum. When the X-rays hit the
sample, electrons are knocked out from their orbitals (photoelectrons) with a certain kinetic
energy, which depends upon the energy of the light source, the binding energy and a work
function as shown in Figure 2-4.'3® The spectra plot binding energy vs intensity allow for the
gaining of information regarding elements present, chemical states and surface elemental
quantification.!® In order to compensate for the electrons lost in a sample and provide charge
compensation, an electron flood gun is used during the analysis.

. ejected
photoelectron,

X_rayS, E =hv Kinetic energy Ekin

Vacuum
Conduction band / Work function, W
A\

Valence band

Binding energy, E,

Eb = hv—Ekin_Wf

fs e Y

Figure 2-4 Schematic for the principles of XPS analysis with equation.

XPS was performed using a Thermo Scientific K-Alpha" X-ray Photoelectron Spectrometer
equipped with a MXR3 Al Ka monochromated X-ray source (hv =1486.6 ¢V). X-ray gun
power was set to 72 W (6 mA and 12 kV). Survey scans were acquired using 200 eV pass
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energy, 0.5 eV step size and 100 ms (50 ms x 2 scans) dwell times. All high-resolution spectra
(B 1s, N 1s, C 1s, and O 1s) were acquired using 20 eV pass energy and 0.1 eV step size. The
samples were ground and mounted on the XPS sample holder using conductive carbon tape.
Thermo Avantage was used for analysis of the XPS data. The XPS spectra were shifted to align
the peak for adventitious carbon (C-C) at 285.0 eV.

2.3.2.2 Bulk chemistry: Fourier transform infrared spectroscopy

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy is a
characterisation technique used to determine the chemistry of samples. This instrument emits
infrared light of different wavelengths onto a sample and measures the amount of light
absorbed. In ATR instruments, a crystal is used to reflect the IR light onto the surface in contact
with the sample. The energy absorbed is dissipated in sample with different molecular
vibrational modes, which are characteristic of specific chemical bonds. Before analysis the
samples were ground in a pestle and mortar and spectra were collected in the range of 500-
4000 cm™! using a Perkin-Elmer Spectrum 100 Spectrometer equipped with an ATR diamond

crystal. The spectra were collected 8 times and averaged and the background subtracted.

2.3.2.3 Thermal decomposition: thermogravimetric analysis

A thermogravimetric analyser (TGA) is a high accuracy balance used to monitor the mass of a
sample during heat-treatment in a controlled atmosphere. The thermal decomposition of
samples was analysed with a TGA Netzsch TG209 F1 Libra from ambient temperature to
900 °C (10 °C/min ramp rate) under nitrogen or air gas flow (0.1 L/min). A buoyancy was

performed with an empty crucible under the same conditions as used during analysis.

A thermogravimetric analyser coupled with a mass spectrometer (TGA-MS) was used (TGA:
Mettler Toledo LMX 1, MS: Hiden Analytical HPR 20 Evolved) to study material’s
decomposition path as well as gases released during decomposition. In a typical run, the
samples were placed in an alumina crucible and heated from 30 to 1050 °C (10 °C/min ramp

rate), with a 30 minute holding step at 100 °C.

TGA and TGA-MS were used to both test the thermal and oxidative stability of porous BN
samples, as well as to understand the thermal decomposition patterns and gases released during

precursor heat-treatment to produce BN.
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Chapter 3: Understanding the
Synthesis of Porous BN and

its Controlling Parameters

Some of the results presented in this Chapter were published in Microporous and Mesoporous

Materials. '!!

3.1 Introduction

The heat-treatment of boron- and nitrogen- containing precursors in either template or
template-free synthesis methods can lead to porous BN materials.”® ’*°! Templating methods
use a sacrificial material to enhance the pore volume of BN, while allowing good control over
the resulting pore structure of the materials.”® Typically, templating materials for porous BN
include hard templates such as mesoporous silica, carbonaceous materials and zeolites’®"? or
structure-directing compounds such as cetyl-trimethylammonium bromide,” or the triblock
copolymer P123.7* However, templating methods present a number of disadvantages, including
the removal of solid templates post-synthesis, or the production of porous BN containing many
impurities. To try to circumvent these disadvantages, alternative template-free methods which
still allow for tailorable pore structures are sought. The template-free synthesis of porous BN
usually involves a heat-treatment (500-2000 “C) of solid nitrogen and boron precursors under
either an inert, an ammonia or a nitrogen/hydrogen atmosphere.5> 9091 93-94. 126, 130, 159-162
Although this synthesis method’s simplicity presents advantages over templating-techniques,
little is known on how to control porous BN structure and chemistry, which is essential in order
to tune the material’s properties for specific applications. It is, therefore, essential to study the
effects of certain synthesis parameters on the structure and chemistry of porous BN materials
produced. Furthermore, if BN is to be used in adsorption applications or as a catalyst, it is

fundamental to obtain good control over the surface area, as well as the micro- and mesopores

ratios. Some preliminary studies have demonstrated the importance of varying synthesis
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parameters to control porous BN structure.”! Nag and co-workers reported that increasing the
molar ratio of urea to boric acid increased the surface area of BN by up to 3 times.’!
Interestingly, the nitrogen and boron precursors are often first dissolved in a solvent prior to
the synthesis step, the effects of which were overlooked until recently when Wu and coworkers
showed that this had a significant impact on BN formation.'®® It was demonstrated that BN
surface area could be tuned by recrystallizing urea and boric acid from solvents with various
boiling points. This re-crystallization step produced intermediates with different crystalline
structures, which had an impact on their decomposition during heat-treatment, resulting in

different BN structures.

Therefore, in order to gain a deeper understanding of BN formation in template-free processes,
the effect of various synthesis parameters (including type of precursors, molar ratios,
intermediate preparation, synthesis temperature and temperature ramp rate) was investigated.
By developing a more in-depth insight of template-free synthesis processes, it was
hypothesised that a route to greater pore control and improved porous BN structures could be

developed (Chapter 5).

3.2 Materials synthesis

3.2.1 Study of the effect of precursor type and molar ratio on porous BN

Porous BN was prepared using a single N-containing precursor: either urea (molecular biology
grade, Sigma Aldrich) or melamine (99 %, Sigma Aldrich); and a single B-containing precursor
either boric acid (ACS reagent, Sigma-Aldrich) or boron trioxide (99.98 %, Sigma Aldrich).
The molar ratios of the N/B-containing precursors (X) were varied. The precursors were
dissolved in deionized water at 65 °C for urea or 85 °C for melamine. The water was then
allowed to fully evaporate at the same temperature, producing a precipitate which was further
dried in the oven (time not recorded) and ground to obtain a white compound named
intermediate. Intermediates were then heat-treated at 1050 °C (10 °C/min ramp rate) for 3.5 h
under a nitrogen gas flow of 50 cc/min in a tubular furnace to produce BN (Figure 3-1). The
samples obtained were named BN-ABX, where A indicates the nitrogen precursor used: M for
melamine, U for urea; B indicates the type of boron-precursor used, if boric acid was used no
naming was specified, if boron trioxide was used BTriox was indicated; X is the molecular

ratio of N-precursor/B-precursor. For example, BN-M0.25 is a sample prepared from a mixture
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of melamine and boric acid in an N-precursor/B-precursor molecular ratio of 0.25. The

synthesis method and naming systems are summarised in Figure 3-1.

B-precursors N-precursor
A PN Intermediate
i— Heat-treatment under
Boron trioxide (Btriox) Urea ( : nitrogen at 1050 °C
OR + OR — —p  PorousBN
Nl BN-ABX
‘ Y X = molecular ratio
¢ Dissolution in water of AB
until complete
i evaporation
Boric acid (_ Melamine (V1)

Figure 3-1 Synthesis schematic for porous BN samples prepared from different nitrogen and
boron precursors.

3.2.2  Study of the effect of intermediate preparation on porous BN

Urea and boric acid precursors

Urea (9 g) and boric acid (1.85 g) in a molar ratio of 5:1 were dissolved in deionized water
(450 mL) at 65 °C and the water then fully evaporated at the same temperature to obtain a white
powder called intermediate. This particular molar ratio was selected following on from the
results described in section 4.2, as it enables the synthesis of porous BN in relatively good
yield. The intermediate powders were then further dried in the oven at 65 °C for different
lengths of time (0 h, 50 h, 100 h, 200 h). The samples were then finely ground and named INT-
US-Y where 5 is the molar ratio of nitrogen/boron precursors and Y is the drying time in hours
after the evaporation of the water. A physical mixture of urea and boric acid in the same molar
ratio was also prepared by mixing and grinding the precursors together without any dissolution

step and was named INT-U5-phys mix.

Melamine and boric acid precursors

Melamine and boric acid in a 0.5:1 molar ratio were dissolved in water at 85 °C. This particular
molar ratio was chosen following the results obtained in section 4.2. The water was evaporated

at the same temperature to again obtain a white precipitate, which was further dried at 85 °C in
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the oven overnight and ground to obtain a white compound called intermediate INT-MO0.5. A
physical mixture of melamine and boric acid in the same molar ratio was also prepared by
simply mixing and grinding the precursors together with no dissolution step, and was called

INT-MO0.5-phys mix.

Porous BN synthesis

The intermediates or physical mixtures were then heated at 1050 °C for 3.5 h under a constant
nitrogen gas flow of 50 cc/min, in order to produce porous BN. The nomenclature of the
resulting porous BN samples was the same as the intermediates, however named “BN” rather

than “INT”. The composition and drying times for these porous BN are shown in Table 3-1.

Table 3-1. Summary of synthesis conditions for all porous BN samples produced from
intermediates.

Sample N-precursor  B-precursor N:B Drying time
precursors after
ratio dissolution
(h)
BN-US5-phys mix urea boric acid 5 NA
BN-U5-0 urea boric acid 5 0
BN-US5-50 urea boric acid 5 50
BN-U5-100 urea boric acid 5 100
BN-U5-200 urea boric acid 5 200
BN-MO0.5-phys mix melamine boric acid 0.5 NA
BN-MO0.5 melamine boric acid 0.5 24

3.2.3  Study of the effect of temperature on porous BN

Porous BN (BN-U5-phys mix) was synthesised as described in section 4.2.2., i.e. from a
physical mixture of urea and boric acid in a molar ratio of 5:1, in a tubular furnace at 1050 °C
(10 °C/min) for 3.5 h under nitrogen gas flow (50 mL/min), however, the synthesis was scaled-
up from ~500 mg to produce ~3 g of BN per batch. The as-synthesised material was fully
characterised and placed in a silicon carbide crucible for further heat-treatment in a hot-press
at different temperatures (1300, 1550, 1800 °C) at 10 °C/min for 3.5 h under nitrogen
atmosphere. The hot-press was degassed before heat-treatment to eliminate any air in the

chamber.
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Samples are named BN-US5-Z, where Z indicates the synthesis temperature used.

3.2.4  Study of the effect of ramp rate on porous BN

Porous BN (BN-MU1:5) was synthesised by physically mixing and grinding B- and N-
containing precursors (according to a synthesis procedure described in Chapter 5, details in
Appendix 1) and heat-treating them up to 1050 °C at different ramp rates (2.5, 5, 10, 15 °C/min)
under nitrogen gas flow (50 cc/min) for 3.5 h. At least 3 samples were produced for each ramp
rate and were named BN-MU1:5 -Z , where Z is the ramp rate used during the heat-treatment

(°C/min).

3.3 Effect of precursor type and molar ratio on porous BN structure and

chemistry

The scope of this section is to analyse the effect of the type of precursor and their molar ratios
on porous BN structure and chemistry. The optimisation of these parameters is essential in

order to produce porous BN with high surface area and low amounts of impurities.

3.3.1 Analysis of chemical features

Firstly, the chemistry of the powder samples obtained from heat-treatment was analysed using
FTIR spectroscopy, to confirm that a BN material was obtained. Figure 3-2a shows the spectra
for all samples and highlights the presence of the two main characteristic bands for boron
nitride: B-N in-plane stretching mode at ~ 1360 cm™ and B-N-B out-of-plane bending mode at
800 cm™.!%* However, additional bands are also present for samples produced from less N-
precursor in Figure 3-2a, which were identified as boron oxide compounds from a comparison
with the FTIR spectrum of B>Os. It is hypothesised that the presence of boron trioxide in small
quantities is also responsible for the enlargement of the B-N vibrational peaks. It is believed
that in the case of nitrogen precursor deficiency, unreacted boron oxide is present in the final
product. This is true in the case of: urea/boric acid molar ratio of 0.5 (BN-UO0.5),
melamine/boric acid molar ratio of 0.25 (BN-M0.25) and melamine/boron trioxide molar ratio
of 0.5 (BN-MBTri0.5). This is an indication that an excess of nitrogen atoms is needed in order
to ensure the full reaction of the boron precursor to form a BN material and it can be explained
because of the high volatility of the nitrogen compounds (which form gases such as ammonia

when heated)!'®> compared to the boron compounds, which form a viscous fluid.”” Ammonia
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gas reacts with boron oxide melt to form BN in a reaction previously described in the literature:
B>0; + 2NH3 — 2BN + 3H,0.”! Figure 3-2b shows the colour change of BN samples with the
use of different precursors and/or molar ratios. In particular, when a large excess of N-
containing precursor is used: e.g. molar ratio of 1:1 for melamine and boric acid (BN-M1) or
melamine and boron trioxide (BN-MBTril), the samples appeared black, which is a good
indication of the presence of a large amount of carbon. In conclusion, in order to minimise
carbon and oxygen impurities, the best molar ratio of melamine to boric acid was 0.5, while
for urea and boric acid mixtures, this was at least 5. Samples obtained from a mixture of
melamine and boron trioxide exhibited either a large amount of carbon impurities (molar ratio

of 1), or a large amount of boron oxide impurities (molar ratio of 0.5).

B,O, B-N| | B-NB b

BN-M1 BN-MO0.5 ﬁ BN-M0.25

S

Transmittance (%)

BN-MBTri0.5 BN-MBTri1

e
4000 3500 3000 2500 2000 1500 1000
Wavelength (cm™)

Figure 3-2 (a) FTIR spectra and (b) images of BN samples produced using different precursors
and diverse molar ratios.

3.3.2  Analysis of structural features and morphology

The crystalline structure of the porous BN was analysed using XRD. Figure 3-3a shows the
crystalline patterns for all powder samples obtained. All samples show low intensity and broad
peaks for the (002) and (100) planes for hexagonal BN (JCPDS card no. 34-0421),'% indicating
that some small amounts of h-BN phase is present, indicative of turbostratic BN or BNNSs.
However, in the samples prepared with a deficiency of N-containing precursor, an additional
peak for B2O; is also present.®? This is in good agreement with the FTIR analysis (Figure 3-2a),

confirming the presence of a large amount of residual boron trioxide after heat-treatment.

In order to use BN as an adsorbent, the material needs to exhibit a high surface area and a large

amount of pores. For this reason, the pore structure of materials was characterised with nitrogen
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sorption isotherms at -196 °C, which were collected just for the BN samples which were
relatively free of impurities from the previous chemical analysis, i.e. BN-U5, BN-U10, BN-
US50 and BN-MO.5. The isotherms are shown in Figure 3-3b, the textural parameters deriving
from the same analysis were plotted in Figure 3-3d, and the resulting pore size distributions
displayed in Figure 3-3c. All samples exhibit a relatively large amount of micropores and some
mesopores (Figure 3-3d). In particular, BN-MO0.5, obtained from melamine and boric acid,
exhibits a larger micropore ratio when compared to the other BN samples, while BN-U5
exhibited a larger mesopores ratio compared to porous BN samples synthesised from urea and
boric acid in higher molar ratios. The large uncertainty in the BET surface area of BN-US5 is
linked to the intermediate preparation which was not reported here and will be investigated in

more detail in section 3.4.
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Figure 3-3 (a) XRD patterns for all samples and (b) Nitrogen sorption isotherms at -196 °C for
the purest porous BN samples, as determined by chemical analysis (open symbols represent
desorption),(c) pore size distributions and (d) textural parameters derived from nitrogen gas
sorption analysis. Error bars represent standard deviation calculated from 3 repeats.

The morphology of the different samples produced was analysed via SEM and TEM. Images
for the representative samples are reported in Figure 3-4. Porous BN shows different

morphologies depending on the type of N-containing precursor used and their molar ratios. It
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is hypothesised that this is due to the different structures of the precursors used. When urea and
boric acid were used, porous BN showed a plate-like structure for low molecular ratios or a
more disordered structure with visible macropores (Figure 3-4c) and rods (Figure 3-4d) for
high molecular ratios. When melamine and boric acid were employed, the samples exhibited a
whisker-like morphology (Figure 3-4b), which was previously reported in the literature.®> TEM
was also used to compare two samples obtained by using different molar ratios of urea to boric
acid, which showed a large number of visible mesopores in BN-U5 (Figure 3-4e) and a very
thin and crumbled nanosheet for BN-U50 (Figure 3-4f). This is in agreement with what was
previously measured using nitrogen sorption isotherms, which showed that BN-US5 exhibited a
larger mesopore volume in comparison to samples obtained with larger molar ratios of urea to

boric acid. It must be noted that micropores (< 2 nm) are too small to be imaged at this scale.

b [BN-M0 5

Figure 3-4 SEM images for porous BN sample:(a) BN-US5, (b) BN-MO0.5, (c,d) BN-US50. (e)
TEM images for BN-US5 and (f) BN-U50.
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This preliminary study allowed us to conclude that under these circumstances, in order to obtain
the highest purity BN material with relatively high porosity, a mixture of urea and boric acid
with molar ratio > 5 has to be used; alternately, if a mixture of melamine and boric acid are

employed, a molar ratio of 0.5 produced the most desirable material.

3.4 Effect of intermediate preparation on porous BN structure and chemistry

Boron and nitrogen precursors for both urea and boric acid or melamine and boric acid mixtures
are often first dissolved in water to form an intermediate of reaction prior to the synthesis of
BN. 999193 However, the effect of the intermediate preparation on porous BN structure and
chemistry is often overlooked. The aim of this section is to understand how this step affects
BN pore structure and chemistry, in order to optimise the material’s surface area and minimise

impurities.

Section 4.4. is divided into two subsections, looking at the effects of intermediate preparations

for: 1) urea and boric acid or ii) melamine and boric acid precursors mixtures.

3.4.1 Porous BN synthesised from urea and boric acid precursors

3.4.1.1 Analysis of chemical features of BN

In order to understand what effect the dissolution step prior to heat-treatment for urea and boric
acid precursors has on BN chemistry, the porous BN samples obtained from the different
intermediates were analysed using FTIR spectroscopy. Figure 3-5a shows a typical spectrum
for porous BN with the two main characteristic bands for boron nitride B-N in-plane transverse
stretching mode at ~1360 cm™ and B-N-B out-of-plane bending mode at 800 cm™.!** FTIR
spectra did not show any significant variation between samples, indicating no major chemical
differences. In order to further understand the chemistry of the materials, XPS analysis was
performed (Figure 3-5c-f). As all samples exhibited similar chemical features, the analysis of
BN-US5-phys mix is shown as a typical example of these porous BNs. XPS spectra exhibited
two characteristic h-BN peaks for the B 1s and N 1s core level at binding energies of 191.0 eV
and 398.5 eV, respectively. These values are in good agreement with the literature: 190.5-
191.1 eV for B 1s and 397.6-398.7 eV for N 1s for boron nitride.!¢”"'®® B 15 and N 1s spectra
also showed another peak at higher binding energies and with lower intensity. These peaks
were attributed to shake-up satellite peaks deriving from the presence of sp>- hybridised BN in
the hexagonal phase.!®-!7! XPS also highlighted the presence of oxygen in quantities between

10 and 13 at.% (Figure 3-5f). The carbon content, on the other hand, was only between 2 and

84



4 at.% and was not included in the atomic percentage bar plot as it was attributed to adventitious
carbon (i.e. not part of the BN structure). It is worth noting, that although not always reported
in the literature, porous BN synthesised using similar methods (i.e. low synthesis temperatures
and oxygen containing precursors), is likely to contain significant oxygen, which can affect BN
chemistry as well as the properties of the material when used as an adsorbent. All samples
showed a higher content of boron (~52 at.%) compared to nitrogen (~37 at.%). This is due to
the higher volatility of the nitrogen precursor. The oxygen content in porous BN was attributed
to boronoxynitride BOxNy species. Despite being similar to boron trioxide, they do not form a
separate phase and cannot therefore be eliminated by simply washing the material in water.
This boronoxynitride is richer in boron than nitrogen, with a binding energy for B 1s of

192.5eV.'7?
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Figure 3-5 (a) typical FTIR spectrum for a porous BN sample (BN-U5-phys mix); (b) proposed
representative structure of BNNS (from porous BN); (c-e) XPS high resolution fitted core level
spectra for N 1s, B 1s and O Ls for a typical BN sample (BN-US5-phys mix);(f) XPS relative
atomic percentages for all porous BN samples.
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From FTIR and XPS studies, it can be concluded that the chemistry of porous BN is not
affected by the intermediate preparation and that BN exhibited: a) a B/N ratio >1 ; b) oxygen
in quantities of about 10 at.% and in the form of a boronoxynitride compound; and c) little/no
—OH groups as indicated by the low intensity of the respective band in FTIR. A potential

representative structure for the BNNS (from porous BN) is shown in Figure 3-5b.

3.4.1.2 Analysis of structural features and morphology of BN

FTIR and XPS analyses showed that all porous BN samples exhibited similar chemical
features. In order to evaluate the structural properties of the material, the samples were analysed
using XRD and nitrogen sorption isotherms. The XRD patterns showed the (002) and (100)
peaks for hexagonal BN (JCPDS card no. 34-0421)'% (see Figure 3-6a). The d-spacing for the
(002) plane calculated from XRD data, which indicates the interlayer spacing, was larger than
the literature value for bulk h-BN (3.3 A)* and increased slightly with the urea/boric acid
intermediate drying time from 3.5 A for BN-0 to 3.6 A (although the broad peaks do not allow
for precise calculations) for BN-U5-200 and BN-US5-phys mix. The large d-spacing, low
intensity peaks and the absence of other reflections, indicate that the porous BN obtained
exhibited a disordered turbostratic structure, likely with a large amount of defects and
impurities.'®® While the chemical features did not visibly change with the change in the
intermediate drying time, the XRD patterns point to some structural variation. Further analyses

were therefore conducted to gain a greater insight into the BN structure.

To further investigate the porous structure of the BN materials, nitrogen sorption at -196 °C
was employed. The isotherms (Figure 3-6b) were of type IV, indicative of the presence of both
micropores and mesopores. Type H3/H4 hysteresis indicated that the pores obtained had a slit
shape. Table 3-2 summarises all of the textural parameters obtained from nitrogen sorption
isotherms for the porous BN samples synthesised from different intermediates. The BET
surface area and total volume of pores increased in BN samples synthesised from urea and
boric acid intermediates with increasing drying time, up to 1016 m?/g and 0.869 cm’/g.
Particularly, the amount of micropores increased proportionally with drying time. Porous BN

synthesised from a physical mixture of urea and boric acid also exhibited a high surface area.

Since it is clear from the discussion above that the intermediate drying time had an effect on
the microscale structure of the resulting porous BN, we then investigated whether this was also
the case at the macroscale. The morphology of the samples was characterised with SEM. SEM

(Figure 3-6d) showed similar morphology to that previously reported for the same precursors
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in Figure 3-4. No major differences were observed between the samples synthesised with
different drying times for urea and boric acid mixtures. High-resolution TEM was also
employed (Figure 3-6¢) showing the typical disordered structure for turbostratic BN, in line
with what was observed from XRD patterns. This highlighted the presence of some
crystallinity, but with 2D-layers stacked non-uniformly on top of one another. Again, no major
differences between the various samples were observed.

Table 3-2. Textural parameters from nitrogen sorption isotherms at -196 °C.

Sample SBET Vtot Vmic Vmes Vmic/
P (m?¥/g) (em’/g)  (emd/g)  (ecm’/g) Vot
BN-U5-0 403 0.625 0.164 0.461 0.262
BN-U5-50 514 0.654 0.212 0.442 0.324
BN-U5-100 695 0.719 0.273 0.446 0.380
BN-U5-200 1016 0.869 0.417 0.452 0.480
BN-US-phys mix 945 0.852 0.389 0.463 0.457
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Figure 3-6 (a) XRD patterns for porous BN samples; (b) Nitrogen sorption isotherms at -
196 °C (open symbols represent desorption);(c) typical high-resolution TEM image for porous
BN (BN-U5-phys mix);(d) SEM image for a typical porous BN sample (BN-US5-0).
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3.4.1.3 Analysis of chemical features of intermediates

It was previously observed that the intermediate preparation for urea/boric acid mixtures, had
a major effect on BN pore structure. The intermediates were, therefore, studied in order to
explain how they affect BN formation. The FTIR spectra of the intermediate were compared
to the spectra of the starting precursors (Figure 3-7). No additional bands were present,
suggesting no chemical reaction occurred when the two precursors were dissolved and/or
mixed together. This was also observed by Wu and coworkers.'®* Only the sample with the
lowest drying time (INT-U5-0) exhibited some additional bands, which were attributed to water
still present on the sample. This lack of chemical variation was surprising, as the porous
properties of BN samples obtained from the urea and boric acid intermediates varied
significantly. XPS was, therefore, employed in order to confirm/ disprove what was observed

by FTIR for urea and boric acid intermediates.
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Figure 3-7 FTIR spectra for urea and boric acid intermediates dried for different lengths of
time, as well as precursors.

XPS core level spectra of urea/boric acid intermediates (INT-U5-0 and INT-U5-200) and
physical mixture (INT-U5-physmix) were compared by overlapping spectra normalised to the
O 1s peak (Figure 3-8a-d). All peaks are located at similar binding energies and have similar
shapes, which confirms that no chemical reaction occurred, as previously inferred from FTIR
results. XPS spectra for a typical intermediate sample were also fitted in Figure 3-8e-h. The
B 1s spectra of the intermediates in Figure 3-8a and e, show a main peak at binding energies
of 192.7-192.9 eV, which corresponds to the literature value for boric acid.'”” The N ls

spectrum (Figure 3-8b and f) also exhibits one main peak corresponding to urea at binding
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energies of 400.0-400.2 eV, which correspond to the experimentally measured value
(400.0 eV). However, both N 1s and B 1s spectra exhibited some additional peaks which were
present in the pure urea and boric acid precursor as well, and that probably belonged to
impurities. Although these impurities were not identified at this stage, the same peaks appeared
in the physical mixture as well as the intermediates, supporting the hypothesis that no reaction
occurred. The spectra for the O 1s (Figure 3-8c and g) showed two main peaks corresponding
to the values measured for urea and boric acid. The C 1s spectra (Figure 3-8d and h) exhibited
3 peaks, corresponding to the carbon in urea, some impurity not yet identified, and adventitious
carbon (C-C). The peak position did not show any major changes between the samples,
however, the element ratios varied. This is indicated by a variation in peak intensities, which
showed no significant trend, and was attributed to local heterogeneity in the samples (especially

in the physical mixture as this sample is not as uniformly mixed).

3.4.1.4 Analysis of crystalline structure and thermal decomposition of intermediates

Chemical analysis of the intermediate samples formed from dissolution of urea and boric acid
precursors did not highlight any major differences between the samples. Hence, XRD was used
next to try to elucidate the crystalline structure of the intermediates. XRD patterns for all
intermediate samples, as well as starting precursors are shown in Figure 3-9. No new peaks
other than those attributed to urea and boric acid were observed, ruling out the formation of a
crystalline structure as the intermediate. Owing to the absence of a dissolution step, the physical
mixture exhibited a different crystalline structure compared to that of the intermediate samples
(higher relative intensity of (110)/(101) reflections for urea). The peak related to boric acid was
visible on the XRD pattern of the physical mixture, while this was not the case for the
intermediate samples. This is attributed to the fact that boric acid molecules were better mixed
in the latter samples. The visible difference in crystallinity (difference in relative intensities)
between the various intermediates (and the physical mixture) may have had an impact on the
thermal decomposition profile of the samples, which in turn could have influenced the

morphology of the resulting materials (Figure 3-9).
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Figure 3-8 (a-d) High resolution core level XPS spectra for 2 intermediates and a physical
mixture of urea and boric acid for (a) B /s,(b) N Is,(c) O Is and (d) C Is. Peak fitted high
resolution core level XPS spectra of INT-US5-0 for (e) B Is, (f) N Is, (g) C Is, (h) O Is.
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Figure 3-9 XRD patterns for all samples. The dotted lines represent values from reference
patterns for urea !’*and boric acid!”.

To investigate this aspect, the intermediates as well as the physical mixture were analysed using
TGA-MS. TGA-MS was performed on the intermediates, as well as the physical mixture
deriving from urea and boric acid mixtures. TGA curves are shown in Figure 3-10 and
demonstrate that urea fully decomposes below 500 °C, in a complex set of reactions previously
described in the literature,'®> "> while boric acid loses some mass but does not fully
decompose, forming boron oxide melt and releasing water.!”® When boric acid and urea are
mixed together, it is hypothesised that the ammonia released from the decomposition of urea
reacts with boron oxide formed from boric acid, producing a boron nitride compound.’! The
material produced is highly affected from the decomposition pattern of the precursors. Between
160 °C and 250 °C the intermediates that were dried for longer displayed a lower mass loss,
which could be explained by the formation of a higher quantity of thermally stable B-N bonds

at lower temperatures.
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Figure 3-11 TGA thermal decomposition curves under nitrogen gas flow for precursors and

intermediates for urea and boric acid.

Mass spectroscopy (Figure 3-12) showed that the major weight losses observed by TGA
analysis correspond to the release of four different gases, namely ammonia, carbon dioxide,
isocyanic acid and water. Intermediates dried for longer times started releasing ammonia at
lower temperatures, which is in agreement with the hypothesis of the formation of a higher
quantity of B-N bonds at lower temperatures, and therefore a lower mass loss between 160 °C
and 250 °C. The physical mixture shows a slightly different thermal decomposition pattern,
with an additional peak in Figure 3-12 for ammonia and carbon dioxide. In summary, it is
hypothesised that intermediates dried for longer start releasing gases (e.g. ammonia) at lower
temperatures. These gases can react with boron oxide to form B-N precursor in larger
quantities, resulting in increased thermal stability. The resulting BN exhibited higher porosity
as it formed while large amount of gases, which acted as porogen agents, were released. This

led to the synthesis of higher porosity BN.
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Figure 3-12 Mass spectroscopy data deriving from thermal decomposition or urea and boric
acid intermediates under nitrogen gas flow.

To further understand the production of porous BN and to confirm the formation of a BN
precursor during the heat treatment of the intermediates below 250 °C, intermediates were heat-
treated up to 250 °C (10 °C/min) under nitrogen, cooled and analysed with XPS and FTIR. It
must be underlined that at 250 °C the intermediates would be mostly in the form of a melt,
potentially containing some amorphous BN, boron oxides and gases. Figure 3-13 shows XPS
analysis of INT-U5-0, which is a simple mixture of urea and boric acid precursors as previously
discussed and INT-U5-0-250, which is the same intermediate heat-treated at 250 °C. After
heating to 250 °C, some changes in the chemistry of the material appeared. In particular, two
new peaks appeared at the same binding energies as B-N: ~398.5 eV (B 1s) and ~191.0 eV
(N 1s). The presence of the 2 satellite peaks for both N 1s and B 1s at higher binding energies
are indicative of m-m* transitions, which occur in the hexagonal form of BN, further confirming

the formation of B-N bonds.!”°
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In particular the B 1s peak, which was located at 192.7 eV for boric acid in INT-US5-0, shifted
to lower binding energy (192.3 eV) after heating to 250 °C (INT-US5-0-250), which is in line
with the hypothesis that some B-OH bonds were substituted by less electronegative NH>
groups, as previously reported by Gouin et al.!”? in a nitridation of boric acid under an ammonia
atmosphere. B 1s for boron nitride BN-U5-0 exhibits some boronoxynitride impurities. The
N 1s peak for INT-US5-0 is located at 400.1 eV for urea, and it shifted to lower binding energy
(399.5 eV) when heated at 250 °C. This peak was assigned to NH2 molecules reacting with
boric acid and some boronoxynitride compounds. The C 1s and O 1s core level spectra for
INT-U5-0, INT-U5-0-250 and BN-US5-0 are also reported in Appendix 1 (Figure A1.3). XPS
allowed us to confirm that BN began to form at temperatures as low as 250 °C. FTIR

1172

spectroscopy further confirmed the presence of B-N vibrational bands at 775 and 1390 cm™.
(Appendix 1, Figure A1.2).
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Figure 3-13 (a, b)XPS high resolution core level spectra with peak fitting for B 1s and N 1s
for intermediates deriving from urea and boric acid mixtures,(c,d) intermediates treated at
250 °C under nitrogen,(e,f) porous BN derived from the same intermediate treated at 1050 °C
under nitrogen.
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3.4.1.5 Analysis of chemical and structural features of side-product of reaction

Finally, the mechanism of reaction for porous BN synthesis proposed, was further confirmed
by analysing a side-product of the reaction, which formed in the outlet tube of the furnace
during BN synthesis. Formation of this compound is due to the condensation of gases and
vapours released during the decomposition of the precursors. The product formed in the outlet
tube was analysed in order to gain a deeper insight into its formation mechanism and confirmed
the reaction mechanism previously proposed. The XRD pattern in Figure 3-15 showed that the
white powder was crystalline and matched well with the crystalline structure of ammonium
bicarbonate.!”” In order to further confirm/disprove what was observed of the material’s
structure, its chemistry was also investigated using FTIR spectroscopy (Figure 3-14b), which
were in good agreement with that of ammonium bicarbonate (NIST database). This compound
can be formed via condensation of ammonia, carbon dioxide and water,'”® which further
confirms the release of these gases during BN formation. This may be an issue when scaling-
up the reaction as it can occlude the outlet tube and cause pressure build-up inside the furnace.
However, precipitation may be avoided by simply heating the outlet in order to avoid

condensation.
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Figure 3-14 (a) XRD pattern and (b) FTIR spectrum for outlet side-powder produced during
BN synthesis.

3.4.2 Porous BN synthesised from melamine and boric acid precursors

In the previous section, the effect of the intermediate preparation for urea and boric acid
mixtures was studied. To allow for further understanding of porous BN formation, another pair
of commonly used precursors, melamine and boric acid, was also investigated. In this section,

the effect of the intermediate preparation for mixtures of these precursors is evaluated.
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3.4.2.1 Analysis of pore structure of BN

The pore structure of porous BN samples synthesised from a melamine and boric acid
intermediate (prepared via dissolution of the precursors in water) or physical mixture (no
dissolution) was analysed with nitrogen sorption isotherms, shown in Figure 3-15. When no
dissolution was performed (BN-MO0.5-phys mix), the sample showed low porosity, as indicated
by a lower nitrogen adsorption when compared to BN synthesised from melamine and boric
acid previously dissolved in water (BN-MO0.5). The textural parameters derived from nitrogen
sorption isotherms at -196 °C are reported in Table 3-3 and further confirm that BN-MO0.5
prepared via dissolution of the precursors in water exhibits significantly higher surface area
when compared to the sample prepared from a physical mixture (1129 vs 190 m?/g). BN-MO0.5
exhibits similar chemical and physical features as previously described in section 4.3 and is,

therefore, not characterised here.
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Figure 3-15 Nitrogen sorption isotherms at -196 °C for samples prepared with and without
dissolution of the precursors (open symbols represent desorption).

Table 3-3 Textural parameters derived from nitrogen sorption isotherms at -196 °C

Sample SBET Vot V mic Vmes Vmic/
(m?/g) (em’/g)  (emd/g)  (cmi/g) Vot

BN-MO0.5 1129 0.539 0.441 0.098 0.818
BN-M0.5-phys mix 190 0.116 0.027 0.089 0.303
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3.4.2.2 Analysis of chemical and structural features of intermediates

In order to explain why the dissolution step for melamine and boric acid mixtures had a major
effect on BN pore structure, the intermediates samples were characterised. The chemistry and
crystalline structures of melamine and boric acid intermediate and physical mixture were
investigated using FTIR and XRD, respectively (Figure 3-16). Both analyses showed the
appearance of additional peaks in melamine and boric acid intermediates, compared to their
physical mixture. The intermediate structure formed was previously described in the literature
as a hydrogen bonded melamine diborate compound. '*-'% It is, therefore, hypothesised that the
formation of a melamine diborate compound is responsible for the formation of porosity in BN
prepared from a melamine and boric acid mixture, possibly making the mixture more

conducive to the formation of BN bonds at lower temperatures.
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Figure 3-16 (a) FTIR spectra and (b) XRD patterns for melamine and boric acid precursors
and intermediates.

In conclusion, the preparation step of the intermediates of reactions via dissolution and
recrystallization of the precursors in water (for both urea/boric acid or melamine/boric acid
mixtures) was of fundamental importance in order to control BN structure and chemistry.
However, while boric acid and urea dissolved in water and recrystallised are simple physical
mixtures with varying crystalline structures, melamine and boric acid when dissolved in water

and recrystallised form a hydrogen bonded compound.
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3.5 Effect of synthesis temperature on porous BN structure and chemistry

3.5.1 Analysis of structural features of BN

Porous BN was heat-treated post-synthesis at different temperatures under nitrogen atmosphere
as it was thought that this may improve the crystallinity of the material and reduce the amount
of oxygen impurities. The effect of this post-synthesis heat treatment on pore structures and
surface areas was studied via nitrogen sorption, as increased crystallinity is often detrimental
to porosity (Figure 3-17). As expected, porous BN surface areas and micropore volumes
decreased with increasing heat-treatment temperatures. BN total pore volume remained
relatively constant as temperature of the heat-treatment increased and, as a result, the mesopore
volume increased with synthesis temperature. This could be explained by the release of oxygen
from BN with increasing synthesis temperature, leaving pores in their place. The decrease in
micropore volume, instead, could be linked to recrystallisation of porous BN, generating a BN

material with higher crystalline order.
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Figure 3-17 (a) N> sorption isotherms and (b) textural parameters deriving from the same for
BN-US5 samples treated at different temperatures. Three different batches of BN-US (~3 g
each) were synthesised and mixed together before heat-treatment.

In order to confirm whether a BN material with higher crystalline order was produced upon
heat-treatment, XRD analysis was employed. XRD patterns for BN-US5 samples synthesised at
different temperatures are reported in Figure 3-18a, in which all samples exhibited a
turbostratic structure with two broad low intensity peaks. However, as the synthesis
temperature increased, the peak position for the (002) reflection shifted to slightly higher
angles, indicating a decrease in d-spacing (although because of the broadness of the peaks an

accurate calculation was not possible). The full width at half maximum (FWHM) for the (002)
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peak decreased with increasing temperatures, indicating that larger crystallites were formed.
This suggests the transformation of porous BN to a more ordered structure, closer to a h-BN

crystalline material, which exhibits a d-spacing of 0.33 nm,? as shown in Figure 3-18b.
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Figure 3-18 (a) XRD patterns and (b) d-spacing calculated from XRD patterns using Bragg’s
equation for BN-US5 samples treated at different temperatures.

3.5.1.1 Analysis of chemical features of BN
The chemistry of all samples was analysed with XPS. Relative atomic percentages are reported

in Figure 3-19 and show little/ no changes with changing synthesis temperature.
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Figure 3-19 Relative atomic percentages deriving from XPS analysis for porous BN (BN-US5)
synthesised at 1050 °C and post-treated at different temperatures under nitrogen.
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3.6 Effect of ramp rate on porous BN structure and chemistry

Porous BN synthesis has the potential for scale-up. However, industrial-sized reactors may not
offer the capability of heating at high ramp rates, due to limitations in bulk heat transfer.
Therefore, it is essential to evaluate the effect of temperature ramp rate on the resulting BN

material.

The textural parameters of BN samples produced using different ramp rates were evaluated via
nitrogen sorption isotherms at -196 °C (Figure 3-20). All of the isotherms exhibit similar shape
independent of the ramp rate used and the analysis of the average textural parameters confirmed
little/no change in surface areas and volume of pores, indicating that the ramp rate did not have

any significant effect on porous BN structure.
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Figure 3-20 (a)Nitrogen sorption isotherms at -196 °C for porous BN samples (BN-MU1:5)
produced at different ramp rates; (b) average textural parameters (over > 3 repeats) deriving
from nitrogen sorption analysis.

The effect of temperature ramp rates on the thermal decomposition of the precursors was
evaluated using TGA analysis (Figure Al1.4, Appendix 1). Higher ramp rates affect the
decomposition of the precursors in two different ways: 1) the precursors start to decompose at
higher temperatures; i1) more gases are released at higher temperatures. It was previously
shown that the decomposition pathways of the precursors had a significant effect on BN pore

structure, however, in this case the two effects could cancel each other out.

The chemistry of porous BN samples was also investigated using XPS analysis (Table 3-4),
which showed very similar features and atomic percentages for all elements in porous BN
samples synthesised from different temperature ramp rates, indicating that the ramp rate had

no effect on BN chemistry.
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Table 3-4 XPS relative atomic percentages for porous BN samples synthesised from different
ramp rates.

Sample B 1s N 1s O1ls
BN-MUL1:5 (15 °C/min) | 52 39 9
BN-MUL1:5 (2.5 °C/min) | 51 41 8

3.7 Conclusions

Porous BN synthesis mechanisms were investigated and the parameters controlling BN
formation were elucidated. It was found that an excess of urea is necessary when urea and boric
acid precursors are used in the formation of porous BN, while a molar ratio of 0.5 of
melamine/boric acid is optimal in order to minimise the amount of resulting impurities when
melamine and boric acid precursors are used. The preparation of the intermediate of reaction,
formed by dissolution of the precursors in water and recrystallization, also proved to be
fundamental for both precursors’ mixtures. For melamine-based BN, the dissolution step
allowed us to obtain a porous BN material, while the physically mixed equivalent produced a
BN material with a low amount of pores. This effect was explained because of the formation
of'a melamine diborate compound during dissolution and recrystallisation. For urea-based BN,
the preparation of an intermediate of reaction also proved important as this could greatly affect
the porosity of the BN material obtained. Simply changing the drying time of the precursors
produced porous BN with varied BET surface areas (from ~400 to >1,000 m?/g.) This variation
was attributed to differences in the thermal degradation of the intermediates, affecting BN
formation. Intermediates dried for longer began decomposing at lower temperatures and, as a
result, BN formation occurred during the release of more gases, which acted as porogen agents.
Porous BN with high surface areas could also be obtained by simply physically mixing urea

and boric acid without any dissolution step.

The synthesis temperature had a great effect on BN pore and crystalline structures. While all
BN samples obtained were turbostratic (even at 1800 °C), the d-spacing decreased with
increasing synthesis temperatures and the crystallite size increased, pointing towards the
formation of a more crystalline BN. Increasing crystalline order resulted in decreased

micropore volumes and surface areas of BN samples.

The temperature ramp rate used during BN synthesis had no major effect on BN pore structure
and chemistry. Additionally, the results showed relatively good reproducibility, pointing

towards the potential for scale-up of the synthesis method.
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Chapter 4: Tuning Porous
BN Surface Area and Pore

Structure

The findings presented here were published in ACS Nano!®! and a patent was filed for this
synthesis method (PCT Application N°. PCT/GB2018/050686).

4.1 Introduction

Tuneable porosity and chemistry, as well as robustness, are key features of porous materials,
as they are employed in a wide range of applications such as gas storage, water and air
purification, molecular separations, catalysis and drug delivery.” 82185 Porous BN is a
promising material because of its excellent thermal stability (up to 1000 °C in air and over
1800 °C in inert atmospheres), high thermal conductivity and mechanical resistance as well as
catalytic properties.'®®1°2 However, in order to pave the way to porous BN’s commercial
viability, a cost-effective and straightforward method to tune the material’s pore structure is
sought. As alluded to previously, a template-free method is preferred due to the lack of
requirement for template removal and/or additional synthesis steps. A few studies were
published on the topic, for instance, Nag and coworkers °! demonstrated that the surface areas
of BN could be increased by varying the molar ratios of urea to boric acid. However, the surface
areas reported remained relatively low (Sger < 1000 m*/g). Wu et al.’® produced porous BN
with high surface areas (1900 m%/g), however large excesses of N-precursor were required. In
the previous chapter, the importance of the preparation of the intermediates of reaction was
also demonstrated, but this approach required long preparation times.'!! Moreover, these
studies still lacked of a fundamental understanding of porous BN formation and of a method

for tuning the micro/mesoporosity of the material.

In this chapter, a novel synthesis method to produce porous BN with tuneable surface areas,

pore and crystalline structures and chemistries was investigated, with potential for scalability.
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This approach relies on the use of multiple N-precursors and does not require any washing step.
With this method, a greater understanding of the formation of porous BN is reached. Using
multiple N-precursors allowed for the release of gases, i.e. porogens, over a wider range of
temperatures in comparison to a single N-precursor. The proposed precursors were readily
available and cheap compounds, containing only N, C, O and H atoms, which either became
part of BN structure, or acted as porogens when released as gases. Using this approach, no
additional washing step was required as porous BN was produced relatively free of impurities.
All samples were characterised with a large number of techniques to provide a deep
understanding over porous BN chemistry, structure and pore morphology. In particular, STEM
tomography was employed to provide a 3D image of the mesopores of the material. Further
analytical techniques were employed to characterise the pore structure from the macro- to the
nanoscale. Porous BN pellets were also produced by simply compressing powder samples,
without the addition of any binders, with the aim of demonstrating the processability of the

material and its mechanical robustness, both essential for industrial applications.

4.2 Materials synthesis

4.2.1 Multiple N-precursor synthesis

Porous BN samples were synthesised via a novel multiple N-precursor method shown in
Figure 4-1b. For comparison, porous BN was also prepared using the traditional synthesis
method, i.e. from one N-containing precursor and one B-contaning precursor. This method is
called here “Single N-precursor route” and is shown in Figure 4-1 a. The naming system for
porous BN samples deriving from the 2 methods is summarized within the schematic in Figure

4-1.

Different N-containing precursors and boric acid as a B-containing precursor were used for the
synthesis of porous BN. The N-precursors used were urea (molecular biology grade, Sigma-
Aldrich), melamine (melamine 99 %, Sigma-Aldrich) and biuret (biuret, Sigma-Aldrich). The
B-precursor used was boric acid (ACS reagent, Sigma-Aldrich). The samples will be referred
to as “single N-precursor BN” when prepared from a single N-precursor, while when multiple

N-precursors were used the samples will be named “multiple N-precursors BN”.
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Figure 4-1 (a) Schematic of traditional single N-precursor synthesis and (b) the multiple N-
precursor synthesis.

4.2.2  Preparation of the reaction intermediates for the synthesis of single N-precursor BN

The intermediates consisted of either a mixture of urea and boric acid, a mixture of biuret and
boric acid, or a mixture of melamine and boric acid. In the first two cases, the chemicals were
a simple physical mixture of the two precursors. In the latter case, when melamine was used,
this was first dissolved with boric acid in water and the water was completely evaporated and
the intermediate was further dried overnight at 85 °C. This step is essential when
melamine/boric acid precursors are employed, as discussed in Chapter 4. The molar ratios of
urea:boric acid, biuret:boric acid and melamine:boric acid were equal to 5, 2 and 0.5,
respectively. These ratios were selected based on previous results (Chapter 4) and because they

produced relatively pure porous BN, 3¢ 90-91. 180

4.2.3 Preparation of the reaction intermediates for the synthesis of multiple N-precursors BN

Either biuret or melamine were used as the N-precursor together with urea. Biuret and

melamine both exhibited higher decomposition temperatures than urea, so acted as “secondary”
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N-precursors. Typically, the molar ratio of urea to boric acid was kept constant at 5, while the
molar ratio of biuret to boric acid was changed between 0.5 and 8 and that of melamine to boric
acid between 0.25 and 1. The precursors were simply mixed and ground together prior to heat-
treatment, without the need for a dissolution step. The molar ratio of melamine to boric acid
was not increased over 1 as an excess of melamine produced a sample with a large amount of

carbon impurities.
4.2.4  Synthesis of porous BN using single or multiple N-precursors

The intermediates were placed in an alumina boat crucible and heated up to the 1050 °C
(10 °C/min ramp rate) under nitrogen gas flow (50 cc/min during analysis, 3 h at 250 cc/min
to purge). The temperature was held at 1050 °C for 3.5 hours and the furnace was then allowed
to cool naturally under continuous nitrogen flow. If a single N-precursor was used the samples
were named BN-A-X while if multiple N-precursor were used the samples were named BN-
AC-X:Y. Where A and AC correspond to the N-precursors used: urea, biuret or melamine (A
or C=U, B, M). X and Y correspond to the molar ratios of N-precursor to boric acid. For
example, BN-U5 was synthesized from a mixture of urea and boric acid in molar ratio of 5.

BN-BUO0.5:5 from a mixture of biuret:urea:boric acid in molar ratios 0.5:5:1.

4.2.5 Formation of pellets

Porous BN pellets were prepared from powder samples. BN-MU1:5 ~ 200 mg was coarsely

ground and placed into a pellet die and 5 tonnes of load were applied.

4.3 Results and discussion

4.3.1 Structural properties and morphology

A number of techniques were employed in order to provide a complete picture of the porous
BN pore shape, size and connectivity ranging from the micro- to the nano-scale. XRD was also
used to confirm the formation of an amorphous or turbostratic BN material, as shown in Figure
4-2c. To allow for comparison, a spectrum for h-BN crystalline powder was also provided
(Figure 4-2b), which shows the presence of much more well defined peaks of higher intensity,
indicative of its highly graphitic structure. All porous BN samples exhibited low intensity and
broad peaks at 2Theta 26° and 41° for the (002) and (100) planes of h-BN, respectively.'®®

However, these XRD patterns (an example of which is shown in Figure 4-2c) are
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indistinguishable between BNNSs or t-BN and so do not confirm the production of t-BN/a-
BN. In order to understand if t-BN/a-BN or BNNSs were obtained, TEM was employed
together with fast Fourier tranform (FFT) patterns. This is because fully exfoliated BNNSs
would also show low intensity and broad peaks, as they lack 3D stacking order. An image for
a typical porous BN sample is shown in Figure 4-2d. The sample exhibits a disordered structure
with some regions of crystallinity, however no pattern is observed from the FFT, a clear
indication of t-BN/a-BN. A TEM image image of a BNNS sample obtained via h-BN
exfoliation was also collected for comparison (Figure 4-2b), commercial h-BN exfoliated via
a 6-hour sonication in water). This image shows a more ordered hexagonal pattern, indicating
the presence of highly crystalline 2D BNNSs, in agreement with the typical hexagonal pattern
obtained in the FFT image.
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Figure 4-2 Typical XRD patterns for: (a) h-BN commercial powder and (c) porous BN (BN-
US sample).Typical high resolution SEM images with FFT’s diffraction patterns for: (b)
exfoliated h-BN and (d) porous BN (BN-US5 sample). Scale bars in Figures (a, ¢) are 10 nm.

SEM imaging was also employed to visualise the morphology of the samples (Figure 4-3).
Urea- or biuret- based samples exhibited a flake-like morphology, as would be expected from
2D nanosheets, while melamine-based BN showed a whisker-like morphology, with no visible
macropores (Figure 4-3a-c), in good agreement with observations described in Chapter 4.

When two nitrogen precursors were employed (Figure 4-3d-1), the morphology of the resulting
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porous BN became more disordered, with a more fibrous structure obtained for melamine-
based samples (Figure 4-31). The different morphologies observed to the various N-precursor
BN likely depends on the structure of the precursors.®> Moreover, when a higher quantity of
N-precursor compared to B-precursor is used, this can create some ‘turbulences’ while BN is
forming, because of the higher quantity of gases released. This may result in the formation of

a more disordered BN structure.

Melamine-based BN Biuret-based BN

Figure 4-3 SEM images for all porous BN samples synthesised from single N precursors: (a)
BN-MO0.5;(b) BN-US; (¢) BN-B2; melamine-based multiple N-precursors: (d) BN-MUO0.25:5;
(e) BN-MUO.5:5; (f) BN-MU1:5; and urea-based multiple N-precursors: (g) BN-BUO0.5:5;(h)
BN-BU1:5; (i) BN-BU2:5;() BN-BU3:5; (k) BN-BU4:5; (1) BN-BUS:5. Scale bar represent
800 nm.

While macropore features can be observed from high resolution SEM images, the mesopores

cannot be directly visualised from the images shown in Figure 4-3. Therefore, high resolution
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STEM was used to visualise smaller features, particularly mesopores, within two different
types of porous BN materials (a single N-precursor BN vs a multiple N-precursor BN, Figure
4-4). The porous BN materials exhibit different features, with the presence of what appears to
be relatively uniform mesopores in the single N-precursor sample (Figure 4-4a-c) and thinner
2D sheets for multiple N-precursor BN (Figure 4-4d-f). Different particles were imaged within
the same sample and showed that the materials were relatively homogenous. In order to
visualize the 3D pore structure of these materials, a tomography reconstruction was performed
on dark field STEM images collected at various tilting angles. The reconstructed volumes are
reported in Figure 4-5. Single N-precursor BN exhibited a sponge-like structure, with regular
spherical mesopores of diameters between 10-30 nm (Figure 4-5a-c). The volume percentage
of mesopores calculated from the 3D reconstruction of the single N-precursor BN was
45 vol.%. On the other hand, multiple N-precursor BN exhibited smaller mesopores and
appeared more like a thin 2D sheet which had crumpled on itself (Figure 4-5d-f). Although it
may appear that single N-precursor BN exhibited a larger amount of pores, it must be taken

into account that the smaller mesopores and micropores cannot be visualized at this resolution.

Figure 4-4 STEM images in bright field mode collected for single N-precursor BN: (a-c) BN-
US and multiple N-precursor: (d-f) BN-MU1:5. The particles in Figures a and d were used for
the tomography reconstruction.
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Figure 4-5 (a, d) Images of mesoporosity in boron nitride samples collected with dark field
STEM images: (a) a single N-precursor (i.e. urea, BN-US5 sample); (d) multiple N-precursor
(i.e. urea and melamine, BN-MU1:5 sample). (b, €) 3D tomography reconstructions of the 2
samples; (c, f) 3D reconstructions of the pores. Scale bars represent 100 nm.

In order to study smaller pores (i.e. micro- and lower range mesoporosity), nitrogen sorption
analyses at -196 °C were employed (Figure 4-6, Table 5-1). All samples exhibited type IV
isotherms, indicating the presence of micro- and mesopores (Figure 4-6a,b). When multiple N-
precursors were used, porous BN surface areas steadily increased with increasing quantity of
the secondary N-precursor. The highest value measured was 1900 m?/g, amongst the highest
surface areas reported for porous BN. As a comparison, the theoretical surface area of a
material composed of a single atomic layer BN sheet would be of ~2630 m?/g.%° Li et al.
produced a porous BN material with the highest surface area reported (2078 m?/g). However,
in that case a block copolymer was used as a structure-directing agent, which introduced a large
amount of impurities in the material.'®> Weng et al.”? also produced high surface area BN by
using dicyanamide and boric acid precursors, however, their synthesis was done under
ammonia, a toxic and flammable gas, at 800 °C. Wu et al. also reported a high surface area BN
which was synthesised by using urea and boric acid mixture in a molar ratio of 30, which was
initially dissolved in a methanol/water solution.”® However, this method required a dissolution

step and the use of a huge excess of urea. Moreover, in these studies, no tuning of the
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micro/mesoporosity was achieved. Herein, it was demonstrated that not only the surface area
could be finely tuned, but also the ratio of micro- and mesopores. For instance, in melamine-
based samples, surface areas, volume of micropores and total pore volume all increased when
more melamine precursor was used, however, this also led to a decrease in mesopore volume.
This increased micro- to mesopore ratio was likely due to the release of increased amounts of
gases during heating, enhancing the formation of micropores. For the biuret-based samples, the
surface areas and micropore volumes again increased with increasing amounts of biuret,
however in this case the volume of mesopores exhibited a more irregular pattern. Adding small
quantities of biuret reduced the resulting mesopore volume, while the addition of larger
quantities of biuret appeared to have the reverse effect, leading to increased mesopore volumes.
This effect was attributed to multiple factors, such as the different morphology of the samples,

the amount of gases released and the temperature at which they were released.

Table 4-1 Textural parameters derived from N2 sorption isotherms at -196 °C for all porous
BN samples. + indicates the standard deviation from at least 3 repeats, % indicates the
percentage of micropores. * For BN-MUI:5 the highest surface area achieved is represented
here, while the average of at least 3 repeats is ~ 1750 m?/g.

Sample BET(M?/8) *  Viwt(em’/g) Vmicro(cm/g) Vmeso(em3/g) %

BN-U5 945 73 0.85 0.33 0.53 38.8
BN-B2 936 - 0.59 0.33 0.26 55.9
BN-BU0.5:5 1263 -- 1.02 0.46 0.56 45.1
BN-BU1:5 1387 - 0.72 0.53 0.19 73.6
BN-BU2:5 1525 -- 0.77 0.58 0.19 75.3
BN-BU3:5 1564 - 0.82 0.60 0.22 73.2
BN-BU4:5 1599 -- 0.92 0.64 0.28 69.6
BN-BUS:5 1602 - 1.09 0.54 0.55 49.5
BN-MO0.5 1089 26 0.54 043 0.11 79.6
BN-MU0.25:5 1345 34 1.09 0.54 0.55 49.6
BN-MU0.5:5 1600 36 1.11 0.64 0.47 58.0
BN-MU1:5 1924%* 104 1.20 0.78 0.42 65.0
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Figure 4-6 Tunable micro- and mesoporosity of boron nitride: (a, ¢) N2 sorption isotherms
measured at -196 °C for the BN samples synthesised from: (a) urea, biuret and boric acid
mixtures and (c) urea, melamine and boric acid mixtures, all showing a gradual increase in the
gas uptake and therefore porosity as more of the secondary N-precursor is added (open symbols
represent desorption). (b, d) Bar plots showing the BET equivalent surface areas, total volume
of pores, micropore and mesopore volume for samples synthesised from: (b) urea, biuret and
boric acid mixtures as well as (d) urea, melamine and boric acid mixtures, exhibiting a gradual
microporosity enhancement as more of the additional N-precursor is added (error bars represent
standard deviations calculated from at least 3 repeats).
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In order to explain why BN surface area and micropore volume increased with the use of
multiple nitrogen precursors, the thermal decomposition patterns of different precursors and
precursors mixtures were analysed. It was hypothesised that the pores were generated from the
release of gases during the decomposition of the chemicals and so the variation in porosity may
be explained by analysing the temperatures and decomposition profiles of the precursors and
their mixtures. It can be observed from Figure 4-7a that among the nitrogen precursors, urea
began to decompose at the lowest temperatures (~150 °C), while biuret decomposed at a slighly
higher temperature (~190 °C), exhibiting a similar decomposition pattern. Melamine, instead,
decomposed in a single step at a much higher temperature (~260 °C). To better understand the
formation of porous BN, TGA was also performed on urea and boric acid; or urea, meamine
and boric acid mixtures (Figure 4-7b). When a multiple N-precursor mixture was used
(MUI1:5), decomposition was observed over a wider range of temperatures, with more gases
being released at higher temperatures when compared to a single N-precursor mixture (US). It
was, therefore, hypothesised that when urea decomposed, it began to release different gases,
including ammonia, which started to react with boron oxide/boric acid, as observed in
Chapter 4. When higher temperatures were reached, biuret or melamine then began to
decompose, leading to a continued gas release during the formation of BN. These gases could
both take part in the reaction and/or simply act as porogen agents. One could argue that the
increase in surface area is due to an increase in nitrogen/boron molar ratio, as previously shown
by Nag et al. °! for urea and boric acid precursors. However, the highest surface area samples
formed using multiple N-precursors exhibited N:B molar ratios of 16 and 22 and when a single
N-precursor BN was produced with similar molar ratios, surface areas of only ~900 m?/g were
obtained, less that half that of the multiple N-precursor equivalents. This demonstrated that the
use of different N-containing precursors is fundamental to enhance BN surface area and to

allow the tuning of its pore structure.
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Figure 4-7 (a) TGA thermal decomposition patterns under nitrogen for different precursors
and (b) precursors mixtures.

4.3.2 Chemical properties

The chemistry of the samples, both bulk and surface, were analysed as they are critical for
adsorption applications. FTIR was performed on all samples and they all exhibited
characteristic bands for h-BN (1350 cm™: B-N in-plane stretching mode; 800 cm™: B-N-B out-
of-plane bending, Figure 4-8).1%* XPS analysis also confirmed the formation of h-BN with the
typical B 1s and N s core level spectra for BN at 191.0 eV and 398.6 eV, respectively Figure
4-9. The presence of satellite peaks at higher binding energies was also observed.!**17! These
analyses suggested that some hexagonal phase is present, despite the samples being
turbostratic/amorphous. XPS showed that oxygen was also present, as previously observed in
Chapter 4,'!'! in which it was attributed to a boronoxynitride compound. It is interesting to note
that the oxygen content varies quite widely between the different samples, however this
variation is likely associated with sample preparation, for example via varying degas times
prior to XPS analysis, which could leave some adsorbed oxygen species on BN surface. A
small carbon content (~2-4 at.%) is observed in all samples, and carbon species are mostly

belonging to adventitious carbon and are, therefore, not reported here.
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Figure 4-8 FTIR spectra for all porous BN samples. The dotted lines in the figure indicate the
position of the two bands for h-BN (~1350 cm™! B-N stretching mode and ~800 cm™ B-N-B
bending mode).
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Figure 4-9 (a-c) Typical XPS high-resolution core level spectra for B 1s, N 1s, O 1s with peak
fitting and (d) relative atomic percentages for all porous BN samples
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4.3.3 Pelletisation of porous BN

In order to be used at industrial scale, powder adsorbents must be formed as pellets or beads to
minimise pressure drops and to allow for easier handling. Therefore, the formation of pellets
is commonly employed, however, this usually lowers the porosity of the material, due to the
‘collapse’ of pores upon compression and/or the addition of a low-surface area binder (i.e. an
‘inactive’ component). Porous BN pellets were produced from a multiple N-precursor BN (BN-
MUI:5) (Figure 4-10b,c) and their porosity was analysed using N> sorption (Figure 4-10a).
Suprisingly, the isotherms of the material before and after pelletisation exhibited a similar
shape, indicating a limited decrease in the surface area and volume of pores. The average
decrease over four repeats were: 16 % for surface area, 19 % for total pore volume and 17 %
for micropore volume. This suggests that the porous BN powder exhibited great mechanical
stability when compressed and points towards the processability of this material for potential

applications in industry.
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Figure 4-10 (a) Nitrogen sorption isotherms at -196 °C for porous BN (BN-MU1:5) powder
and pellet; (b) powder sample;(c) pellet sample.

The surface morphology of porous BN pellets was imaged with SEM (Figure A2.1, Appendix
2) and showed the presence of regions with a large amount of macropores, created during
compression of porous BN powder at the junction of different particles and regions in which

little/no pores are present.

The microstructure of BN-MUT1:5 powder and pellet samples were also compared via TEM
analysis (Figure A2.2, Appendix 2) and showed no differences between the two samples,

although this is not a bulk analysis method. Nevertheless, porous BN (both pellet and powder)
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exhibited a d-spacing calculated from TEM images of about 0.35 nm and a disordered structure
with a large number of defects, typical for t-BN materials. A typical triangular vacancy is also

highlighted in Figure A2.2e, Appendix 2.

4.4 Conclusions

A novel synthesis method based on the use of multiple N-containing precursors was developed.
The N-precursors have different thermal decomposition temperatures and act as both porogen
agents and nitrogen source, enabling the control of porous BN structure and the production of
BN with amongst the record-high surface areas for these materials. A key outcome of this
chapter is the tuneability of micro and mesopore volumes in porous BN. Moreover, the pore
network was directly visualized using tomography and characterized with a variety of
techniques from the nano- to the macro-scale. Finally, porous BN powder was structured into

pellets with minimal decrease in porosity, pointing to a good processability of the material.
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Chapter 5: Evaluating and
Enhancing Porous BN
Hydrolytic Stability

Manuscript currently under revision by industrial partners.

5.1 Introduction

Chemical separations and catalysis require the development of robust, recyclable porous
materials, opening the door to their long-term utilisation. Porous BN has recently attracted a
lot of attention in the scientific community as a promising candidate for many of these
applications owing to its excellent thermal stability and high surface areas. However, although

a number of studies demonstrate porous BN with good water stability, % 12°

contrasting reports
have been published, leading to questions about the feasibility of using porous BN materials in
applications involving even low amounts of water. Li et al employed porous BN for the
removal of methyl orange (MO) from water and showed that the sorbent could be regenerated
by heating in air at 350 °C for 2 h.”® In another example, Lei et al. reported the adsorption of
Congo red (CR) from water using porous BN and its subsequent regeneration at 600 °C in air,
maintaining the original porosity.'?® However, t-BN materials were reported to be unstable
upon exposure to water or moisture.”” 1> According to Cofer and Economy, the instability of
t-BN is an intrinsic problem, dependent upon the material’s d-spacing.!% Larger d-spacings led
to decreased water stability in comparison to fully crystalline h-BN, which was attributed to
weaker bonds between BN sheets, making the material more susceptible to hydrolytic attack.!%
During hydrolysis, BN sees the formation of (-OH) groups at the edges, increasing the
material’s hydrophilicity and promoting BN decomposition into boric acid and ammonia.>
Surprisingly, a similar hydrolysis mechanism was also reported for fully crystalline h-BN
materials sonicated in water.’® In this case, hydrolysis was proposed as an exfoliation

mechanism to “cut” h-BN sheets. Cut edges contained mostly boron atoms with attached
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hydroxyl groups, which was explained with the thermodynamically favourable release of
ammonia during hydrolysis. However, the authors did not mention the possibility of full
decomposition of BN. Recently, Florent and Bandosz tested the water stability of carbon doped
BN, !% reporting a high sensitivity of the material to water and moisture, resulting in chemical
changes and losses in both surface area and porosity. Therein, the B-C bonds were identified
as the preferred sites of attack, although the B-N bond was also reported to be unstable. With
conflicting reports in the literature, the need for an in-depth evaluation of the stability of porous
BN toward hydrolysis is required. The lack of understanding of porous BN’s instability in

water, is therefore limiting the material’s utilisation.

In this chapter, the aqueous stability of porous BN samples synthesised in Chapter 5 was
investigated in detail to provide a deeper understanding of the effects of water or moisture on
the chemistry and structure of BN materials with different pore structures and to elucidate the
hydrolysis mechanisms. Furthermore, a strategy for the enhancement of BN stability in water
was also proposed. Porous BN materials with significantly greater stability were produced,
while still maintaining high surface areas and good adsorption capacities. The results presented
here are key in enhancing porous BN lifetime when used for applications in catalysis and

molecular separations, where moisture or water may be present.

5.2 Materials synthesis

5.2.1 Preparation of the reaction intermediates for the synthesis of BN

Intermediates were prepared by simply mixing and grinding B- and N-containing precursors
without any dissolution step, using a single and multiple N-precursor method as described in
Chapter 5. Three different precursor mixtures were selected for this study, as they allow for the
synthesis of porous BN materials with different pore structures. The naming system is

described in Chapter 5, but details of the molar ratios for each sample are outlined below:

- Precursor for BN-U5: molecular ratio of urea:boric acid = 5:1;
- Precursor for BN-MUO0.25:5: molecular ratio of melamine:urea:boric acid = 0.25:5:1;

- Precursor for BN-MU1:5: molecular ratio of melamine:urea:boric acid = 1:5:1.

5.2.2  Synthesis of porous BN using single or multiple N-precursors

Intermediates were heat-treated at 1050 °C or 1500 °C (10 °C/min) for 3.5 h under constant

nitrogen gas flow. The furnace was then allowed to naturally cool under nitrogen to produce
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porous BN materials with different pore structures. Porous BN samples synthesised at 1050 °C
are named “low temperature BN”, while porous BN synthesised at 1500 °C are named “high

temperature BN™.

5.3 Stability tests

Porous BN samples were exposed to water, moisture, or organic solvents (n-heptane or ethanol)
regenerated and then fully characterised to evaluate their stability. Porous BN thermal and

oxidative stabilities were also evaluated. A description of the tests is outlined below.

5.3.1 Exposure to aqueous solutions

Porous BN was exposed to aqueous solutions of organic dyes in order to investigate the water-
stability of the adsorbents. The tests were performed by vigorously stirring porous BN powder
(100 mg) in 250 mL aqueous solutions (40 mg/L) of Rhodamine B (RhB) for 4 h, at room
temperature. After the dye removal tests, the materials were filtered, dried and regenerated at
600 °C in air to decompose the dye. In this Chapter, the hydrolytic stability of the material was

evaluated by fully characterising chemistry and structure of BN before and after regeneration.

5.3.2  Exposure to moisture: Water vapour sorption

Porous BN samples were degassed at 120 °C at roughly 0.2 mbar pressure and again in-situ on
the porosity analyser for 4 h down to around 0.003 mbar. Water vapour isotherms were
collected at 30 °C for porous BN samples at up to 90 % relative humidity in a gas/vapour
volumetric analyser (3Flex). The timings for the collection of each point were not recorded as
the equipment waited for equilibrium to be reached. This test was performed primarily to
evaluate the affinity of the samples with water and their water adsorption capacity. However,
after water vapour sorption tests, porous BN samples were degassed at 250 °C in vacuum and

characterised to evaluate their stability after exposure to moisture.

5.3.3 Exposure to organic solvents

Low temperature porous BN (BN-MU1:5, 100 mg) was exposed to solvent (n-heptane and
ethanol; Analytical grade) by vigorously stirring the powder in 250 mL of solvent overnight
(~24 h) at ambient temperature. The material was then filtered, dried and regenerated at 250 °C

in vacuum to evaluate its organic solvent stability.
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5.3.4 Exposure to high temperature oxidising and non-oxidising environments

Thermal and oxidative stabilities of BN were evaluated by heating the samples (~30 mg) in a

TGA apparatus from ambient to 1050 °C (10 °C/min) under nitrogen or air (100 mL/min).

5.4 Results and discussion

5.4.1 Water stability evaluation

Three low temperature BN samples with different pore structures and similar chemistries were
exposed to aqueous solutions of RhB dye (dye adsorption capacities for porous BN are
discussed in Chapter 7). Here, the hydrolytic stability of porous BN was analysed by fully
characterising the samples after regeneration, which was performed at 600 °C in air. One could
argue that if any structural/chemical changes occurred in porous BN, these could be caused by
carbon deposits deriving from incomplete decomposition of the dye. TGA analysis was,
therefore, performed to evaluate the decomposition of RhB in air. The results from the
decomposition analysis (Figure A3.1 Appendix 3) demonstrated that RhB fully decomposed at
the selected temperature, leaving no residual carbon. Moreover, XPS analysis was performed
on porous BN after regeneration and further confirmed the full decomposition of RhB, as no
chlorine was observed in the BN material and the amount of carbon remained similar or lower
than in the starting material (~2 at% vs ~3 at%, respectively) (Figure A3.1b Appendix 3). The
effects of exposure to water on BN’s physical and chemical properties were, therefore,

analysed.

Firstly, the pore structure and surface area of low temperature BN was characterised before and
after exposure to water via nitrogen sorption isotherms at -196 °C. The results for all samples
before and after exposure to water (via RhB sorption tests) are reported in Figure 5-1a-d. All
porous BN samples showed a significant decrease in surface area and micropore volume after
water exposure. Interestingly, the percentage of micropores decreased significantly in all
porous BN samples, indicating that the micropores are initially most susceptible to degradation.
This hypothesis is confirmed as porous BN samples with higher micropore volumes (BN-
MU1:5>BN-MUO0.25:5 > BN-US5), showed increased water instability, as indicated by a larger
decrease in surface area and pore volume. For instance, highly microporous BN-MUI:5
exhibited a significant decrease in surface area from 1650 to 29 m?/g after exposure to water.
It must be noted that highly microporous BN materials likely exhibit a large amount of defect

sites, which are preferential sites of attack and reactivity.
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It was previously proposed that the stability of porous BN depends upon the d(002)-spacing.'%
The crystalline structure of porous BN before and after exposure to water was, therefore,
analysed with XRD. XRD patterns for all porous BN samples before and after exposure to
water are reported in Figure 5-1e,f. All pristine porous BN samples exhibit very similar XRD
patterns with the same peak position for the (002) peak between the different samples,
indicating that they all exhibit similar d(002)-spacing (~0.35 nm). The absence of other
reflections other than the (002) and (100) and the large width and low intensity of the peaks
indicate that all samples are turbostratic, as previously highlighted in Chapter 5. After exposure
to water and regeneration, all samples showed a higher relative intensity of the (002)/(100)
peaks, possibly indicating a preferred orientation of the crystals along the (002) plane. In
addition, the peak position for the (002) peak (~25°) shifted to higher angles, indicative of a
decrease of the d(002)-spacing and the full width at half maximum (FWHM) decreased,
demonstrating an increase in crystallite size (larger number of 2D layers). These three factors
together showed that the samples exhibited higher crystallinity after exposure to water, likely
as amorphous BN was more readily decomposed in water, resulting in an apparent increase in

crystallinity.

While it was demonstrated that water had a detrimental effect on the pore structure of BN
materials, it is also important to understand if any chemical changes occurred. All samples
were, therefore, characterised using XPS and FTIR analyses. Typical FTIR spectra for low
temperature BN before and after exposure to water are shown in Figure 5-2a, b. Prior to
exposure to water, the sample exhibits the two characteristic BN bands at ~1360 cm™ (B-N in-
plane transverse stretching mode) and ~800 cm™ (B-N-B out-of-plane bending mode),'** with
little/no -OH groups present. After exposure to water, a broader and more intense shoulder for
-OH groups was detected together with a small peak at ~1000 cm™, which was assigned to the
B-O bending mode.'** The relative atomic percentages derived from XPS for low temperature
BN samples before and after exposure to water are summarised in Figure 5-2c and d. As
expected, the oxygen content increased in all porous BN samples after exposure to water. The
high-resolution spectra for B 1s for a typical sample before and after water exposure are also
shown in Figure 5-2¢ and f. The boron oxide peak becomes more intense after exposure to
water and shifts to higher binding energies, likely indicating an increase in oxygen content.
This is an indication that hydrolysis is occurring, causing the oxidation of BN and formation
of a larger quantity of boronoxynitride and B-OH groups.*® Samples with higher micropore

volumes and surface areas (BN-MU1:5 > BN-MUO0.25:5 > BN-U5) showed higher increases
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in oxygen content, indicative of more extensive hydrolysis, in line with the previously
described structural changes. The relative nitrogen content decreased in all samples after
exposure to water, confirming that a decomposition reaction is occurring, in which water reacts

with BN to release ammonia: 3H,0 + 2BN — B,0; + 2NH;.>°
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Figure 5-1 (a,b) Nitrogen sorption isotherms at -196 °C for low temperature BN samples
before and after exposure to water (open symbols represent desorption); (c,d) textural
parameters deriving from the same. Error bars represent ranges from 2 repeats; (e,f) XRD
patterns for low temperature BN before and after water exposure (the peak at ~32° derives from
a defective sample holder).
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Figure 5-2 (a,b) FTIR spectra for low temperature BN (BN-MU1:5) before and after exposure
to water; (c,d) Relative atomic percentages from XPS analysis for low temperature BN before
and after exposure to water (via RhB sorption); (e,f) typical high resolution spectra for boron
for low temperature BN (BN-MU 1:5) before and after exposure to water.

Although BN oxidation was demonstrated from XPS analysis, the full identification of B2O3

was not possible, which may be due to peak overlap or dissolution of the boron oxide in water.

In order to confirm the formation of B,O3, porous BN (BN-U5) was sonicated in water for 7 h

(to accelerate its decomposition) and was then dried at 65 °C until full evaporation of the water

(further details in Appendix 3). The chemistry of the resulting product was characterised with

123



XPS analysis (Figure A3.2. Appendix 3). The high-resolution B 1s and N s spectra for BN-
US after exposure to water showed the presence of the two typical peaks for h-BN (at 190.7 eV
and 398.4 eV for B and N, respectively).!*!7! However, the peaks corresponding to BN
showed decreased relative intensities and it was calculated that roughly 6 mol% of BN
remained (Figure A3.2d Appendix 3). The quantity of O atoms increased dramatically from
~12 to ~ 48 at.% and that of N decreased from ~38 to ~ 8 at.%. The high-resolution spectrum
for B 1s exhibited an additional peak (other than the one belonging to BN) at ~193.5 eV, which
was assigned mainly to B-Os but also to some B-O-B and B-OH groups.'* The high-resolution
spectrum for N s also showed an additional peak at ~402.1 eV, which was attributed to NH4"
groups.'?® These observations are in line with the hypothesis of the formation of ammonia (gas)
and boron trioxide (dissolved in water and then recrystallised), confirming the mechanism of

reaction proposed.

To provide a greater insight into the interactions of porous BN with water, vapour isotherms
were collected at 30 °C for the pristine samples and are reported in Figure 5-3. Samples with
higher micropore volume and surface areas showed higher water uptake (BN-MUL1:5). All
samples exhibited a degree of water sorption from low relative pressures, indicating that porous
BN samples may be slightly hydrophilic. If total water uptake was normalised to the material’s
surface areas, all samples exhibited a similar uptake of 0.2 cm?®/m?,

Interestingly, at about 30 % of relative humidity (0.3 P/Py), all samples showed a steeper uptake
of water vapour. This could be an indication that BN becomes more hydrophilic, because of
the formation of -OH groups, adsorbing more water with increasing relative humidity levels.
All porous BN samples (Figure 5-3) showed incomplete desorption of water upon reduction of
pressure, which is also an indication of some structural/chemical changes in the material (due

to hydrolysis), or chemisorption.

After water vapour sorption, porous BN samples were degassed at 250 °C under vacuum and
were fully characterised. Some hydrolysis was observed even after exposure to only water
vapour (discussed further in Appendix 3), rather than aqueous solutions as in the dye sorption

experiments.
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Figure 5-3 Equilibrium water vapour sorption isotherms at 30 °C for three porous BN samples
with different pore structures (open symbols represent desorption).

From this section, it is hypothesised that the water instability of low temperature porous BN is
linked to the presence of defects, which are preferential sites for attack; presence of oxygen
atoms, which increase the material’s hydrophilicity; and textural properties, i.e. high surface
area and turbostratic nature. A way to mitigate BN instability while still maintaining the
material’s porosity, would be to produce low-defects BN nanosheets arranged in a disordered
manner to produce porosity (house of card configuration), without oxygen impurities. Taking
all of these considerations into account, in the following section an approach to improve BN
water-stability is presented by synthesising porous BN at higher temperature (1500 °C instead
of 1050 °C).

5.4.2 Water stability enhancement

5.4.2.1 High-synthesis temperature BN

Three BN samples synthesised at high temperature (1500 °C) (namely: BN-U5, BN-MUO0.25:5
and BN-MU1:5) were compared to samples synthesised from identical formulations but at
lower synthesised temperature (1050 °C). Firstly, pore structure and surface area of the
materials were characterised from nitrogen sorption analysis at -196 °C (Figure 5-4). As
expected, the surface areas and micropore volumes of porous BN samples decreased at high

synthesis temperature (as observed in Chapter 4). However, for samples synthesised from
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multiple N-precursor mixtures, BET surface areas of around 1000 m?/g could still be obtained,
compared to ~700 m?/g for single N-precursor BN (BN-U5-1500 °C). Interestingly, the total
pore volume and mesopore volume showed no significant decrease when compared to low-

temperature samples, as shown from total uptakes in nitrogen isotherms in Figure 5-4a-c.
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Figure 5-4 (a, b, ¢) Nitrogen sorption isotherms at -196 °C for three porous BN samples
synthesised at low- and high- temperatures (open symbols represent desorption) and (d)
textural parameters deriving from nitrogen sorption for the high-temperature BN.

The crystalline structures of two samples synthesised at low and high temperature were
compared using XRD patterns (Figure A3.6 in Appendix 3). Only discreet changes were
observed, which indicated that, surprisingly, the samples did not exhibit higher crystallinity. In
order to directly observe the crystalline structure of the material, high-resolution TEM was
performed on two samples of BN-MU1:5 synthesised at low (1050 °C) and high temperature
(1500 °C) (Figure 5-5a,b). It can be observed from the images that porous BN exhibits a
disordered turbostratic structure at both temperatures, but BN synthesised at higher temperature
exhibits regions of higher crystalline order, with a larger number of stacked 2D layers. The d-

spacing calculated from the images is 3.5 A.
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Figure 5-5 Crystalline structure with d-spacing for low and high synthesis temperature BN:
High resolution TEM images for (a) low synthesis temperature BN-MU1:5-1050 °C vs (b) high
synthesis temperature BN-MU1:5-1500 °C. Grey scales calculated using imagel from figures
(a) in (c) and (b) in (d).

The morphology of the samples was studied with high-resolution SEM (Figure A3.7 in
Appendix 3). The images show similar morphologies for low and high temperature BN (BN-
MUI:5), suggesting that synthesis temperature did not have a significant effect on the larger-

scale morphology of the samples.

FTIR spectroscopy was used to analyse the chemical features of high temperature BN samples
and compared to the low temperature BN. FTIR spectra for different porous BN samples
synthesised at high temperature are reported in Figure A3.8 in Appendix 3 and a comparison
between low and high temperature BN is shown in Figure 5-6a. The two typical vibrational
bands for h-BN are present, namely B-N in-plane transverse stretching mode at ~ 1360 cm’!
and B-N-B out-of-plane bending mode at 800 cm™.!%* Generally, the peaks are sharper and
more symmetrical compared to low temperature BN, which may indicate a change in the
chemical composition of the samples, such as lower oxide content. In order to quantify the
oxygen content in high temperature BN samples, as well as of the percentages of boron and
nitrogen atoms, XPS was employed. XPS relative atomic percentages are reported in Figure

5-6b and Figure A3.9b in Appendix 3. XPS spectra for low and high temperature BN were also
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compared in Figure A3.9 in Appendix 3. The oxygen content in porous BN synthesised at high
temperature decreased from ~10 to 5 at%. This decrease is significant but could be related to
oxygen species adsorbed onto the surface before analysis. The exposure to air was minimised
by maintaining the samples in vacuo prior to XPS analysis and all samples were prepared under
the same conditions (this is different from what was observed in Chapter 5, where samples

were analysed in different batches).
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Figure 5-6 (a) Typical FTIR spectra for low and high temperature BN samples (BN-MU1:5);
(b) XPS relative atomic percentages for low and high temperature BN (BN-MU1:5).

SEM-EDX was also used to compare two porous BN samples with identical precursor
formulations, synthesised at low and high temperatures. While XPS allows for quantification
of the surface chemical composition of the samples, SEM-EDX gives an indication of the
elemental distribution (with mapping) of bulk composition. The samples were prepared by
pressing the powder on the carbon tape to obtain a relatively flat surface for analysis. Two SEM
images, as well as elemental mapping and EDX spectra are reported in Figure A3.10 in
Appendix 3. To ensure good representation, numerous particles (>4) were analysed and
showed similar results. SEM-EDX mapping for the different elements, including oxygen,
showed even distribution throughout the sample. The two EDX spectra showed a lower oxygen
content for high temperature porous BN, in good agreement with both XPS and FTIR analysis.
A quantification was also performed from the EDX spectra and is reported in Table 5-1. The
atomic percentages recorded were consistent within different particles of the same sample. The
carbon content observed from EDX analysis likely derives from the carbon tape used to mount

samples, rather than from the BN itself.
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Table 5-1 Elemental atomic and weight percentages for porous BN sample BN-MUI:5
synthesised at low and high synthesis temperatures deriving from EDX analysis.

Boron Carbon Nitrogen Oxygen

wt.% |[at.% |[wt.% |at.% |wt.% |at.% |wt.% | at. %
BN-MU1:5 1050 °C | 37 43 11 12 41 40 11 9
BN-MU1:5 1500 °C | 37 43 16 16 43 38 4 3

Water vapour isotherms at 30 °C were collected for high temperature porous BN samples
(Figure 5-7a) and compared to those obtained for low temperature BN (Figure 5-7b). High
temperature BN exhibited little/no water uptake at low relative pressures, indicating an
increased hydrophobicity compared to low temperature porous BN, likely due to lower oxygen
contents and/or less defects. All samples were characterised after water vapour sorption
analysis and regeneration at 250 °C and the characterisation is reported in Appendix 3. Porous
BN synthesised at higher temperature exhibited improve stability when exposed to water

vapour compared to low temperature BN.
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Figure 5-7 (a) Water vapour isotherms at 30 °C measured with a volumetric analyser (3Flex)
on three porous BN samples with different pore structures synthesised at 1500 °C and (b) a
comparison of water vapour isotherms collected for two samples with identical formulations
but prepared at different synthesis temperatures (open symbols represent desorption).

5.4.2.2 Water stability evaluation for high temperature BN
In order to evaluate the aqueous stability of high temperature BN samples, the materials were

exposed to water in dye sorption tests for RhB removal. The samples were then regenerated at
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600 °C and fully characterised to evaluate their hydrolytic stability. The pore structure of the
samples was characterised via nitrogen sorption and the results for BN before and after
regeneration are shown in Figure 5-8a-d. Little/no difference was observed in the isotherms for
BN-U5 and BN-MUO0.25:5 samples, showing significantly improved aqueous stability
compared to low temperature BN. BN-MU1:5-1500 °C still showed a decrease in surface area
(from 980 to 584 m?/g) and total pore volume. However, this decrease is much less significant
than those observed in low temperature BN samples (maximum decrease: 40 % in high
temperature BN vs 98 % in low temperature BN). Finally XRD patterns for high temperature
BN samples before and after exposure to water are reported in Figure 5-8e,f and show a slight
increase in crystallinity after exposure to water, indicating a small degree of decomposition for

the amorphous component of porous BN.

The chemistry of the samples after regeneration was also analysed using FTIR and XPS and
the results reported in Figure 5-9. FTIR spectra for all samples after regeneration showed the
appearance of a large shoulder at around 3250 cm™!, which was assigned to the presence of B—
OH groups.'” The h-BN vibrational bands at ~1350 cm™ and ~800 cm™! for B-N-B stretching
and B-N bending modes respectively, were still present. However, the width of the peaks
increased, with an increase relative intensity of the band at ~800 cm™ compared to the band at
~1350 cm™. This difference was likely associated to the incorporation of oxygen within the
structure. However, despite the differences observed from FTIR in the chemistries of the
samples, XPS relative atomic percentages (Figure 5-9d) did not show any major variations for
two of the samples (BN-U5-1500 °C and BN-MUO0.25:5-1500 °C), while for BN-MU1:5-
1500 °C a significant increase in oxygen content was observed. This was explained considering
that the small degree of decomposition was likely localised inside the micropores of the
samples and while FTIR is a bulk analysis technique, XPS only gives information about the
surface of the samples. XPS core level spectra for high temperature BN after exposure to water
are reported in Figure A3.12 in Appendix 3 and show similar features to untreated BN. The
survey spectrum confirms that no residual dye was present on the sample, because no additional

peaks other than N, C, B, O were observed.
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Figure 5-8 (a,b) Nitrogen sorption isotherms at -196 °C for high temperature BN before and
after exposure to water (via RhB sorption) (open symbols represent desorption) and (c,d)
textural parameters deriving from the same; (e,f) XRD patterns for high temperature BN before
and after exposure to water.
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Figure 5-9 (a-c) FTIR spectra for high temperature BN before and after exposure to water (via

RhB sorption) and regeneration: (d) XPS relative atomic percentages for all samples before
and after RhB sorption and regeneration.

5.4.3 Organic solvent stability evaluation

In the previous section it was shown that low temperature porous BN samples were unstable in
water. The most microporous sample (BN-M1:5) showed the highest susceptibility to

hydrolytic attack. The stability of this sample in other solvents (n-heptane and ethanol) was,
therefore, evaluated.

The pore structure of porous BN before and after exposure to solvents was analysed via
nitrogen sorption at -196 °C (Figure 5-10) which showed little/no changes, indicating that the
samples exhibited good stability. This was further confirmed with the analysis of the chemical

structure using XPS analysis, as all samples exhibited similar features (O content ~ 10 at%).
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Figure 5-10 Nitrogen sorption isotherms at -196 °C for low temperature porous BN (BN-
MU 1:5) before and after exposure to ethanol and n-heptane (no desorption performed for 2 of
the samples); the inset shows the surface areas deriving from BET analysis for all samples.

5.4.4 Thermal and oxidative stability evaluation

Porous BN’s thermal and oxidative stability was evaluated for low temperature BN in order to
confirm that the decomposition previously observed was related to hydrolysis and not to
thermal oxidation. TGA analysis was performed in nitrogen and air for two porous BN samples
(Figure 5-11). Porous BN showed little/no mass change up to 1050 °C under nitrogen
atmosphere. On the other hand, when porous BN was heated in air, it showed good stability up
to ~850 °C and then the mass of the material increased by about 32 wt%, which matches well
with the formation of B,O3 from BN. This analysis confirmed that BN exhibited incredibly
high thermal (>1000 °C) and oxidative (>800 °C) stabilities.
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Figure 5-11 TGA analysis for low temperature porous BN under (a) nitrogen and (b) air.
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5.5 Conclusions

This study provided greater insights into the stability of porous BN in water and the hydrolysis
reaction mechanisms. A detailed investigation was conducted into the influence of water on
chemistry and structure of BN materials and it was found that materials with higher micropore
volumes and surface areas were more susceptible to hydrolysis reactions, independent of their
d-spacing. This may be associated to the favourable adsorption of water inside the micropores
and to the larger amount of defect sites likely present in those materials. It was therefore
hypothesised that the instability of the material derives from a combination of large surface

area, low crystallinity ad a large amount of oxygen impurities and defect sites.

Based on these findings, a strategy for the improvement of the stability in water was, proposed
and it was demonstrated that by increasing the synthesis temperature, porous BN with
significantly greater stability could be produced, while still maintaining surface areas of
~ 1000 m?/g. This study highlighted the importance of testing porous BN materials for water
stability and proposed a way to reduce the hydrolysis of BN in water. In addition to the
hydrolysis stability, porous BN proved to be stable in select organic solvents, as no decrease in
porosity or change in chemistry was observed and the material showed excellent thermal

stability up to the testing temperature of 1050 °C and good oxidative stability up to ~850 °C
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Chapter 6: Testing Porous
BN for Gas and Liquid

Separations

6.1 Introduction

Chemical separations (e.g. the extraction of hydrocarbons from crude oil, the sequestration of
greenhouse gases from emission sources, etc.) account for more than half of the total energy
consumed in industry as many of these processes are performed via distillation.’> Adsorbent
materials or membranes, which are able to separate molecules based on size exclusion
principles and/or chemistries, offer an environmentally friendly alternative, however, currently
their use at scale remains limited.> To try to improve the energy efficiency of separation
processes, a global research effort into the production of novel adsorbents and/or membranes

is underway, primarily focusing on materials such as metal-organic frameworks,'? zeolites,'*®

199 200

carbon-based materials'”” and covalent organic frameworks.

Porous BN is a promising adsorbent due to its high thermal stability, “rich” chemistry, and high

surface area. BN materials were tested for a range of different applications such as catalysis,'*

90, 92-93, 201 38, 74, 80, 90

COz capture, oil spill clean-up,'?° hydrogen storage and water cleaning.
However, the number of studies in which BN was tested for sorption applications remains
limited and little is known on how to optimise the material’s properties in order to improve its
sorption capacity.

87.91,109. 181 5 orous BN materials showed limited sorption capacities

In CO> capture applications
(18- 35 mg/g at 25 °C and 1 bar)’” ''*  however, it was demonstrated that CO, sorption
capacity did not directly correlate with BN surface areas, but pore size control was necessary
in order to improve the adsorption.?”> 1% The presence of functional groups such as -NH; and -

OH was also shown to affect COz sorption.!'* Therefore, if a better control over BN structure
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and chemistry were achieved, this could lead to a large improvement of BN capacity. In
addition, little/no studies were published testing porous BN for high pressure CO2 sorption

applications, despite this material exhibiting high micropore volume.

Porous BN also showed promise is water cleaning applications, more specifically for the
removal of organic molecules (e.g. dyes, pharmaceutical molecules, oils) from water.38: 74 80.90
Different sorption mechanisms were proposed, including n-m stacking interactions, dipole-
dipole interactions between the B-N bond and dyes, physisorption, hydrophobic/oleophilic
interactions.?* 12>125 Again, good control of porous BN chemistry and pore structure proved
fundamental. Moreover, most of the porous BN materials used in these applications showed a
turbostratic character, which is likely to confer to the material hydrolytic instability.'%>-106
However, to the best of our knowledge, this instability issue was never considered in water-

based applications, and needs to be carefully evaluated.

A novel synthesis method developed by our group (Chapter 5), provided a way to carefully
tune BN pore structure, despite this material exhibiting poor crystallographic order. Moreover,
BN water stability was greatly improved in Chapter 6, by producing BN samples with increased

hydrophobicity, lower amount of defects and a different chemistry.

Herein, porous BN samples with different chemistries and pore structures were tested for gas
sorption (CO»2, CH4) at low (<I bar) and high pressures (up to 20 bar), in order to understand
and improve the adsorption capacity. Porous BN pellets were tested for CO» sorption showing
similar sorption capacities to powder samples, indicating the potential for processability of this

material.

Porous BN was also tested for the first time in the separation of organic solvents via vapour
sorption isotherms and a clear correlation between both BN’s pore structure and chemistry to
the resulting sorption capacity of various solvents was shown.

Finally, porous BN was tested for water cleaning applications, i.e. oil spill clean-up and the
removal of pollutant organics via performance in dye adsorption from aqueous solutions. It
was demonstrated that porous BN samples with improved water stability removed over 80 %

of Rhodamine B from water, even after regeneration, with no decrease in performance.

6.2 Materials testing

The selection of porous BN materials to test for potential applications is summarised in Table

6-1.
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Table 6-1 Naming system for porous BN samples with molar ratios, synthesis temperatures
and average surface areas.

Sample name Melamine | Urea | Boric acid | Synthesis Surface
(mol) (mol) (mol) T (°C) | area (m%/g)

BN-US5 low temperature 0 5 1 1050 ~ 1000
BN-MUO0.25:5 low temperature 0.25 5 1 1050 ~ 1350
BN-MUI1:5 low temperature 1 5 1 1050 ~ 1750
BN-US high temperature 0 5 1 1500 ~ 700
BN-MUO0.25:5 high temperature 0.25 5 1 1500 ~ 1000
BN-MU1:5 high temperature 1 5 1 1500 ~ 1000

Low temperature porous BN samples exhibited similar chemistries and different pore structures
(as prepared in Chapter 5). In particular:

- BN-US: exhibited large mesopore volume and relatively low micropore volume;

- BN-MUO0.25:5: exhibited high mesopore and micropore volumes;

- BN-MUI1:5: was mostly microporous;

A porous BN pellet was also prepared by simply compressing porous BN powder (BN-MU1:5
low temperature) by the applying of 5 tonnes (Chapter 5) and showed a small decrease in
porosity ~15 %.

High temperature porous BN samples (Chapter 6) exhibited similar pore structures to low
temperature samples (with reduced surface areas) but improved hydrophobicity, lower amount
of oxygen atoms and higher in-plane crystallinity due to a reduction in defect amount.

All of these samples were tested here for different adsorption applications as described below.

6.2.1 Gas sorption

6.2.1.1 Low pressure gas sorption

Gas sorption tests at low pressure (up to 1 bar) were performed on a Micromeritics 3Flex
sorption analyzer at 25 °C, using a water bath to control the temperature. The samples
(~ 100 mg) were degassed overnight at 120 °C at a pressure of roughly 0.2 mbar before further
degassing in-situ for 4 hours at around 0.0030 mbar, prior to analysis. Gases were tested in the
following order: nitrogen, methane, carbon dioxide; and an additional in-sifu degas step was

repeated between each measurement.

6.2.1.2 High pressure gas sorption
Gas sorption tests at high pressures (up to 20 bar) were performed gravimetrically on an IGA-

200 from Hiden Isochema. The sample (~ 30 mg) was added to a porous sample container,
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connected to a high-precision balance (£ 0.0001 mg). The sample was degassed in-situ prior to
analysis at 120 °C for 4 hours using a furnace attachment. An ultra-high vacuum of down to
10 mbar can be created inside the chamber. Nitrogen and carbon dioxide sorptions were
performed at different temperatures (10, 25, 40 °C) and the sample was degassed at 120 °C for

3 h between each run. The temperature was controlled using a water/ethylene glycol bath.

6.2.1.3 Heat of adsorption calculation

The heat of adsorption (Qy) and entropy (AS) for CO, were calculated by fitting the gas
sorption isotherms, collected at 3 different temperatures (10, 25, 40 °C), using a Langmuir-
Freudlich equation®? (1):

abx~¢ (1)

y= 1+ bx1-c¢

The fitting was used to calculate the pressures (P) at desired CO» loadings (0.1-5). In(P) was

then plotted against % for each selected loading and fitted with a linear fit. Based on the van’t

Hoff equation,?*® the heat of adsorption and entropy were finally calculated from equations
(2,3).
Qst = —mR 2)
AS = —cR 3)

Where m is the slope, c is the intercept and R is the universal gas constant.

6.2.1.4 Temperature swing adsorption

Temperature swing CO» adsorption/desorption cycles (10 cycles) were performed on a TGA
Netzsch TG209 F1 Libra. A buoyancy was performed with an empty crucible with the same
conditions as used during the analysis. The samples were first pre-degassed in a vacuum oven
at 120 °C and then degassed in-situ at 120 °C for 2 hours at atmospheric pressure. Adsorption
was performed at 30 °C by flowing CO> (80 mL/min) and N> (20 mL/min) gases for 2 hours.
Desorption was performed by increasing the temperature to 120 °C (10 °C/min) under N; gas
flow (100 mL/min) for 2 hours. CO2 sorption and desorption capacities were measured by the

change in mass of the sample.
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6.2.2 Organic vapour sorption

Vapour sorption experiments were performed on an IGA gravimetric analyser. The samples
(~30 mg) were degassed in-situ at 120 °C for 4 hours using a furnace attachment, prior to
analysis. An ultra-high vacuum of up to 10 mbar could be created inside the chamber. The
solvents were vaporised and dosed up to 90 % of their saturation pressures at 25 °C: n-heptane
(Po:  61.12 mbar), 2,3-dymethylpentane (Po: 91.82 mbar), toluene (Po: 37.93 mbar),
methylcyclohexane (Po: 61.79 mbar), 1-butanol (Po: 9.22 mbar), methanol (Po: 169.24 mbar).
All solvents were of analytical grade. In situ-degas was performed in between each experiment

at 250 °C to regenerate porous BN.

6.2.3 Dye sorption

Dye sorption tests were performed by preparing 1 L stock solutions of dyes in DI water with
concentration of 40 mg/L. The dyes used were Methyl Orange (ACS reagent, Sigma Aldrich)
and Rhodamine B (HPLC, Sigma Aldrich). After complete dissolution of the dyes, 250 mL of
solution were vigorously stirred and 100 mg of porous BN powder were added to the solution
while stirring. After selected timings: 0, 5, 10, 30, 60, 120, 240 min, about 2 mL of solution
were collected with a syringe and filtered with a syringe filter (0.45 um) to remove BN powder.
These solutions were then analysed using UV-Vis spectroscopy to calculate the dye
concentration. After 240 min, BN samples were filtered using a Buchner filtration system,
dried in the oven at 120 °C and then heated at 600 °C (10 °C/min) for 3 hours in a tubular

furnace under air gas flow (50 mL/min) before being reused for a second adsorption cycle.

UV-Vis spectroscopy was performed in a Perkin Elmer Lambda 35 spectrometer with quartz
cuvettes, 480 nm/min scan speed between different ranges of wavelengths: 200-700 nm for
Methyl Orange (Amax =464 nm) and 400-650 for Rhodamine B (Amax= 554 nm). Calibration
was performed by preparing solution with decreasing concentrations and had a R? value larger

than 0.99 (Figure-A4.3 Appendix 4).

After sorption, the BN samples were regenerated by heating in air at 600 °C and reused for a
second adsorption cycle. The regeneration temperature was selected based on the
decomposition temperature of the dyes, as determined by TGA analysis (Figure A4.3e in
Appendix 4). While RhB fully decomposed at 600 °C, MO did not completely decompose even
at temperatures up to 900 °C, which would explain a possible decrease in porosity and dye

uptake after regeneration.
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6.2.4 QOil spills cleanup

Samples were added to a weighing boat placed on top of an analytical balance. Two different
types of crude oils with increasing viscosity (CrudeA and CrudeB, provided by BP were added
dropwise until saturation was observed (oil not retained by the material but spread onto the
weighing boat). The oil sorption capacity was estimated gravimetrically (rough estimate). A
porous BN sample (20 mg) was added to an heterogenous mixture of crude oil (CrudeA, less
viscous, 150 mg) in water. Oil sorption was monitored until full saturation and estimated

gravimetrically by weighing the sample before and after the analysis.

6.3 Results and discussion

6.3.1 Gas sorption

6.3.1.1 Low pressure gas sorption

Porous BN materials with different pore structures and chemistries were tested for low pressure
gas sorption. In particular, considering the high porosity and presence of N atoms, the materials
were studied for CO2/N> and CO»/CHg separations (Figure 6-1). These separations are relevant
to the energy sector in the context of carbon capture and natural gas processing, respectively.
As expected, the microporosity enhanced the CO> gas sorption capacity, which reached a
maximum uptake of 1.6 mmol/g of CO; (at 25 °C and 1 bar) for BN-MU1:5 low temperature,
which is the sample with the highest surface area and micropore volume (Figure 6-1b). This is
approximately four times higher than a porous BN material previously tested under the same
conditions, which exhibited lower surface area and higher crystallinity.®” However, more
recently, a higher CO, sorption capacity was reported for carbon-doped porous BN materials
(~4 mmol/g vs ~1.6 mmol/g for pure BN), by increasing ultramicropore volume (< 0.7 nm) and
especially modifying the chemistry (carbon-doping).®® Nevetherless, the sorption capacity of
BN remained relatively low when compared to other porous materials.?**2% This is explained
by the fact that at low temperature chemisorption is key. Surprisingly, the CO, sorption
capacity followed a linear trend with BN microporosity even for a high temperature porous BN
sample (BN-MUO0.25:5 high temperature), despite this sample having a different chemistry
(lower oxygen content) and improved hydrophobicity (Figure 6-1b). The CO» sorption and
desorption cyclability was also studied via temperature swing adsorption/desorption using
TGA analysis in Figure 6-1d. The total sorption capacity for CO> from TGA analysis was

calculated to be about 4 wt.% (0.9 mmol/g) per cycle and showed no decrease after 10 cycles.
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The sorption capacity measured by TGA analysis was significantly lower than that previously
measured via volumetric gas sorption. This was attributed to: 1) inclomplete in-situ degas due
to lack of vacuum, ii) higher analysis temperature (30 °C instead of 25 °C), and iii) non-
equilibrium conditions. Nevetherless, the TGA gravimetric study showed a good CO>

cyclability over 10 sorption-desorption cycles.
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Figure 6-1 Gas sorption at low pressure: (a) CO2, CHs and N> bar plots with maximum sorption
capacities at 25 °C and 1 bar for low temperature porous BN samples;(b) CO> sorption capacity
vs micropore volume for low and high temperature porous BN; (¢), Low pressure isotherms at
25 °C and up to 1 bar for BN-MU1:5 for CO2, CH4 and N, (d) gravimetric CO2 sorption and
desorption cycles with temperature swing desorption between 30 °C and 120 °C (1 bar) on BN-
MU1:5.

6.3.1.2 High pressure gas sorption and heat of adsorption

Considering the high micropore volume of the BN produced, it was hypothesised that the
material could perform well in gas sorption applications at high pressures. Therefore, the
highest surface area BN sample (BN-MU1:5 low temperature) was tested for CO; sorption at
high pressure (up to 20 bar) and various temperatures (10, 25 and 40 °C, Figure 6-2b). One
possible application is pre-combustion CO; capture in powerplants. For this particular

application, high pressure CO2/H> mixtures need to be separated. However, the set-up available
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did not allow for testing of H> sorption, therefore, N2 and CO» sorption were compared instead.
The CO; sorption capacity measured at 25 °C and 20 bar (8.3 mmol/g) is higher than the
capacity of some commerial zeolites and similar to what is reported for commercial activated
carbon under similar conditions.??® Compared to other adsorbent materials, BN holds the
advantage of increased thermal stability. The heat of adsorption for CO; was calculated from
sorption isotherms at different temperatures (Figure A4.1, Appendix 4) and was approximately
19 kJ/mol (Figure 6-2c-f). This value is in good agreement with the theoretical calculation for
COz physisorption on a BN sheet.??” This is also indicative that no chemisorption took place,
which explains the low CO: sorption uptake at low pressures, as well as the good cyclability
measured by temperature swing desorption. The high pressure CO2 gas sorption capacity was
compared for porous BN powder and pellet (Figure 6-2a). No differences in CO» sorption

capacity were observed in the material after pelletisation, despite the reduced surface area of

the pellet.
a BN-MU1:5 low temperature b ] BN-MU1 :5 low temperature co
High pressure, 25 °C Cco, 10 4 High pressure 3 2-,
87 | —a—a40°c ‘
=== BN powder —m25°C
== BN pellet 81 o 10°C

Quantity adsorbed (mmol/g)
Quantity adsorbed (mmol/g)

N, (10 - 40 °C)

0 i
T x T T T i X " !
0 5 10 15 20
Absolute Pressure (bar) Absolute Pressure (bar)
c 21 -130
1m - [
Q, - -140
201 ——AS
5 F-150 =
z : L
5
¥ 19m, e, == _160 3
= lIlllIlllll.l.l:llIl =i ;
g\ ll‘l].-'... <
2 18+ --..-...__“ +-170 §
;E_. III'...' "E
0 --180 w
17 r
+-190
16 T T T T -200
0 1 2 3 4 5

CO, loading (mmol/g)

Figure 6-2 (a) High pressure CO2 and Nz sorption on porous BN powder and pellet (BN-
MU1:5);(b) CO2 and N> sorption on porous BN-MU1:5 at different temperatures;(c) entropy
and heat of adsorption for COs,.
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In conclusion, porous BN materials showed relatively low CO sorption capacities at low
pressures due to weak chemical interactions between the adsorbent and this molecule. The CO»
sorption capacity at low pressures was mainly correlated to the materials’ micropore volumes
and surface areas. At high pressures porous BN showed a higher CO; sorption capacity because
of the high micropore volume present. The low heat of adsorption indicated that porous BN

may be easily regenerated via pressure swing adsorption.

6.3.2 Organic vapour sorption

Adsorbent materials (i.e. porous BN) can potentially be employed for the separation of solvent
mixtures based on their size/shape and/or chemistry. For example, the separation of aromatic
and non-aromatic compounds via traditional methods, such as distillation, is challenging owing
to their similar boiling points.?%® Therefore, porous materials with excellent sorbate selectivity
need to be developed. Here, porous BN materials with a range of different pore structures and
oxygen groups contents were selected for the removal of organic solvents with different
properties. The selection of solvents used in this study is summarised in Figure 6-3 and spans
from C-7 hydrocarbons with different sizes/shapes (e.g. linear n-heptane or branched 2,3-
dimethylpentane) and/or chemistries (e.g. aromatic toluene or non-aromatic

methylcyclohexane) to two different alcohols (methanol and 1-butanol).

Effect of BN porosity on the organic vapour adsorption

The organic vapour sorption capacity was studied for low temperature porous BN materials
with different pore structures and similar chemistries. Nitrogen sorption isotherms at -196 °C
for three porous BN materials (with BET surface areas) are plotted in Figure 6-4a. Typical
vapour sorption isotherms at 30 °C for an organic (methylcyclohexane) for the same three
materials are reported in Figure 6-5b. Analogous vapour isotherms were collected for other
solvents (Figure 6-6¢, d). The isotherms’ shapes for nitrogen sorption at -196 °C and organic
vapour sorption at 30 °C are alike, indicating an obvious correlation between the pore structure
and organic sorption capacity of the materials. This is indicative that physisorption played a
major role in organic vapours sorption. The total vapour sorption capacity increased with
increasing surface areas and most of the vapours were adsorbed at low relative pressures, in
the microporous regions. The presence of mesopores caused capillary condensation of the
vapours (e.g. in BN-MUO0.25:5) as indicated by the presence of hystereses in the desorption
curves. Moreover, most of the vapour were desorbed (Figure 6-7b) when the pressure was

lowered, indicating that little/no chemisorption occured.
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Porous BN sorption capacity for different solvents was calculated at 0.6 P/Po (Figure 6-8e), as
at higher relative pressures condensation readily occurred. At this relative pressure, organic
vapour uptake had ceased and it appeared to have saturated the BN materials. The quantity of
vapour adsorbed in low temperature porous BN samples increased with increasing surface
areas (Figure 6-12a). An obvious linear correlation between BN micropore volume and
sorption capacity was found among porous BN materials with similar chemistries (Figure
6-12b), which is similar to that previously discussed in the literature for activated carbons.?*
Porous BN showed a comparable vapour sorption capacity to activated carbons with similar
surface areas for toluene and methanol.?!® All porous BN materials tested showed the highest
adsorption capacity for toluene, amongst all of the solvents tested. This may be explained due
of the presence of n-m interactions between the h-BN rings in porous BN and the aromatic rings
in toluene, which contributed to improved physisorption and resulted in higher sorption
capacities. However, the selectivity measured between different solvents remained relatively

low for all porous BN materials (Figure A4.2 in Appendix 4).
H
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Figure 6-9 Organic solvents selection for vapour sorption.

Effect of BN chemistry on the organic vapour adsorption

A high temperature porous BN sample (BN-MUO0.25:5 high T, BET SA: 940 m?/g) was also
tested for organic vapour sorption (Figure 6-10e) and surprisingly showed higher sorption
capacities compared to a low temperature porous BN sample with similar surface area (BN-
US5). As discussed in Chapter 6, high temperature BN exhibited lower oxygen content and
fewer defects. The vapour sorption capacity plotted against surface areas and micropore
volumes (Figure 6-12a, b) showed that high temperature BN exhibited higher sorption
capacities for most of the solvents. For example, toluene sorption capacity was higher
compared to similar low temperature porous BN samples (BN-US5). This result is indicative of
the presence of a higher quantity of & electrons in high temperature BN, demonstrating that the
material is more crystalline in the 2D plane and exhibits less defects, as previously discussed
in Chapter 6. The sorption capacities for other solvents were also higher compared to low
temperature porous BN materials with similar pore volumes. This behaviour was linked to the

material’s chemistry with lower oxygen content and a more hydrophobic and oleophilic nature.
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Figure 6-11 (a) Nitrogen sorption isotherms at -196 °C for three low temperature porous BN
samples (b); Typical vapour sorption isotherms (for methylcyclohexane) measured at 25 °C for
the same three porous BN samples; (c, d) Vapour sorption isotherms for different organic
solvents vs absolute pressures for two porous BN samples synthesised at low temperature (open
symbols represent desorption); (e) Equilibrium vapour sorption capacity in mg/g for porous
BN samples at 0.6 P/P.
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Sorption capacity vs surface area

Sorption capacity vs micropore volume
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Figure 6-12 (a) Vapour sorption capacity at 0.6 P/Po vs BET surface areas calculated from
nitrogen sorption analysis for three low temperature porous BN samples and one high
temperature sample; (b) Vapour sorption capacity at 0.6 P/Po vs micropore volume derived
from nitrogen sorption analysis for the same four BN samples.

In conclusion, organic vapour sorption strongly depended not only on the micropore volume
of the porous BN, but also on its chemistry. Porous BN materials with lower oxygen content
and higher hydrophobicity showed higher vapour adsorption capacities. The mechanisms of
adsorption were identified as: 1) physisorption, mainly depending on the surface area and
micropore volume; ii) m-m interactions between porous BN and aromatic molecules, as
indicated by the higher adsorption capacity for toluene; iii) hydrophobic/oleophilic
interactions, as indicated by the higher capacity for high temperature BN.

6.3.3 Water cleaning

Dyes and oils are common contaminants present in water and their removal is of the utmost
importance for water purification applications.'?%2!! Porous BN materials demonstrated higher
affinity to aromatic solvents in the previous section, therefore it was hypothesised that porous
BN would perform well in the removal of aromatic dyes from water. Here, porous BN materials

with different porosity/chemistry were tested for dye sorption and oil/water separation.

6.3.3.1 Dye sorption

The dye removal capacity was evaluated at different times and curves representing
concentration of dye in water vs time are reported in Figure 6-13 for both MO and RhB. Porous
BN (BN-US5) removed up to 90 % of MO from water within 4 hours (Figure 6-13a), which is
the highest sorption capacity among the BN samples studied, despite this sample exhibiting the

lowest surface area and micropore volume. For short adsorption times, BN-MU1:5, with higher
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micropore volume and surface area, exhibited the highest sorption capacity for MO, while for
longer exposure times the trend was reversed (Figure 6-13a). It is hypothesised that this could
be due to the higher instability of the high surface area BN (BN-MU1:5) in water, as discussed
in Chapter 6, which may cause a reduction in surface area with time. Interestingly, porous BN
samples exhibited a similar trend when used for the removal or RhB from water (Figure 6-13c).
However, in this case, RhB was fully removed from water within 2 hours. The higher sorption
capacity for RhB compared to MO could be attributed to stronger polar interactions between
BN and RhB, which is a cationic dye, compared to MO which is anionic. This result suggested

that porous BN materials had a basic surface character at the pH of the analysis (~7).!%°

The recyclability of porous BN was evaluated by regenerating the two best performing samples
for MO and RhB adsorption and repeating the dye sorption tests in the same manner. The
results of these recycling analyses are reported in Figure 6-13e. A decrease in dye uptake was
observed (about 10 % for RhB and 20 % for MO). The higher decrease in dye uptake for MO
was explained because of the incomplete decomposition of the dye at 600 °C. The dye sorption
results for BN-US5 after regeneration are reported in Figure A4.3f Appendix 4. The general
decrease in dye sorption capacity after regeneration was attributed to the decrease in surface
areas and pore volumes because of BN decomposition in water via hydrolysis. Interestingly,
regenerated BN-US5 showed higher removal capacity for MO at short adsorption times
compared to the same sample prior to regeneration, which was attributed to finer particle sizes
and therefore better dispersibility. Surprisingly, despite the huge decrease in surface area for
BN-MU1:5 after regeneration (from ~1600 m?%/g to ~20 m?/g, discussed in Chapter 6), the
material could still adsorb up to 90 % of RhB (Figure 6-13e).

The sorption of RhB from water was tested also on high temperature porous BN materials,
which exhibited lower oxygen content, increased water stability and hydrobophicity and a
fewer defects (Chapter 6). The dye sorption results for all samples are shown in Figure 6-14a.
Generally, samples synthesised at high temperature showed a higher removal capacity for RhB
(Figure 6-14a). This result was attributed to both a higher water stability of high temperature
BN (Chapter 6) and an increased amount of graphitic BN, improving the propensity for n-nt
stacking interactions with the dye. RhB was almost completely removed from water within 1 h
when the highest surface area samples were employed (BN-MU0.25:5-1500 °C or BN-MU1:5-
1500 °C). The lowest surface area sample, BN-U5-1500 °C, also fully removed RhB from

water, but at a decreased rate (2 h).
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Dye sorption on low temperature BN
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Figure 6-13 Dye sorption tests for porous BN samples with different pore structures for the
removal of two different dyes: Methyl Orange (MO) and Rhodamine B (RhB).(a,c)
Concentration of dye vs time,(b,d) UV-Vis spectra for the best performing samples and (e) dye
removal performance before and after recycling the samples for the two best porous BN
samples for RhB (BN-MU1:5) and MO (BN-U5S).

The better performing high temperature sample (BN-MUO0.25:5) was regenerated at 600 °C in

air and employed for a second adsorption cycle. It must be noted that after regeneration the

sample had the form of a very fine powder. The results for the 1% and 2™ sorption cycle on BN-

MUO0.25:5 at high temperature are reported in Figure 6-14c, d. After regeneration, porous BN
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showed better adsorption performance at short exposure times, which was explained because
of the better dispersibility of the fine powder in water (similarly to what was previously
observed for BN-US5 synthesised at low temperatures, Figure 6-A3f). At higher exposure times,
both samples completely removed RhB from water, with no decrease in adsorption capacity.
This was attributed to the higher stability of high temperature BN samples in water, which

showed little/no decrease of surface area after regeneration.

Dye sorption on high temperature BN
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Figure 6-14 (a) RhB removal capacity vs time for porous BN samples synthesised at high
temperature (1500 °C);(b) UV-Vis absorption spectra for RhB solutions collected at different
times from a sorption experiment performed with BN-MU0.25:5-1500 °C.

In conclusion, dye sorption was attributed to multiple mechanisms: i) physisorption, as
indicated by a higher sorption capacity for high surface area samples (when BN materials with
higher water stability were employed); i1) n-m stacking between the dye molecules and the
porous BN materials; iii) polar interactions between BN and the dyes, as indicated by a higher

affinity for cationic RhB compared to anionic MO.
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6.3.3.2 Oil spills cleanup

Porous BN samples with different pore structures and similar chemistries were tested for oil
sorption (more or less viscous crude oils). It must be noted that when porous BN materials were
employed for oil sorption in the literature, different sorption mechanisms were observed: 1)
adsorption (related to the surface area), ii) capillary effects, filling the larger pores and iii)
filling of the spacing between the 2D sheets in BN, causing swelling of the material.!?’ Porous
BN materials with low surface areas and micropore volumes showed a high oil sorption

capacity, suggesting micropores are not a necessity for oil sorption applications. 121122

A rough estimate of the gravimetric sorption capacities for porous BN samples is shown in
Table 6-2. For CrudeA, with relatively low viscosity, higher surface area samples (BN-
MU1:5> BN-MUO0.25:5 > BN-U5) showed higher oil sorption capacities. However, when a
higher viscosity crude oil was employed (CrudeB), little/no adsorption was observed for high
surface area samples and the only sample which showed adsorption was BN-US5. This was
attributed to the presence of a large amount of mesopores in the sample, which could adsorb
the large hydrocarbon molecules present in the high viscosity crude.

Table 6-2 Gravimetric crude oil (with different viscosities) sorption capacities for three BN
samples with different pore structures.

BN-U5 BN-MU0.25:5 BN-MUI:5
CrudeA (low viscosity) ~ 600 wt. % ~ 780 wt. % ~1000 wt. %
CrudeB (high viscosity) ~ 650 wt. % NA NA

The best performing porous BN material for the removal of CrudeA (BN-MUI1:5), was
employed in a oil/water separation experiment (Figure 6-15). In less than 2 minutes roughly all
of the oil was cleared from the water with a sorption capacity of ~750 wt%, which is slightly
lower than the estimate shown in Table 6-2. This was attributed to competitive adsorption with

water.

These results allowed us to conclude that porous BN materials could potentially be employed
in the removal of crude oil from water. However, the removal efficiency strongly depended
upon the type of crude oil and regeneration tests need to be performed. In order to optimise
porous BN materials for crude oil sorption, macro- and mesopores should be introduced into

porous BN materials in order to allow for better diffusion of the oils into the BN samples.
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Figure 6-15 Crude oil (CrudeA) sorption from water using porous BN (BN-MU1:5).

6.4 Conclusions

Porous BN materials showed relatively low CO2 and CH4 sorption capacities at low pressures
(<1 bar). The CO> sorption mechanism was mainly attributed to physisorption and linearly
increased with the materials’ micropore volumes (highest sorption capacity of 1.6 mmol/g at

25 °C and 1 bar);

Porous BN was also tested for CO; sorption at high pressures (up to 20 bar). The capacity of
BN was comparable to other commercial adsorbent materials (~8.3 mmol/g at 20 bar and
25 °C), even after pelletisation. The heat of adsorption for BN was calculated to be ~19 kJ/mol

and matched well with simulations found in the literature.

Porous BN materials showed high sorption capacities for organic solvents, comparable to
commercial activated carbons in the case of toluene adsorption. However, low selectivity
between organic solvents was observed. All types of BN materials showed higher sorption
capacity for toluene, likely due to BN’s ability to form m-m interactions. High temperature
porous BN materials showed higher organic solvent sorption capacities, which was attributed

to higher hydrophobicity/oleophilicity, less defects and lower oxygen content.

Following on from the organic vapour tests, porous BN materials were tested for the removal
of aromatics from water (dye removal of RhB and MO) and showed a stronger affinity for
cationic dyes. High temperature porous BN samples showed higher dye sorption capacity and

cyclability, with no decrease in removal capacity after regeneration. This was attributed to the
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higher water stability of the materials. After regeneration, porous BN performed better at low
adsorption times, suggesting that grinding the materials into fine powders helped the kinetics

of adsorption;

Finally, porous BN materials showed promise in crude oil removal tests, although the results
were preliminary and a more in-depth investigation is necessary in order to draw further

conclusions.
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Chapter 7: Conclusions and

Future Plans

7.1 Findings and achievements

In Chapter 4, the synthesis parameters of porous BN were studied and their impact on BN
structure, porosity and chemistry investigated. These parameters include: nature of precursors,
molar ratios of precursors, intermediate of reaction preparation, synthesis temperature and
synthesis ramp rate. A systematic variation of the synthesis parameters resulted in porous BN

materials with different structure and/or chemistry.

In Chapter 5, a method to obtain highly porous BN with tuneable micro- and mesoporosity was
described. This method was based on the use of an additional N-containing precursors which
acts as a porogen during decomposition. By employing precursors in a variety of molar ratios
and ensuring they had different decomposition temperatures, the fine-tuning of BN textural
properties was achieved. This new method was reported in ACS Nano and a corresponding
patent was filed. A scale-up of this synthesis method (up to ~gram-scale) is currently in
development with a third-party company and BP are interested in testing the porous BN for

various applications in separations and catalysis.

The stability of porous BN was evaluated in Chapter 6. While the material exhibited good
mechanical and thermal stabilities in comparison to carbon-based equivalents (e.g. activated
carbons), it was found to be sensitive to the presence of water and moisture, leading to its
degradation. The water-instability of BN was shown to depend upon its chemistry, the presence
of defects and the porosity of the material. Porous BN materials with significantly higher
stability were produced by synthesising the material at higher temperatures (1500 °C). A

manuscript is currently being reviewed by industrial partners.

In Chapter 7, preliminary sorption tests were conducted in gas phase, vapour phase and liquid
phase. Porous BN proved promising for high pressure CO» adsorption applications and it was

shown that CO; sorption capacity increased with increasing micropore volumes. Porous BN
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also performed well in oil removal from water. Finally, porous BN was also tested for the first
time for organic vapour sorption with distinct, albeit low, selectivity between different solvents.
The sorption capacities for organic solvents were linked to both: 1) BN pore structure; and ii)
BN chemistry. Porous BN synthesised at higher temperatures showed increased uptake
capacity for organics compared to those produced at lower temperatures, attributed to higher
hydrophobicity/oleophilicity and higher crystallinity. This study allowed us to better describe
the mechanisms of adsorption and link them to the material’s properties. A manuscript is

currently in preparation.

Overall, the porous nature and water stability of BN were improved during this research
project, taking BN one step closer to successful industrial implementation. The method to fine-
tune porous BN opens the door to tailored adsorbents analogous to successful carbonaceous

materials and begins to make BN a competitive alternative to many leading porous materials.

7.2 Future plans

7.2.1 To produce stable BN materials via control of structure and chemistry

It was previously demonstrated that porous BN contains oxygen atoms within the structure (5-
10 at.%). An increasing oxygen content can potentially reduce BN’s chemical stability (in
aqueous environments) and affect its adsorption and catalytic performance. Hence the
reduction/elimination of the oxygen content is of key interest. The oxygen content can
potentially be reduced via careful selection of precursors, molar ratios and synthesis
temperatures. Alternatively, porous BN hydrophobicity may be increased via chemical routes
for “blocking” the oxygen atoms. Porous BN hydrolytic stability and adsorption performance
needs to be studied for all of the samples produced. A gravimetric analyser can be used to study
the chemical stability of porous BN under different conditions (i.e. different relative humidity/
temperatures) by monitoring the change in sample mass and its full characterisation before and
after analysis. This will allow for a better understanding of porous BN stability for use in

specific applications.

7.2.2  To structure porous BN into valuable products.

Formation of pellets is a requirement for industrial utilisation of powder adsorbents, in order
to avoid pressure drops in adsorption columns and to allow for easy handling. Porous BN

powders can be structured into bulk materials (i.e. pellets as demonstrated in Chapter 5)
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exhibiting hierarchical pore structures and high mechanical stability. Furthermore, pellets can
be formed both with and without the use of binders. The mechanical stability of the pellets
needs further evaluation in order to establish how well pellets maintain their structural integrity
with subsequent adsorption-desorption cycles. Moreover, the pore structure of porous BN both
before and after pelletisation need to be evaluated. Finally, porous BN pellets need to be tested
for industrial applications to identify potential in the areas of separations and catalysis, in which

BN may have the potential to surpass existing technologies.

7.2.3  To scale-up the synthesis of porous BN

The initial scale-up of BN production (to 10-100 g) is already underway with a third-party
company in collaboration with BP. The material will need to be fully-characterised after
scaling-up in order to demonstrate the successful synthesis of porous BN at scale, while still

maintaining its desirable porous properties.
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Appendix 1
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Figure A1.1 XPS survey spectrum for BN-U5-phys mix.
100 :
1390 cm™ 775 cm™’
80 |
£ !
8 E
c 604 y
© |
= :
= 1
n
S
= 40
20

T L T ¥ T T L3 T % T .3 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure A1.2 FTIR spectrum of INT-U5-0-250.
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for intermediates deriving from urea and boric acid mixtures, (c, d) intermediates treated at
250 °C under nitrogen,(e, f) porous BN derived from the same intermediate treated at 1050 °C
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Study of the effect of ramp rate on porous BN: synthesis procedure

BN-MU1:5 was prepared via a multiple N-precursor method, whch will be described in detail
in Chapter 5. Melamine:urea: boric acid in a 1:5:1 molar ratios were mixed and ground. The

precursors where then heat-treated at 1050 °C under nitrogen gas flow 50 cc/min for 3.5 h and

the temperature ramp rate was varied: 2.5, 5, 10, 15 °C/min.
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Figure A1.4 TGA curves with thermal decomposition of BN-MU1:5 precursors at different
temperature ramp rates under nitrogen gas flow.
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Appendix 2

Figure A2.1 SEM images of (a) porous BN pellet (BN-MU1:5) and (b) porous BN (BN-
MU:5) powder.
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Figure A2.2 (a,b) TEM images for porous BN pellet after grinding it; (c-¢) TEM images for
porous BN powder. The inset in Figure e shows a typical triangular vacancy for h-BN.
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Appendix 3
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BN after regeneration _A_\J—

N1s

100+ Rhodamine B ——
80+

60

Mass (%)
Intensity / a.u.

40 -
no residual mass

20+ B 1s
Untreated BN O1s
e e o o) BB

T T T 5 T
T T T T T T
0 200 400 600 800 1200 1000 800 600 400 200 0
Temperature (°C) Binding energy / eV

Figure A3.1 (a) TGA thermal decomposition pattern for Rhodamine B in air up to 900 °C
(10 °C/min); (b) XPS survey spectrum for a typical porous BN sample (BN-MU1:5-1500 °C)
before and after RhB exposure and regeneration at 600 °C in air.

Exposure to water via sonication and full evaporation

Methods

Low temperature porous BN (BN-US5, 500 mg) was dispersed in 50 mL of DI water and
sonicated in an ultrasonic bath at 37 KHz in pulse mode for 7 hours. After 7 hours the water
was fully evaporated at 65 °C on a hotplate and further dried in the oven overnight at the same
temperature. The product obtained was then characterised with XPS analysis (Figure A3.2) to

confirm the decomposition reaction.
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Figure A3.2 (a-c) XPS high resolution spectra for porous BN (BN-UY) after exposure to water
via sonication and full evaporation, (d) relative atomic percentages deriving from XPS analysis.

Low temperature BN after humidity exposure

All low temperature BN samples were characterised with nitrogen sorption isotherms at -
196 °C (Figure A3.3) after exposure to water vapour. Similarly to what was observed after
exposure to liquid water, the sample with higher micropore volume and surface area (BN-
MU1:5) showed more significant decreases in nitrogen uptake at low pressure. The textural
parameters for all samples are reported in Table A3.1 and show a decrease in BET surface areas
and micropore volumes upon exposure to moisture. Although the degree of hydrolysis is much
smaller when samples are exposed to water vapour rather than aqueous solutions, BN still
exhibits a degree of instability. It must be noted that the analysis time was about 50 h for all
samples during water vapour sorption. Interestingly, the mesopore volume increased slightly
after exposure to moisture. It is hypothesised that degradation of the fine structure of
micropores leads to the formation of larger mesopores, resulting in increases in mesopore
volume. The crystalline structure of the samples before and after exposure to moisture was
analysed via XRD (Figure A3.4), which showed little/no changes. Finally, the chemistry of the
samples was analysed after exposure to moisture using XPS analysis. Relative atomic

percentages deriving from XPS are reported in Figure A3.5. Little/no chemical changes were
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again detected, which is attributed to the low extent of decomposition of the samples, and their

localisation inside the micropores.
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Figure A3.3 Nitrogen sorption isotherms at -196 °C for low-synthesis temperature BN: (a)
untreated, (b) after exposure to water vapour and regeneration, (c-¢) untreated and after
humidity exposure.

Table A3.1 Textural parameters deriving from nitrogen sorption isotherms at -196 °C for

porous BN samples before and after exposure to water vapour at 30 °C and regeneration at
250 °C (*).

Sample Seer(m%g)  Vit(cm’/g)  Vmicro(cm®/g)  Vimeso(cm®/g) ~ %mic
BN-U5 1092 0.927 0.444 0.483 48
BN-MUO0.25:5 1339 1.026 0.545 0.481 53
BN-MU1:5 1650 1.120 0.660 0.460 59
BN-US5 * 1048 1.096 0.404 0.692 37
BN-MU0.25:5 * 1006 0.948 0.395 0.553 42
BN-MU1:5 * 988 0.854 0.383 0.471 45
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Figure A3.4 Crystalline structure of porous BN before and after exposure to moisture. XRD
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regeneration at 250 °C.
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Figure A3.6 XRD patterns for two porous BN samples (BN-MU1:5) synthesised at low
(1050 °C) and high (1500 °C) temperatures.

Figure A3.7 High resolution SEM images of porous BN BN-MUIL:5 synthesised at low
(1050 °C) (a) and high temperatures (1500 °C) (b). Scale bars represent 400 nm.
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Figure A3.10 SEM-EDX images and spectra for porous BN-MUI1:5 synthesised at (a,c)
1050 °C and (b,d) at 1500 °C.

High temperature BN after humidity exposure

Nitrogen sorption at -196 °C were collected on high temperature BN samples after exposure to
moisture to see if any structural changes occurred and XPS analysis to see if any chemical
changes occurred (Figure A3.11). In general, despite the long analysis times >100 h, high
temperature BN samples exhibited significantly improved stability to moisture, compared to
low temperature BN, despite the analysis time for vapour sorption being longer. The sample
exposed to water vapour for the longest amount of time (BN-U5-1500 °C, >200 h) showed
higher decrease in surface area and higher increase in oxygen content. This could be explained
by a change in the samples chemistry, such as the formation of —OH groups with increasing

moisture exposure time, gradually increasing the sample’s hydrophilicity.
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Appendix 4
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Figure A4.1 (a,b) CO; sorption isotherms with Langmuir-Freudlich fittings for 2 different
temperatures;(c) plot of In(P) vs 1/T for selected CO> loadings, fitted with linear fit and used
to calculate heat of adsorption and entropy.
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