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ABSTRACT

This thesis develops our understanding of the experimental variables, and viability, for the film
production of primarily hexagonal boron nitride (hBN). This is initially achieved by a successful
investigation of the dispersibility and deposition of hBN analogous carbon nanotubes (CNT) to create
films by the novel combination of CNT reduction and electrophoretic deposition (EPD). This process is
then successfully, and for the first time, applied to boron nitride nanotubes (BNNT) and 2D boron
nitride platelets (BNP). The reduced dispersion for EPD process bypasses the traditional need to
oxidise the starting nanomaterial which can damage the materials’ nanostructure. However, any
comparative study for the oxidation of hBN materials is problematic as these processes are an
underdeveloped field of research. The latter sections of this thesis therefore show that traditional acid
oxidation methods used for carbon nanomaterials are ineffective at functionalising, dispersing and

depositing the more inert hBN materials.

The novel and improved method for neat CNT film production is first developed by the combination
of two established techniques: the electrochemical reduction and suspension of single walled carbon
nanotubes (SWCNT) by sodium naphthalide (NaNap), and the charged particle coagulation of EPD.
This ‘reduced dispersion for EPD method’ creates SWCNT films of controllable thicknesses (0-14 um),
in short amounts of time (5-120 s) and requires low field strengths (1-5 V cm™) to do so. The final
nanomaterial products are conductive, mechanically strong, and thermally stable SWCNT films which
crucially retain the nanostructure of their initial starting material without the need for additional
chemical modification, additives or binders. Free-standing examples of these materials are compared
to samples made using the traditional oxidation-based methodology and are found to be mechanically
weaker (8.4 vs 14.9 MPa Youngs modulus) and poorer electrical conductors (229 S cm™ vs 694 +18 S
cm?). This is due to the thicker films containing void spaces caused by the removal of sodium crystals
during the post-EPD washing of the samples and thereby increasing the porosity and reducing the

density of the material.



This thesis then shows the first reductive dispersion and first EPD of BNNT. It is found that the charge
ratio on BNNT is significantly lower (<41gn:1na) than for CNT (5¢:1na) and subsequently EPD deposition
rates are slower (2.03 ug cm2 min). It is hypothesised that this causes the resultant BNNT films to be
thicker than CNT (up to 35 um). The nanotubes within films are proved to have near identical
nanostructures to their starting materials showing that the dispersion and EPD processes were none-
damaging. However, the similar film density of these materials to CNT equivalents (0.31 g cm) and

poor mechanical performance imply similar issues with film porosity.

Finally, various solution-based acid etching techniques and methodologies described across literature
for carbon nanomaterials are applied to BNP which are shown to be inert to these conditions.
Dispersion of these materials is still achieved by bath sonication which is shown to the most effective
benchtop method for doing so (concentrations up to 0.232 mgsy mLiral). EPD of the resulting
suspensions was slow and produced negligible hBN films leading to the conclusion that this is not an
efficient method of film production, especially when compared to the reduced dispersion for EPD

method developed previously in this work.
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1. Introduction

1 INTRODUCTION

1.1 BACKGROUND TO RESEARCH

The nanomaterial graphene? is comprised of a single 2D layer of hexagonally bonded, sp? hybridised,
carbon atoms which stack on top of each other in an ABA Bernal stacking to form graphite.? The sp?
hybridised carbon atoms in graphitic materials all contain a delocalised electron in their pi orbitals
which are free to move across the entirety of the materials plane thereby making them electrically
conductive.® Officially assigned in 1991* as ‘helical micotubles’ of graphitic carbon, carbon nanotubes
(CNTs) have the structure of a rolled-up graphene sheet, seamlessly connected along the axis of a long
tube capped at both ends by fullerene hemispheres of equal radii to the cylindrical tube. The angle at
which this hypothetical graphene sheet is wrapped to create a seamless cylinder is designated by the
terms (n,m) which describe zig-zag (n,0), armchair (n, m=n) and chiral (all other values) CNT structures

(Figure 1.1)°, the latter have been found to form tubes of lower thermal® and electrical’ conductance.
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\ /
Al 7

Figure 1.1 Visual representation of flattened CNT. Chirality is designated by which point on the sheet
when rolled meets with the point [0,0] so that the vector between them makes the circumference of

the formed tube. Chair (red) and Zig-zag (blue) chirality’s are highlighted.

Image credit: J Ballentine et al.”

Boron and nitrogen atoms when bonded exclusively to the other element have the same valence
structure as pure carbon and so share many of the structures and properties of these carbon
allotropes, but, due to the partially ionic nature of the B-N bond, are electrically insulating.® Boron
nitride can be found in four distinct forms: amorphous (aBN), wurtzite (WBN), cubic (cBN) and
hexagonal (hBN). As its name suggests, amorphous BN lacks any long-distance atomic structure or
organisation, but has been proposed for use in electronic applications® due to its reportedly high
breakdown voltage.’® Wurtzite BN has a distorted tetrahedron structure and is the only form of boron
nitride found naturally, while cubic BN (also designated 3-BN) is analogous in structure to diamond in
which each constituent atom is held by four covalent bonds. Due to its similarity in structure and
properties,’* ¢cBN is used in similar roles as diamond industrially’? and, like its carbon twin, is less

thermodynamically stable than its hexagonal form.
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Covalent bonds
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Figure 1.2 hBN atomic structure diagram showing three layers of hexagonally bonded BN stacked on
top of each other with alternate atoms eclipsing each other. This alternate stacking causes the

stabilisation of individual atoms and increases the energy of delamination.

Image credit: R. Dahal et al.13

Hexagonal boron nitride (hBN) consists of layers of planar, tri-bonded 2D BN sheets held together by
van der Waals forces and is often compared to graphite (even being referred to by some as ‘white
graphite’). However, it differs from the carbon allotrope as the atoms of different hBN layers fully
eclipse one another with nitrogen atoms directly above and below boron constituents of adjacent
sheets and vice-versa (Figure 1.2).1* This eclipsed stacking stabilises individual atoms within the
material and increases the energy required to exfoliate individual layers from the bulk material.
Theorised after the discovery of CNT** and proven practically soon after,®> hBN can also take the form
of nanotubes (BNNT) which again have the same nanostructure as their carbon-based CNT equivalents

and therefore exhibit many of the same properties but are electrically insulating.

The extraordinary properties of these nanomaterials are the reason for the interest in their potential
uses. Table 1.1 gives a brief overview of their physical properties. This shows that the physical strength
and thermal conductance of both bulk hBN and BNNT are very similar to that of their carbon

equivalents, while also being distinct from each other. This is partially because nanotube property
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estimates are derived from theoretical calculations and the bulk material properties are
experimentally determined. The scale of these values is due to the strong covalently bonded
nanostructure of the materials allowing stresses as well as thermal inputs to be spread across their
entire in-plane length. The out-of-plane conductance and strength compared to the in-plane of the
bulk 2D materials is less impressive but the small shear forces required to force stacked graphene/hBN
sheets to slip past each other is advantageous for use as dry lubricants, because of their subsequent

low coefficients of friction (0.08-0.18 for graphite® and 0.7 for hBN).Y

Material

hBN 8 Graphite ¥ BNNT CNT Graphene
Property
Youngs 1.22 £0.24 - ”n 095t01.1
Modtlus 36.5 GPa 27.6 GPa a0 1TPa Tpa 2
Thermal 600 in plane,

114 (plane

~ 2400 % 2000-6000 ** | 4840-5300 *°
not stated)

conductivity | 30 out of
(Wmtk?) plane

5.5 (insulating
Conducting independent
of chirality)®

Band gap 5.2
(eV) (insulating)

Dependant on

chirality Conducting

Table 1.1. Table of a selection of material properties. Note that many of these numbers are from

theoretical calculations and therefore may not be replicable in experimentation.

The chemical stability of these structures is also impressive compared to most organic polymers (eg
PTFE degrades at 508 °C)?® and carbon materials oxidise in air (to form CO,) at relatively high
temperatures with graphene oxide (GO, 558—616 °C), graphene (659-713 °C), graphite (841-949 °C)?*’
and CNT (~800 °C)® all burning at different points. hBN materials are even more resistant to heat and
decompose into boron oxide (B,0s3), causing samples to increase in mass (by about ~33%)%* when the
temperature rises to 1000 °C.% This increases further to 2500 °C in oxygen free environments although
this is dependent on the nitrogen content of the decomposition environment and is lower at low

pressure.®

As could be noted from the increasing temperature of degradation for increasingly multi-layered

nanostructures, the relative reactivity of these nanomaterials decreases with the addition of more
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layers.?” Not only do these layers sterically hinder chemical attack of lower layers, but they also donate
and accept electron density, stabilising the layers surrounding them.3! This is more pronounced for
the polar B-N bonded materials where the eclipse stacking of the hBN layers places oppositely
polarised atoms adjacent to each other, allowing more stabilisation and increasing the energy barrier

to reaction.

Due to these properties, carbon and BN nanomaterials have seen a massive surge in research interest
(graphene being the most published topic in materials since 2010),32 with CNT alone seeing proposed
uses across the fields of medicine,3 electronics, optics®®> and composites3® while hBN already has

industrial applications from the makeup industry®” to aerospace.3®

A subset of this work has focused on the production of films (both free standing and as coatings) made
from these nanomaterials and research into their applications, with CNT based materials being
proposed for uses in aeronautical composites,* catalyst supports,®® sensors,** biofuel cells** and
electrodes.”® hBN based films are less studied but have still generated interest for antibacterial

applications,* corrosion resistant coatings* and thermally conductive composites.*®

Many of the production methods for these films rely on the functionalisation and/or damage of their
constituent nanomaterials or require the addition of various other reagents which make the final
product impure. This traditionally takes the form of the nanomaterial being oxidised in acid "¢ to
produce a hydroxylated product more favourable to dispersion in solvent which can then be deposited
into a film. The damage to the materials’ nanostructure that this oxidation causes, as well as the loss
of yield from over-oxidation and post reaction purifications is problematic for applications where
specific or expensive nanomaterial films are required (eg. a specific nanotube chirality). Additionally,
reliable methods of solution based hBN oxidation have not yet been established within the field, so

investigations into this must also be conducted to improve our understanding of these systems.
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1.2 Aims oF WORK

This body of work will aim to improve upon the current state of nanomaterial film production. This

will be achieved by:

1. Developing a method that will create a pure nano-material film from CNT and hBN without
the need for damaging chemical functionalisation or complicating additives.

2. Comparing these films to those made by the traditional acid oxidation route to verify the
validity of this novel production method.

3. Establishing an hBN acid oxidation procedure by applying the traditionally used methods of

CNT hydroxylation used in film production.

1.3 STRUCTURE OF THESIS

1.3.1 Literature Review

The first chapter will summarise current literature covering the functionalisation, dispersion and
deposition of hBN and CNT nanomaterials which is required to understand, and put into context, the
work undertaken and presented in the subsequent chapters. Current dispersion methodologies will
be introduced and evaluated, with reductive dissolution shown to have advantages over traditional
oxidative functionalisation methods. The numerous approaches through which this can be achieved
that will then also be introduced. Finally, the various methods to produce nanomaterial films will be

described, with an emphasis on the theory of EPD.

1.3.2 Characterisation

Following the introduction of the scientific background to the experiments in this thesis, the theory
and methodology used to characterise the resulting samples are described. Characterisation theory,
sample preparation, data collection and its subsequent manipulation are presented for SEM, EDS,

Raman, Thermal conductivity, XPS, TGA, IR, profilometry, XRD, UV-Vis and BET.
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1.3.3  Electrochemically Reduced SWCNT for EPD

The first experimental chapter of this thesis presents a novel and superior method of SWCNT film
preparation by conducting electrophoretic deposition (EPD) on negatively charged CNT dispersions.
The mechanical strength and electrical conductivities of these films are shown to be comparable to
traditionally produced oxidised dispersions but are completed using less time, lower field strengths
and with higher yields. Additionally, it will be shown that this method produces a pure product with

no nano-structural damage compared to the starting material.

1.3.4 Reduced h-BN Dispersion and EPD

The reduced dispersion for the EPD method developed in the previous chapter is successfully applied
to hBN nanotubes. The BNNT starting materials are introduced and characterised and then shown to
not charge and disperse to the same degree of their CNT equivalents. Because of this this, films
produced by EPD are shown to have lower deposition rates but maintain the nanostructure of their
starting material. However, to compare these results to the traditional oxidation-based dispersions, a

simple hBN oxidation procedure is found to be required.

1.3.5 Acid Oxidation of BNP

This chapter describes a series of solution-based acid etching experiments that attempt to
modify/functionalise 2D hBN platelets (BNP), which were used in the place of the less abundant and
more expensive BNNT. Initially, acid mixtures alone are used to try to oxidise the hBN surface, but it
is shown that these are ineffective despite their wide use in carbon nano-chemistry. Similar
experiments, whereby the BNP are kinetically cleaved by sonication in the presence of these oxidising

agents, are also shown to be ineffective at producing hydroxylated hBN.

1.3.6 Dispersion of BNP
The final chapter details attempts to exfoliate BNP into solution and conduct EPD on the resulting
dispersions. Bath sonication is experimentally determined to be the most efficient benchtop method

for BNP dispersion. The resulting suspensions are then used for further acid etching experimentation
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that show no significant oxidative functionalisation. All previous BNP acid oxidised samples from
chapters 6 and 7 are then dispersed into various solvents and the concentrations of these suspensions
used as the final evidence for the inert nature of hBN to the solution-based oxidation reactions. EPD
of these same suspensions is shown to be possible, but inefficient compared to the reduced dispersion
for the EPD method developed in chapters 4 and 5, which is also applied to the BNP. This shows
significantly increased deposition rates but also forms an uneven and mechanically weak hBN film due

to the morphology of the BNP starting material.

1.3.7 Conclusions and Future Work

The conclusions drawn from the work conducted for this thesis will be summarised for each
experimental chapter. Future work will then be suggested based on preliminary studies that have
already been completed in conjunction with the work thus far. Recommendations include the use
heteroatom doped nanotubes as a feedstock for the reduced dispersion for EPD method and boron

nitride nanofibers (BNF) as a potentially more reactive form of hBN for functionalisation experiments.
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2 LITERATURE REVIEW

2.1 DISPERSION OF NANOMATERIALS

An important initial step for the use of nanomaterials in many applications is their dispersion into
solution. This allows homogenous mixing with other materials or reagents for even coatings of
functionalised additions. The surfaces of boron nitride and carbon nanomaterials do not interact
favourably with many solvents and prefer to agglomerate together due to strong inter-nanomaterial
Van der Waals forces (16.36 meV A2 and 95.16 meV A for graphene-graphene and CNT-CNT
interactions respectively).* Experimentally derived Hansen solubility parameters® for hBN (17-19 8D,
4-10 8P, 4-10 8H)®! and fullerenes (19.7 6D, 2.9 8P, 2.7 8H)*2 re-iterate this problem as very few room
temperature liquids (especially common polar protic solvents such as water) exist within the same
region of Hansen space. Overcoming these issues has led to a diverse range of tactics being proposed,
these methods can be broaldy categoraised into three main approaches: kinetic separation, adsorbed
solubilising agents and surface functionalisation. The most recent addition to these methods is the

use of charge to reductively disperse materials.

2.1.1 Kinetic Separation

The use of sonication, or shear mixing, has commonly been used to physically separate and
individualise nanomaterials, thereby pushing them into a suspension. hBN materials have been
reported to produce dispersions in water (0.26-0.32 mg mL™%), DMF (0.34-0.52 mg mL™%)>® and IPA
(0.04°* - 0.06°> mg mL?) using sonication alone, while SWCNT have shown similar concentrations in
DMF (0.022 mg mL?).>® Dumée et al.’” showed that it is possible to increase the efficiency of these
dispersing processes by conducting them at lower temperatures (-17 °Cin IPA) as this reduces the Van
de Waals forces holding the nanomaterials together and may also increase the viscosity of the solvent

thereby slowing re-agglomeration.
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However, the large forces imposed on the nanomaterials during sonication can be damaging to the
dispersed materials’ nanostructure and results in the reduction of the aspect ratios of nanotubes.*®

Lee et al.”®

showed that sonication of BNNT for as little as 5h can cut the average length of tubes by
50%, and past 20h they are reduced to 10% of their original length. 2D materials have also been
observed to reduce in size, with studies using graphene® and BN sheets®! reporting significant
reduction in platelet dimensions after sonication. This damage can also lead to covalent bond
formation, as observed by Yang et al.®? who produced functionalised (carbonyl, alcohol and carboxylic)
MWCNT containing 2% oxygen after sonication in water alone. This has already been purposefully
applied to hBN materials®, but it should be noted that the damage caused by sonication leads to

higher nanomaterial surface areas and therefore an increased adsorbed atmospheric oxygen/solvent

concentration could also be responsible for these results.

Following the initial dispersion by sonication, many materials will begin to re-agglomerate. This re-
bundling process can be slowed by using viscous solvents/polymer melts to kinetically trap dispersed
CNTs.®* More commonly however, chemical stabilising agents are added to the solution to form a

thermodynamically stable suspension.

2.1.2 Adsorbed Solubilising Agents

The most common reversable adsorbed stabilising agents added to nanomaterial dispersions are
surfactants. The amphiphilic structure of these species allows one side of the molecule to adsorb to
the non-polar nanomaterial surface while presenting the other (usually hydrophilic) side to the solvent
where is has more favourable interactions and thereby stabilises the system. Common (anionic)
surfactants used in conjunction with polar protic solvents are SDS (sodium dodecyl sulphate), triton X-
100 (achieving up to 20 mgent ML) and SDBS (160 mgent mL1)%8. These dispersions are created with
a significant loss of initial starting material that does not become dispersed, with some studies (for
hBN) showing this yield as little as 2-3%.%” Work by Terao et al.®® uses catechin to illustrate that

molecules with non-traditional amphiphilic structures can also be used as stabilising agents, with the

10
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molecular additive containing both aromatic carbon rings that adsorb to BNNT (though Pi-Pi

interactions) and hydroxyl groups that interact with the surrounding environment.

Another approach to dispersion stabilisation through adsorbed additives is by polymer wrapping.
When in solution, a rigid nanotube/platelet will find itself wrapped/entangled by a large, flexible
polymer. When entangled, the surface chemistry of the nanoparticle is effectively that of the polymer
and so can be solubilised. C. Zhi et al.%° have demonstrated this by using poly[m-phenylenevinylene-
co-(2,5-dioctoxyp-phenylenevinylene)] (PmPV) to fully dissolve BNNTs with dimensions of up to 50 nm
by 10 um. It should be noted however that, due to the sonication process used to individualise the

nanotubes before wrapping, these dimensions are likely an over-estimate.

Adsorbed molecules on the surface of these nanomaterials can also be a drawback as they may hinder
subsequent functionalisation reactions as well as negatively affecting the electronic and material
properties of finished composites.”® Additionally, the previously mentioned SBDS study®® showed that
oxidised CNT (0.509 mmol/g -COOH and 0.199 mmol/g -OH) can be dispersed at greater yields than
with surfactant alone, demonstrating that covalent functionalisation of nanomaterials can be more

effective for dispersion.

2.1.3  Surface Functionalisation

As the main issue to overcome when forming stable BNP dispersions is poor solvent-nanomaterial
interactions, the most direct way to address this is to chemically modify the materials’ surface. This is
most commonly achieved using strong acids to oxidise nanomaterial surface, thereby improving the
interaction between the now hydroxylated surface and polar protic solvents to create high

concentration, stable suspensions.*

The various methods used to achieve these effects are explored further in section 2.2 where

the different techniques of functionalisation are compared and evaluated in greater depth.

11
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2.1.4 Reductive Dissolution

For CNT, reducing a nanotube by potentiostatic or chemical methods increases its Fermi energy level
and results in an overall negative charge across its structure.”* The mutual coulombic repulsion
between the introduced negative charges along individual nanotubes causes the spontaneous
exfoliation of the material into solution where it forms a stable dispersion. Shorter, defective CNTs
and amorphous graphitic impurities have been shown to diffuse into solution preferentially to higher
quality, undamaged CNT and so reductive dissolution also has uses as a purification method.”?
Pénicaud et al.”® used lithium metal and THF to charge CNT and successfully dispersed them in a
variety of polar aprotic solvents (NMF, DMF & NMP), achieving concentrations of 2.0 mgent gomso ™t in
DMSO and 4.2 mgent Esurfolane — in sulfolane. Voiry et al. 7* showed that it is valid to model the charged
nanotubide as polyelectrolytes and predicted that solutions could reach hypothetical concentrations
of 10 mg mL™ but experimentally saturated at 4-5 mg mL™. Reductive dissolution has been further
refined by Clancy et al.”> who used sodium naphthalide (in a DMAc solvent) as an intermediate
charging agent allowing the dispersion to occur in a single vessel and achieves concentrations up to

2.8 mgmL™,

DMFis }
DMSO ¢ —
HMPA | :
NMPi ¢ y
NM | -

PC

THF ¢
TMS ¢ 4
H20

[ T OO B 1 I WO T N T 1 TR R S N |

+4 +3 +2 +#1 0 -1 -2 -3 -4
Potential (V vs Fe/Fc')

Figure 2.1. An illustrative potential window diagram for common solvents. Note that although this
figure indicates at what reduction/oxidation potential a solvent will begin to break down, it does not

give information about the rate at which this breakdown will occur.

Image credit: lzutsu et al.”’

The naphthalide anion used in this latter method is thought to have a reduction potential of ca. -3.0V

12
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)’ and so is capable of reducing many reagents (eg.

(measured against standard hydrogen electrode
DMSO and DMF) which limits the range of solvents that can be used to those that have a suitably low
reduction potential.”” Solvent candidates can be selected by consulting the potential window of a
solvent (Figure 2.1) but this does not consider the kinetics and rate of reaction for the reduction

process, so systems first identified by this criteria must still be experimentally determined where it

has been found that THF and DMAc are both appropriate solvent selections.

2.2 NANOMATERIAL FUNCTIONALISATION

Due to their nature, the functionalisation of nanomaterials is often required before they can disperse
within, or bind to, other mediums. However, the majority of chemical modifications to a materials’
surface are predicated on defect site creation which disrupts the nanostructure of the starting
material. It should therefore be noted throughout this section that an increase in the functionalisation
of any given nanomaterial will be proportional to a decrease in that nanomaterial’s innate properties

(strength, conductance, etc.).

2.2.1 Oxidation

2.2.1.1 Air Oxidation

As previously explored (Section 1.1), both carbon and BN nanomaterials degrade at high temperatures
in the presence of atmospheric oxygen which, when conducted in a controlled manner, can lead to
partially oxidised products. Cui et al.”® reported that oxygen intercalates between the h-BN layers
when heated at 1000°C so that, when the resulting material is mixed with water, it hydrolyses and
exfoliates into a stable suspension of individualised nanoparticles. Chensha et al.”® also took this
approach to create oxidised CNT for capacitor applications, finding that tubes heated to 650 °C (for 20
min) doubled the materials’ capacitance to 48 F g*. However, this came at a significant structural cost,

as the nanostructure (especially the end caps) of the CNT was significantly damaged and the high

13



2. Literature Review

temperatures required, and concomitant energy costs, mean the process is not economically viable

for many industrial applications.

2.2.1.2 Radical Hydroxylation

A more niche method of oxidation was introduced by T. Sainbury et al.® who showed that BN
nanosheets can be covalently hydroxylated via a two-step radical reaction with di-T-butyl peroxide
(Figure 2.2). The peroxide bond degrades under high temperatures to form two oxygen radicals which
then covalently bond to a boron atom on the h-BN surface. The '‘Bu group is then removed with
hydrogen peroxide and acid to leave a B-OH functionality. This method requires significant amounts
of expensive reagents and is overly complicated compared to air oxidation and acid etching, so would
only be appropriate for small scale reactions where precise control over the extent of hydroxylation is

required.

(3} o 5 tbt hﬂ‘q‘ . " s {b)
E SN SRC AR
o* & 13 0 130°C, 250 T o° o 83 0 &
‘% ¢ 24 h e ¢ o
&
. "d: .
(@) A © @
@ . — ¢ "

H?D?]‘IH?SOJ. ) ‘
VE B i VLS

Figure 2.2. Reported two step hydroxylation of the hBN surface. (a) Starting reagents of BNNS and di-
T-butyl peroxide. (b) O-'Bu radical formation and attack on B site. (c) B-O-'Bu structure. (d) Final

hydroxylated product after the butyl group has been removed by acid and peroxide.

Image Credit: T. Sainbury et al.#

Taking advantage of a similar radical based methodology, but suffering from similar drawbacks, C. Zhi
et al.8! achieved hydroxylation on boron sites of BNNT with pure hydrogen peroxide in an autoclave
at 120 °C. The extent of functionalisation was confirmed by the reaction product being soluble in water

14
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up to 250 mg L' and these hydroxyl groups were used to perform a further esterification reaction with

a carboxylic acid to form B-CO;R

2.2.1.3 Acid Etching

The most widely used methods of oxidation use strong acids and extreme conditions to break the
materials’ nanostructure and insert carboxylic acid and hydroxyl functionalities into its surface. Work
by Rosca et al.8? typifies this approach and uses a high temperature (120 °C) and high concentration
nitric acid solution over long periods of time (24-48 h) to successfully oxidise MWCNT. This was
evidenced by the products’ increased solubility (20-50 mg mL™) but also led to low yields because large
amounts of the original sample were destroyed (60-90% loss). Ciofani et al.®¥ applied this nitric acid
approach to BNNT and produced anchoring hydroxyl functionality (Figure 2.3) onto which a
subsequent silanization reaction modified 15% of the material’s surface boron sites with 3-
aminopropyl-triethoxysilane (APTES). However, this research did not conclusively prove that B-O
covalent bonds had formed due to the nitric acid treatment as only the amount of silyl groups were
measured as proof of functionalisation which could have been adsorbed to the materials surface.
Additionally, other sources claim that BN is completely unaffected by nitric acid alone, to the extent

that it is used as a washing step to clean silver nanoparticles from BN samples.*

~

. /
BN+ 3NO; + 3H;0F —— B~OH HO, + 2NO+ 2NO,+ 3H,0
B- B-

Figure 2.3. Proposed reaction scheme of nitric acid with hBN to yield hydroxyl functional groups on

the surface boron sites of BNNT and gaseous by products NO, NO; and water.

Image Credit: G. Ciofani et a/.®

There is no doubt however, about the effectiveness of sulfuric/nitric acid mixtures to successfully
oxidise carbon nanomaterials. Santangelo et al.?> increased the ratio of H,SO4:HNOs and found it
increased the ratio of resulting carboxylic (acids and anhydrides) to other functionalities (lactones,
phenols, quinones/carbonyls and sulphonic groups) in the final product. Osorio et al.®® also

15
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investigated this methodology and found that HCl addition after H,SO4/HNOs treatment increased
total oxygen functionalisation. However, this may be due to the longer acidic environment exposure
time these samples experienced and not the specific addition of HCI. Use of purely hydrochloric acid
was shown by Datsyuk et al.¥” to be an ineffective oxidising agent while the same study suggested
piranha solution (a mixture of H,SOsand H,0;) treatment increased the carboxylic functionalisation of
CNT to 2.0 mmol gl Literature focused on the acid etching of hBN is sparse and S. Arya et al.®8 report
that the material is inert to all acid solutions apart from hot phosphoric acid, which etches the material
at 8 nm min™ at 130 °C and 15 nm min* at 180 °C. Despite this, Nazarov et al.>® applied H,SO4/HNO3
to increase the oxygen content of hBN sheets to ~4 %w: which led to good dispersions in both water
and DMF (also introduced in 2.1.1). These mixed results over the susceptibility of hBN to acid oxidation
make the case for further investigation and work presented in this thesis (chapters 6 and 7) will explore

this topic further.

2.2.2  Radical Reactions
Reduced nanotubes (as described in 2.1.4) act as both radicals and negative charges which can be
used for reactions that lead to a wide range of functionalities as demonstrated in Figure 2.4 taken

from work completed by A. Clancy et al.®®
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Figure 2.4. Schematic showing the breadth of potential carbon nanotubide reactions. Here are shown
the products of reactions with (a) alkyl/aryl halides, alkyl/aryl halides*, (b) peroxides, (c) di-
sulfides, (d) acyl chlorides, (e) N-halo-succinimides, (f) chloro-alkyl-silanes, (g) epoxides, (h) vinyl

monomers, (i) oxygen, (j) carbon dioxide, (k) DMSO, and (I) bromine.

Image Credit: A. Clancy et al.®

For the purposes of understanding this thesis, only two of these reactions are relevant: the reaction
with R-X halides (Figure 2.4.a,d,e & f) and with gaseous oxygen (Figure 2.4.i). The latter reaction can
form B-OOH or degrade into B-OH functionality, but it is more likely that the oxygen desorbs from the
nanotube surface, absorbing the negative charge to form a super-oxide anion which thereby
effectively oxidises the charged CNT back into its base, neutral state.?° It is by this reaction with oxygen
that excess, unreacted charge can be removed from a reduced nanotube system, but this also leads

to the re-agglomeration of the CNT dispersion.

The nucleophilic substitution (Sn2 reaction) of R-X by nanotubide (where R groups can be: alkyl/aryl,
succinamides,®? SiMes*) is very common and versatile. The exact mechanism of this substitution has

yet to be definitively proven, but a working model based on the side products of these reactions,® the
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mechanism of diazonium grafting,® and the reduction mechanism of naphthalide® has been proposed
(Figure 2.5)° which also explains the discharge of nanotubide during the grafting process. The halide
(X group) selected for this process is usually Br or Cl due to their high electronegativity (causing a

highly polar R-X bond) and their ability to form stable soluble ions in solution.

Figure 2.5. Proposed mechanism by which a charged nanotubide reacts with an R-X reagent. The
charged radical is transferred from the nanotubide (i) to R-X which then dissociates into separate
radical and charged species (ii). The radical R group then grafts to the surface of the CNT (iii) which
leaves a further radical remaining on CNT which is again transferred to R-X species (iv) or is quenched

by reaction with other radical R reagent in solution (v).

Image Credit: J. Ballentine et al.’

While the reduction and functionalisation of carbon nanomaterials is a well known, the application of
these techniques to hBN materials is an under-developed field. Theoretical DFT (density functional
theory) calculations conducted by H. Shin et al.”” showed that pristine single walled BNNT can receive
negative charges that are locally restricted to the empty p orbitals of boron atoms within the system.
This theory was then tested practically by the charging and functionalisation of BNNT with a bromo-
alkyl species (Figure 2.6), achieving a 15%.: addition of grafted hexane and proving that the charge
imposed on the hBN has both dispersive and reactive applications. However, no further research into

the charging ratios, dispersion potential or other group reactivity has been published on this subject,
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suggesting further gaps in our understanding. This is addressed in section 5.4.2.2 of this work where

a Br-Hex reaction is used to determine the charging ratio of BNNT.

Na*(THF), &\H
+ g )’1 + Bre~~v —
' a
-

Na*(THF), :Q Na*(THF),
4 o

pristine BNNT reduced BNNT alkylated BNNT

-

XD
LA
TIXS,

3?.’??{??’2

Figure 2.6. Scheme illustrating the reaction of Br-Hex with reduced BNNT. The reduction of BNNT by
sodium naphthalide (in THF) leaves negative charges isolated on the BNNT nanostructure. These
negative charges act as the nucleophile in an SN2 substitution reaction which form a B-Hex bond and

NaBr salt.

Image credit: H. Shin et al.®’

2.3  NANOMATERIAL FILMS

A common process utilising dispersions is the production of films and coatings where graphene, CNT,
hBN and BNNT are commonly deposited onto a surface to create products of or containing that
nanomaterial. For carbon nanotubes, these films are called bucky-papers or bucky-films (in reference
to buckminster fullerenes) and can be thin coatings or free-standing films. These films are strong,
flexible, chemically inert, thermally conductive and either electrically conductive (carbon) or insulating
(hBN), this is due to the innate properties of their constituent nanomaterials, which have numerous

potential applications (See section 1.1).

There exists a wide range of methods by which these films can be created®® each of which impacts on
the extent the macro-material can emulate the properties of its constituent parts. For example, the
tensile strength and modulus of CNT are as high as 37 and 640 GPa,* while these values for the typical
bucky paper are only ~10 MPa and ~1.2 GPa.'® This section will therefore introduce and comment

on multiple film production methods.
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2.3.1 Filter Deposition

The oldest and most popular method for the manufacture of free standing nanomaterial films dates
back as far as 1998°! and relies on the slow vacuum filtration of dispersions in which the material
slowly sediments.’® This is the most common method used at an industrial scale’® but is slow and
the resulting films are poorly compacted® making them fragile. This can be partially counteracted by
the modification of the nanotubes used as Zhang et al.1®® demonstrated by increasing a SWCNT film’s
tensile strength (10 to 74 MPa) and modulus (0.8 to 5.0 GPa) by acid etching of the starting
nanomaterial. It should be noted however, that this did come at the expense of the film’s electrical

conductivity (30 kS m?to 12 kS m™?).

2.3.2 Casting
The simplest method of casting is to place a nanomaterial dispersion onto a substrate and allow the

106 or ambient conditions.?” As the solvent evaporates, the suspended

solvent to evaporate in an oven
material becomes more concentrated and begins to interact with itself, which has been reported to

result in the self-assembly of structures such as the GO/Ag Janus films reported by E. Ou et al.1%®

Generally used for thinner coatings, drop casting is the process whereby small amounts of a
nanomaterial dispersion are dropped onto a (sometimes heated) surface and allowed to evaporate.
However, drop cast films can easily be uneven as shown by R. Duggal et al.?®® Thicker (100 nm) ‘coffee
stain’ rings of deposition can form at the edges of where dispersion droplets were initially placed on

the substrate.

To cast even films, a doctor blade can be used to apply the nanomaterial dispersion at an even
thickness as it is coated on a substrate prior to drying. C. Xie et al.}¥° used a glass rod in this role to
create CNT films for lithium-sulphur battery cathode materials of controlled and even thicknesses (57,
132 and 180 um). However, a doctor blade method is less effective for thinner films or less viscous

dispersions for which spin coating is more appropriate (Figure 2.7).
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Figure 2.7. Diagram of a generalised spin coating technique. A nanomaterial containing dispersion is
applied to the substrate that is spinning such that an even layer of the solution coats it. The solvent

then evaporates leaving the nanomaterial only. This then can be repeated to form multi-layered

materials.

Image Credit: Z. Khan et al.%®

N. Sahu et al.''' summarise the process of spin-coating into four stages. First, the dispersion is
deposited onto the centre of the substrate. Secondly, the liquid is spun so that it is spread across the
substrate with the excess being lost to the sides. Next the even coating of the dispersion thins
proportionally to its viscosity until it enters the final stage where the thinning of the covering is
dominated by the evaporation rate of the solvent. By varying the spin rate, dispersion viscosity and
solvent evaporation rate, you can therefore control the film thickness with high precision as Z. Khan
et al. have summarised for GO films.%® However, spin coating is only appropriate for small scale,

horizontal and flat coatings production and so does not have potential for industrial application.

2.3.3 Synthesis in Place

Another approach to film creation is to grow the nanomaterials directly onto the required substrate.
There are a wide range of methods that have been reported for the synthesis of CNT,1%113 BNNT,4
and hBN including arc discharge, kinetic ball milling and liquid exfoliation. However, for the

production of films, the majority of procedures coat a substrate in a catalyst from which the
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nanomaterial is grown by chemical vapour deposition (CVD). An illustrative example of this was shown
by D. Wang et al.}'® who grew!?” aligned CNT forests using an iron oxide catalyst, ethylene feedstock,
argon carrier gas and 700 °C, which were then compressed to create bucky-papers with nanotubes
aligned in the direction of the roller used to flatten them. While these methods may be successful in
film creation, the temperatures (as high as 1100 °C for BNNT)!!® required to create the nanomaterials
limit the range of substrates that can be used and make useful functionalisation of the nanomaterial

postproduction ineffective.

2.3.4 Electrophoretic Deposition (EPD)

Recently, electrophoretic deposition (EPD) has gained more prominence as a nanomaterial (especially
CNT) film production method.!'%'%° Here, an electric field is applied across a liquid dispersion to
concentrate charged nanoparticles onto an electrode causing both their discharge and entanglement
on the electrode surface and creating a film (Figure 2.8). The identifiable deposition rate of the

particles allows for greater control over the film thickness.

Anode Cathode

Deposition amm )

Electrophoresis

Figure 2.8. Simplified EPD diagram. A potential difference is applied between two electrodes which
are immersed in a charged nanoparticle dispersion. The electric field causes the charged particles to

migrate to the electrodes where they coagulate into a film deposit.

The variables that control this deposition process and determine the final film are explained with

Hamaker’s law (Eq. 2.1). Here, the deposited mass of the final film (m) is determined by the
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concentration of solids in the dispersion (C;), the surface area of the depositing electrode (S), the
strength of the electric field applied between electrodes (E), the time over which the deposition occurs
(t), and the electrophoretic mobility of the nanomaterial in solution (u). The mobility of the charged

material is its velocity relative to the field it finds itself in.1?!

m= uXC; XSXEXt Eq. 2.1.

In many of these systems, either through electrode occlusion by insulating deposits, or functionalised
charging argents, the material coagulates into a film while still retaining its charge. This is despite the
coulombic repulsion that this proximity of like charges would cause. Hamaker and Verwey 12%123
proposed that the deposition process should therefore be visualised as the formation of sediment due
to gravitation whereby the pressure exerted by the electric field and incoming particles allows its

constituent parts to overcome the energy barrier of mutual repulsion and approach each other close

enough so that van der Waals forces can hold the material together.

The energetic environment that this implies is shown in Figure 2.9 where it is implied that there is a
certain localised concentration of particles required to overcome the energy barrier. This has led
Koelmans et al.'** to show that a minimum concentration and therefore, a minimum time, are

required for film creation meaning that the process cannot be instantaneous.
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Figure 2.9. Hypothetical interaction energy (E) of charged nanoparticles at varying interparticle
distances (d). The potential energy topography of a charged nanoparticle in dispersion (iii) is the
summation of the repulsive electrostatic double layer forces (i) and attractive van der Waals forces (ii)
which create an energy barrier to film creation. This is overcome during EPD by the electric field
applied to the dispersion, forcing particles close enough together so that they fall into the energy well

created by strong nanoparticle van der Waals interactions.

Figure based on work by A. Xiao et al.”’

EPD has been widely applied to produce nanomaterial films. A. Xiao et al.*’ have produced oxidised
MWCNT dispersions that can be deposited into free standing, flexible, mechanically strong (>60 MPa
tensile strength) and electrically conductive (55 S/cm) bucky papers, although this requires significant
loss of starting material during the oxidation procedure and loss of CNT nano-structural integrity. A.
Xiao and J. Cho (who conducted similar CNT based work)*® also required large potential differences
(30 and 35 V respectively) to create their films, which would make numerous solvent systems, such as
water,”” inappropriate for use in dispersions (as was explored in section 2.1.4). This issue is more
pronounced for the EPD of hBN materials, as M. Raza et al.*® required 60-120 V to create corrosion
resistant BN nanosheet films for copper and Y. Géncii et al.'?® used 100-150 V for the production of

biologically inert implant coatings.

There is therefore a gap in the research field that calls for a new method of nanomaterial EPD that

requires low voltages, less waste and little nano-structural damage to the final film. This is addressed
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in this thesis across chapters 4, 5 and 7. Here, the use of electrochemical reduction to create
dispersions of BNNT, CNT and BNP will be shown to be an excellent solution for electrophoretic

deposition when compared to the traditional oxidation route of dispersion production.
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3 CHARACTERISATION

3.1 ABSTRACT

This section will introduce the various characterisation techniques that have been used to analyse all
samples produced for this body of work. The relevant theory of these methods will be described and
example values from literature of similar chemical species will be shown to place this work into
context. Finally, the practical procedure used to prepare samples prior to, and during, characterisation

will also be described.
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3.2 SCANNING ELECTRON MICROSCOPY

A common way of analysing hierarchical structures comprised of nanomaterials, scanning electron
microscopy (SEM) gives a representation of a materials microstructure from which physical
characteristics such as alignment, dispersion and void spaces can be visibly identified. Images are
created by the rastering of a focused electron beam across a material while measuring the emission
of secondary electrons (SE) or back scattered electrons (BSE) excited from its surface (Figure 3.1) which

is dependent on topography, local conductivity, and elemental makeup.

AV B

Electron

Anode — peam
-_» SE
Lenses — BSE
X-Rays
BSE  — Sl
detector

—detector

Sample
Stage —

Transmitted

Figure 3.1. Diagrams of an electron microscope. [A] The emission of an electron is accelerated by an
anode into a beam that is focused by magnetic lenses onto the sample surface from which secondary
electrons (SE) and back scattered electrons (BSE) are emitted and measured to create the SEM
micrograph. The samples surface that interacts with the incident beam is known as the interaction
volume [B] and ranges between 100 nm and 5 um in depth (dependent on the sample type and
electron energy). SE are detected from a shallower depth than BSE due to their lower energy (<50 eV)

which prevents their escape from all but the top few nm of the imaged material.

Image credit for [A]: AnaPath Services GmbH 267

Samples analysed by SEM in this work were processed depending on investigative requirements.
When imaging macrostructures (eg BNNT or CNT films), sections of sample (mm scale) were adhered

to conductive carbon tabs with only the edges of these samples being pressed into the tape by needle

nose tweezers. Alternatively, when imaging the nanomaterial content of these macrostructures (eg
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individual BNP or nanotubes), samples were stirred in acetone and drop cast onto cleaned (by IPA
sonication) silicon wafers, that were themselves secured to SEM stubs by carbon tape. Samples were
then imaged using either the lower resolution JEOL JSM-840F (>1.8 nm)!? or the higher resolution
Ziess Merlin (0.8-1.6 nm)'¥ both of which are maintained by the David Cockayne Centre for Electron

Microscopy (DCCM).

Carbon nanomaterials are electrically conductive or semi-conductive and so the discharge of this
potentially damaging electron bombardment can be achieved by grounding the sample. However, BN
materials are electrically insulating and so samples do not discharge. This build-up of charge can both
damage the sample (Figure 3.2) and cause distortions in the resulting SEM images such as
oversaturated images or hysteresis streaking. In this work, BN and other non-conducting samples for
SEM were therefore covered in 5 — 8 nm of platinum using a Cressington 208HR Pt sputter coater!®

which was both mechanically rotated and continuously tilted by hand during deposition to achieve an

even, conductive coating.

Figure 3.2. SEM Images showing the damage inflicted upon an M.2B precursor fiber from section 0 [A]
shows the fiber immediately after the electron beam was focused on that area while [B] and [C] show

the results of repeated scans that were focused more closely on the centre of the fiber displayed.

Images taken using these machines were mostly analysed qualitatively as structural features such as
pores or crystal impurities were observed and commented upon. However, for BNP samples (Chapters
6 and 7), quantitative analysis of samples sizes was conducted by importing scans into J-Image

software where the pixel counted distance of the image could be calibrated using the SEM scale bar
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as outputted by the spectrometer (Figure 3.3). Numerous (typically 150- 250) measurements could

then be made on the SEM scans for the statistical analysis of particle size for samples.

o
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Figure 3.3. Example platelet diameter analysis. SEM raw image as outputted by Ziess merlin SEM [A]
is imported into J-Image software and calibrated to the scale bar (bottom left). Two perpendicular
lines are drawn across visible platelets and the lengths of these lines are recorded. The distribution of

these lines is then used for the statistical analysis [B] of the diameter of the sample.

3.3 ENERGY DISPERSIVE X-RAY SPECTROSCOPY

An electron can also be used to identify the elemental composition of a sample if it is assumed that
the surface layers of a given sample are representative of its bulk. All elements hold electrons in
distinct energetic states. The rastering electron beam excites ground state, low energy, electrons in
these atoms, leaving a hole in the atom’s electronic structure. When a higher energy electron from
the same atom drops down into this hole, it emits an x-ray with energy of the difference between
these two electronic states. These X-rays are therefore characteristic of specific elements (Table 3.1)
and the intensity of their emission (corrected for excitation and emission probability) can be used to

determine the relative concentrations of the elements of their origin.

Element Kot Ko KB

5 |B 183.3
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6 |C 277

7 | N 392.4

8 |0 524.9

11 | Na 1040.9 1040.9 1071.1
14 | Si 1739.9 1739.3 1835.9
26 | Fe 6403.8 6390.8 7057.9
29 | Cu 8047.7 8027.8 8905.2
78 | Pt 66832 65112 75748

Table 3.1. Table of common elemental X-Ray photon emission energies from principal electron shells
(in eV). The elements selected are those that are found commonly within this work and will be
displayed as part of the elemental mapping used to characterise samples. Reproduced from X-Ray

data booklet.'?®

Coupled with the spatial plotting of these X-ray signals, energy dispersive X-ray spectroscopy (EDS)
can be used to produce a map of a sample, showing changes in elemental composition across it. In
this work, this was achieved by the use of a DCCEM, maintained X-Max" 150 EDS detector’*® which
was coupled to the previously mentioned Ziess Merlin SEM. Samples were prepared in the same
manner as for SEM but were not Pt coated and elemental map creation and analysis was conducted

using Oxford Instruments AZtec software.

3.4 RAMAN SPECTROSCOPY

In Raman spectroscopy, samples are irradiated by monochromatic light which interacts with the
vibrational modes of bonds/phonons within the material. This interaction is visualised as promoting
an electron from a ground state vibrational energy level to a virtual higher energy level. From this
higher energy state it can decay back to its original energetic state (called Rayleigh elastic scattering),
or relax to a higher or lower energy state (termed stokes and anti-stokes inelastic scattering) in which
the energy of the ‘emitted’ photon is altered (hv = hv, + x as depicted in Figure 3.4) and a phonon is

either emitted or absorbed by the host material.
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Figure 3.4. Jablonski diagram of the Raman process showing the energetic promotions and relaxations
of elastic Rayleigh scattering [i], Stokes scattering [ii] and anti-Stokes scattering [iii] between the
electronic (Eo) and vibrational (v,) ground states and the virtual energy state Eov+hv. When this virtual
energy state aligns with a real electronic level (E;) the excitation is considered resonant [iv] and

significantly more likely to occur.

When this virtual energy level corresponds to an actual allowed electronic transition, the process is
not forbidden, and the quantum yield is dramatically increased and called resonant Raman scattering
(Figure 3.4.iv). The energy shifted light that is returned from the sample is then measured and its
intensity is plotted against the Raman shift (Aw) that is calculated using Eq. 3.1. (where Ao is the
excitation wavelength and A1 is the newly shifted wavelength). The Raman shift value at which signal
intensity is observed is characteristic of the material that emits it. For example, cubic BN shows Raman
peaks at 1058 cm™ and a Ey stretching Raman peak at 1307 cm™ although this can vary based on the
cBN crystal face being imaged and can be hard to detect when the structure contains many

impurities.!3!

Eq. 3.1.

1 1 ) 107 (nm)

Aw (em™) = (AO (nm) B A1 (nm)

(cm)

Single-wall BNNTs can be identified by the distinctive peak at 1370 cm™ thought to be due to an A;
tangential mode®3? and Wirtz et al.!® have calculated three radial frequency modes below 810 cm™.
However, multi-wall BNNT do not share these properties and instead display the same indicative peak
as planar h-BN between 1365 and 1367 cm™ that represents the Ey, stretching mode within the

material. 13213 Further analysis of these BN E; peaks can show changes to the material. Jung et al.**®
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showed that the reduction in size of bulk hBN to BN quantum dots (BNQD) caused a significant blue
shift (1.1 cm™) in this peak, but the subsequent hydroxylation of these same BQND causes an even
larger shift again of 2.6 cm™. Exfoliation may also cause a blue shift'*® and Gorbachev et al.*” predict

that any observed shift will only occur in BN material of 6 layers or less.

In Carbon nanomaterial Raman spectra, there are three peaks of interest; D (1360cm™), G (1582cm™)
and 2D/G’ (2700cm™). The G peak is associated with ordered sp? graphitic bonding and in CNTs can be
separated into the G+ and G- (1590cm™ and 1570cm?) peaks associated with stretches in the tube axis
and circumference respectively.’®® The D peak is associated with the reduction of symmetry caused by
introduced defects such as covalently grafted species on the surface of the CNT. The ratio (either by
area or intensity) of the D/G peaks can therefore give qualitative information as to the relative grafting
densities or nano-structural damage of a set of CNT samples. However, only comparisons between
samples with the same original starting material are valid as the background D/G can vary widely

between batches.13%140,141

Samples to be analysed by Raman spectroscopy in this work were manually shredded by needle-nose
tweezers and mixed with acetone before being drop cast onto heated (80 °C) glass microscope slides.
These slides were then placed into an OMCS maintained, LabRAM Aramis Raman spectrometer
equipped with 532 nm green laser and 1800 grating which was zeroed using a Si wafer. A minimum of
three spectra at different locations across each sample were taken, normalised, and averaged to
calculate errors. For CNT film samples, literature has shown that it is important to have a large number
of spectra for D/G analysis'** therefore 100 spectra, point maps of samples were taken for film
samples for which D/G peak heights were analysed automatically by Horiba Scientific LabSpec 6

software.

3.5 THERMAL CONDUCTIVITY MEASUREMENTS

Thermal conductivity measurements can be broadly classified into two groups; steady state methods

(where a constant temperature gradient is established across a material) and transient methods
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(where the materials response to a signal is measured). Due to the relatively small scale of the boron
nitride fiber samples produced in this work (See section 0), it is difficult to establish stable temperature

gradients across them?* and so the latter transient methods are preferable.

The transient plane source (TPS) method is a well-established (as of 2008, an ISO standard) transient
thermal conductivity measurement system in which a wire coil protected by a known thickness of
Kapton is sandwiched between two equal samples of material to be tested. The wire coil acts as both
heating element and sensor and measures the temperature changes of the sample after a burst of
thermal energy. By recording the rate of heat dissipation throughout the sample, thermal
conductivity, thermal diffusivity and specific heat capacity of the material can be measured. In this
work, TPS measurements were carried out on samples using a Hot Disk TPS 3500 machine which

automatically outputted the data that is presented here without further alteration.

3.6 X-RAY PHOTOELECTRON SPECTROSCOPY

For a more precise elemental breakdown of a sample and information on the bonding environments
of these atoms, X-rat photoelectron spectroscopy (XPS) is used. A beam of X-rays is focused on the
sample and the number and kinetic energy of the resulting emitted photoelectrons (usually from the
inner 1s electron shells of the atom) are measured. From the kinetic energy of the emitted electron,
a binding energy for that electron can be calculated following the photoelectric effect (Eq 3.2) where
h is the Planck constant, f the frequency of incident X-rays and Ey is the kinetic energy of the emitted

electron.

Electron Binding Energy = hf — E}, Eq. 3.2

The binding energy of an electron is characteristic of its element of origin and by integrating the signal
from them and then correcting for relative sensitivities to incident X-rays, you can determine the
relative concentrations of each element in any given sample. Individual elemental peaks can be further

resolved into separate peaks representing the different bonding environments in which the element
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is present. Electron density polarization within bonds due to differences in electronegativity can cause
the shielding (by bonds to electron donating groups) or de-shielding (by bonds to election withdrawing
groups) of the atomic nucleus.* The latter de-shielding of the nucleus raises its electron affinity and
so increases the binding energy of the 1s electron shell which is measured during XPS as a distinct and

characteristic bonding environment.

Samples for this work were analysed by Dr Philip Holdway of the Oxford Materials Characterisation
Service (OMCS) who provided this statement as to their treatment: “Samples were analysed using a
Thermo Scientific K-Alpha XPS instrument equipped with a microfocussed monochromated Al X-ray
source. The source was operated at 12 keV and a 400 um spot size was used. The analyser operates
at a constant analyser energy (CAE) 200 eV for survey scans and 50 eV for detailed scans. Charge
neutralization was applied using a combined low energy/ion flood source. The data acquisition and

analysis was performed with Thermo Scientific Avantage software.”

Data from this analysis included both spectra and elemental percentages and was conducted for each
sample multiple times. These elemental proportions were averaged and used to calculate standard
deviations which were then presented as is. The spectra were imported into CasaXPS 2.3.22 software
in which they were peak corrected based of the carbon peak position (285.0 eV for majority sp3
containing samples and 284.4 for graphitic samples). A shirley baseline was then imposed on each

individualised elemental signal before deconvolution.

The Cls peak is found between 280 and 196 eV and eight studies that analysed this curve for carbon
nanomaterials were therefore collected and compared (Figure 3.5.B) to create a model deconvolution
that could be used on all samples and so allow these results to be compared. Authors and their work
(material analysed in brackets) used for this are as follows: T. Okpalugo (MWCNT & SWCNT),** M.
Varga (diamond/CNT composites),**® S. Lee (CNT films),**” N. Soin (Pt coated CNT),**® A. Velmakanni
(Au coated CNT films),**° C. Thamaraiselvan (CNT membranes) ,**° X. Chen (C1s of fullerenes review),*!

R. Blume (C1s of graphitic carbon review).>?
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Figure 3.5. Characterisation by XPS graphs. A scatter graph shows the distribution of peak positions
assigned to the deconvolution of the B1s [A] and C1s [B] XPS spectra within literature. A typical h-BN
platelet B1s XPS spectra [C] from section 6.4.1.3 is used to model the deconvoluted peak positions
selected for use in this work. The Cls spectra [D] of an archetypal CNT sample from section 4.4.3.2 is
similarly used to show the chosen deconvolution peak positions used in this work.

The literature data points were then used as ranges for the deconvolutions of some test spectra using
a GL(35)T(3) line shape for all bonding environments bar the sp? carbon-carbon bonding which used
an asymmetric line shape due to the effects of hole movement within conductive graphitic
structures.’>® The peak positions of these test deconvolutions were then used to form the model
spectra shown in Figure 3.5.D where deconvoluted peak positions are recorded as follows: sp2 C=C is

284.4 eV, sp3 C-Cis 285.1eV, C-0is 286.3 eV, C=0is 288.9 eV and Pi-Pi* bonding is at 291.23 although

this is usually edited out of final bonding percentages.
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As was shown in the literature review (section 2.2), the site of bonding within BN nanomaterials is
usually thought to be the boron atoms. For the analysis of the hBN materials shown within this work
the Bls spectra (185 — 195 eV) was therefore chosen for analysis as it will show the largest changes (if
any) in bonding environments as samples are modified either by design or by unforeseen side
reactions. The literature covering the deconvolution of the Bls signal is however much more variable
than the previously shown C1s. A collation of these literature sources covering various species of hBN,
BNNT and BCN is presented in Figure 3.5.A and shows large disagreement as to different boron
bonding environment peak positions. The authors and their work used in this section are as follows
(with material analysed in brackets): J. Qu (flake hBN),*>* C. Guimon (CVD deposited BN thin films),**
R. Trehan (hBN, cBN),*® P. Sudeep (functionalised BN),**” S. Angizi (BN quantum dots),**® G. Wang (B-
doped graphene),’ E.A. Il'inchik (boron containing small molecules),® H. Achour (plasma
functionalised hBN sheets),!%! D. Zhang (amorphous boro-carbon thin films),'%? M. Kolel-Veetil (boron

carbide).1®3

The majority of these sources agree that the B1s bonding energy increased with the electronegativity
of the bonded component (in increasing energy: B-B, B-C, B-N, B-O) and so the literature peak
positions were again used as (albeit wider) ranges for preliminary deconvolutions of samples to find
peak positions. These initial deconvolutions showed the need for another peak between the B-N and
B-C energies to gain a better fit for the data that came from samples that were more likely to have
damaged nanostructures. A B-H peak was therefore created to represent boron atoms that had lost
one or more of the 3 planar B-N bonds found within hBN nanostructure and thereby re-gained
electron density, increasing the nucleus shielding of the Bls shell. This consequently lower bonding
energy peak will be used as a measure of hBN nano-structural damage. By combining the B-H peak
with the others previously devised, the final B1s deconvolution model is therefore presented in Figure
3.5.C and consist of the following peak positions (in eV): 188.5 (B-B), 189.1 (B-C), 189.7 (B-H), 190.7

(B-N), 192.5 (B-0) and 193.6 (B=0).
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3.7 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric Analysis (TGA) is simple in its theory and execution. Samples are heated under a
constant gas flow (either inert or oxygenated depending on requirements) while their mass is
continually measured. As the temperature rises, the samples mass will reduce sequentially as more
volatile species within it evaporate, oxidise, or thermally decompose. For many materials and
chemicals, the temperatures at which these mass drops occur are known and so by measuring the
extent of mass changes at specific temperatures the samples weight percentage (wt%) of that material

can be known.

The commonly reported thermal degradation temperature of hBN nanomaterials is 2500 °C 3¢ under
inert conditions and 1000 °C % in air where it will oxidise into B,0s. This is very similar to the oxidation
temperature of ¢cBN which is between 1000-1350 C % where the higher range is due to increased
crystallinity. More reactive than hBN, carbon nanomaterials have lower oxidation temperatures of
695, 645 and 420 °C for CNT, Graphite and Ceo (buckyballs) respectively.'®® These high temperatures
of oxidation can be utilised in TGA measurements to characterise functionalisation for both carbon
and BN nanomaterials. Chemical species attached to the nanomaterials surface usually decompose at
a lower temperature than the material itself and therefore the mass loss curves are used to determine
the success and extent of grafting reactions.’®® Additionally, the temperature at which the
nanomaterial itself degrades can give information about its structure. Studies have shown that CNTs
with increasing layers have an increased thermal stability (598.1, 606.3 and 622.6 °C in air for SWCNT,
DWCNT and MWCNT respectively).’®” Furthermore an increase in the graphitisation (larger proportion
of sp? bonded C) within carbon nanomaterials can be identified by an increase their oxidative

stability.1®®

Samples characterised by TGA in this work were manually shredded by tweezers and 0.8-1.6 mg were
placed in a tared pan. This was then loaded into a Perkin ElImer TGA8000 operating under an

anhydrous air flow of 40 mL min. Samples where then heated to 170 °C (above the boiling point of
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DMACc) where they were held for 10 min. The samples were then further heated at a rate of 10 °C min°
1t0 950 °C (for CNT samples) or 1100 °C (for BN samples). The recorded mass of the samples was then
normalised and plotted against the recorded temperature (as opposed to the programs set
temperature). Temperatures of oxidation for each mass loss were determined using the sigmoidal fit

gadget of Origin 2021 graphing software.

3.8 MECHANICAL TENSILE TESTING

Tensile testing is a common characterisation technique used to find the mechanical properties of free-
standing film samples. A rectangular sample of known dormitions is clamped in a vice which is then
opened at a steady and controlled rate until the material fractures. The force applied to open the vice
(F) is monitored and is then divided by the cross sectional area of the material (CSA) to calculate the

engineering stress'® (ce) being applied to the material Eq. 3.3:

_F
¢ = 54,

Eq.3.3

This is plotted against the engineering strain (&.) calculated by dividing the materials extension (8) by

its original length (L) Eq 3.4:

g, = — Eq. 3.4.

From the graph of €. vs ge, the ultimate tensile strength (maximum stress), Young’s modulus (gradient
of the line in the initial linear region of extension) and toughness (integral of the line until fracture)
can all be calculated. For materials that may experience large deformations, the true stress and strain
(orand &) can be calculated in which the changing cross-sectional area (as the material experiences
necking) is taken into account. This was deemed unnecessary for this work as the free-standing films

tested were observed to not deform in this manner (section 4.4.2.1).
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Mechanical testing in this work was conducted by Xudong Tao of the Assender Research Group and
used a Linkam tensile testing machine on free standing nanomaterial films of 3.0 x 0.5 cm dimensions.
Film dimensions were measured using a digital micrometer and analysis of the resultant stress/strain
graphs were conducted using the linear quick fit (for Youngs modulus) and integrate (for toughness)

functions of Origin 2021 graphing software.

3.9 INFRARED SPECTROSCOPY

Infrared spectroscopy (IR) is a ubiquitous technique among chemists. All bonds between different
elements have characteristic vibrational frequencies that absorb light at specific energies and so by
measuring the transmittance of a sample across a spectrum of energies, the specific chemical groups
present within it can be determined. The wavelength range of IR spectroscopy is typically 2500 nm to
20000 nm and is presented in wavenumbers (4000 cm™ to 500 cm™) against transmittance (%).
Typically, the 500-1400 range (also referred to as the fingerprint region) represents single covalent
bonds; 1600-1800 cm™ range shows double bonds; 2100-2300 cm™* range indicated triple bonds and

the 2800-4000 cm™ range shows hydrogen bonding.

Pure carbon nanotubes are rarely characterised used IR spectroscopy. SWCNTs do not support a static
dipole moment (as there is no electronegativity difference between C atoms) and so do not strongly
absorb IR radiation.”® Small and broad signals at 1598 and 874 cm™ have been reported as the
interactions with tube phonons but may also be graphite.’’! IR is therefore more likely to be used to
identify the presence of functionalised groups on the nanomaterials surface such observing the

increase in the -CO (1580 cm™) -COOH (1720 cm™) signals after a CNT oxidation.!’?

The dissimilar electronegativity of the B-N atoms causes a standing dipole which can interact with the
IR frequency. Consequently, hBN displays two characteristic peaks at 1383 cm™ (B-N stretching) and

804 cm™ (B-N-B bending).}”®
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Samples for this work had their IR spectra measured using an OMCS maintained Varian Ltd. Excalibur
Series IR Spectrometer. Samples were placed on an ATR (attenuated total reflection) setup for
measurement with no modification. Other samples were instead ground in an agate pestle and mortar
with KBr powder (0.1 mgsample With 150 mgksr) and then compressed into pellets using a 12 ton press.
The pellets were then placed into the spectrometer for measurement as well as a blank KBr standard
that was manufactured on the same day with the same KBr powder (to avoid differences in moisture

content effecting the spectra).

3.10 PROFILOMETRY

Profilometry is used in this work as primarily the method by which electrode deposited film
thicknesses are measured. The films are scratched to expose the electrode surface and the difference
between these plateaus is then measured. Additional to this, the roughness/surface morphology of
these films are also measured to illustrate the presence of contaminants on their surface. This was

conducted using two methods: optical profilometry and mechanical profilometry.

3.10.1 Optical Profilometry

Optical profilometry is a non-contact scanning technique that produces a 3D map of the imaged
surface (Figure 3.6). The confocal pinhole microscope used in this process measures the samples
optical response at various focal lengths and then uses these images to build up a 3D profile of the

material surface which can then be used to find film depth.
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Figure 3.6. Example optical profilometry analysis (1.5 mgsxnt mL? film sample presented in section
5.4.3). A 3D map [A] of the film is taken of a 320 x 320 um area that includes a scratched area (down
to the substrate) along one vertex. Various line profiles [B] are taken of this map and plotted [C]. The
scratched area of the profile is used to level the data and then the difference between the substrate
and the films height is calculated.

Samples in this work were analysed using an OMCS maintained Nanofocus psurf confocal optical
profilometer equipped with a x50 magnification lens. A 320 x 320 um area of the sample is measured
and then a minimum of four line profiles (Figure 3.6) are taken and plotted. The plots are levelled

using the machines associated psoft” software and the difference in height between the substrate and

film measured. The average and standard deviations of these measurements are then presented.

3.10.2 Mechanical Profilometry

The optical profilometer was not available for use during the period of time in which the majority of
this work was conducted. Additionally, its use of light within the visual spectrum makes it unsuitable
for use on carbon nanomaterial film samples as CNT absorbs radiation in this range. A contact
profilometer was therefore used instead for these samples where a stylus is moved across the sample

while its height is measured (Figure 3.7.A).

* The author would like to make a note as to how delightful this software name is.
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Figure 3.7. Examples of mechanical profilometry analysis (taken from the 20 s EPD of CNT from section
4.4.4.1). Simplified diagram [A] of the stylus profilometer path (blue line) across a scratched film

sample and the resulting profile [B] showing the calculation of the film thickness.

In this work, samples were measured using a Bruker Dektak 6M profilometer equipped witha 12.5 um
radius diamond tipped stylus that has a vertical resolution of 1 A. Multiple line profiles of each sample
were taken, levelled with reference to the substrate, and then film thicknesses were calculated as
shown in Figure 3.7.B. Note that the immediate perimeter of the scratch in the film was not used to

calculate the thickness as its height has been disturbed by the scoring process.

3.11 X-RAY DIFFRACTION

When X-Rays are incident onto a materials surface, a proportion of them will be diffracted away from
their original path as spherical waves from each atom within the structure. Within a crystalline
material, these atoms are regularly spaced and so the spherical waves of diffracted X-rays
destructively interfere with each other in most directions. These waves do however constructively
interfere in specific directions that are described by Braggs Law (Eq. 3.5) where d is the inter layer
distance of crystal planes, 6 the angle of incident of the X-Ray beam (diffraction angle), n the

diffraction order and A the wavelength of the X-rays.

2dsinf = nA Eqg. 3.5.
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X-ray diffraction (XRD) characterisation of a sample therefore measures the intensity of diffracted X-
rays at various angles around the sample. The peaks on the resulting intensity/angle plot can be used
to identify the characteristic crystalline lattice parameters of known materials. In hBN materials, the
most intense peak is found at 26.7° and corresponds to the materials (002) crystal plane with other
peaks usually noted for the (110), (100), (004), (110) and (114) planes as well.}”* This differs from cBN
which is dominated by the (111) plane®’® at 43.2° as well as peaks for the (220), (200), (311) and (400)

planes.'’®

Additional information to just material identification can be gained from XRD data. Through analysis
of the relative intensities of peaks within a sample, it has been reported that orientation and shape of
nanoparticles can be determined!’” with the (002) peak of CNT being identified as decreasing
monotonically as nanotubes become more aligned.”® Furthermore, the relative size of crystalline
domains within a sample can be determined by analysis of specific peaks using the Scherrer Equation.
Here (Eq 3.6.), the crystalline domain size (D) is determined using the FWHM (B) of a peak at the
diffraction angle 8, X-ray wavelength (A) and the Scherrer constant (k) which is taken at 0.91 for this

work.'”?

D KA
" BcosH

Eq. 3.6.

Samples for this work were analysed by Dr Philip Holdway of the Oxford Materials Characterisation

Service (OMCS) who provided this statement as to their treatment:

“X-ray diffraction (XRD) analysis was carried out using a fully automated Bruker D8 ADVANCE eco
powder diffractometer employing copper ka radiation (A = 0.15406 nm) and a LYNXEYE XE detector.
The sample was continuously spun during data collection and scanned using a step size of 0.02° 2¢

between the range of 10°- 90° 28.”
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Figure 3.8. Example XRD analysis of BNF (taken from section 0). The baseline subtracted XRD spectra
of the h-BN sample is plotted and the (002) peak at 26.4° is fitted using a Lorentz function chosen as

the FWHM most closely matches the data that is fitted.

XRD data that was returned from this was processed using Origin software and peaks fitted using a
Lorentz function to determine the FWHM used in crystal domain size calculations as shown in Figure
3.8 Once these FWHM values had been used to calculate crystal domain sizes using the Scherrer
equation, errors in these values were calculated using Eq 3.7. which uses the same constants while og

and op were given by the Lorentz fitting function.

KA og? sin?(0) og?

= Feos® |7 T eos?® e

3.12 ULTRAVIOLET-VISIBLE LIGHT SPECTROSCOPY

Similar to IR spectroscopy, Ultraviolet-Visible Light Spectroscopy (UV-Vis) is a staple of chemical
analysis suites across many fields. The technique uses a higher (compared to IR) energy spectra of light
(800-200 nm wavelength) to promote electrons within a sample to higher energetic states. The
absorption of this light occurs at characteristic wavelengths and so the technique can be used to
identify different species within a given sample. For example graphene gives a characteristic peak at
266.5 nm.*”® Another common use of UV-Vis is for the calculation of solute concentration within

solutions. As the spectrometers beam passes through a known distance of solvent containing a light
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absorbing solute, the transmittance measured by the machine will be proportional to the solutes
concentration as defined in the Beer-Lambert Law. Here (Eq 3.8), the concentration (c) is determined

using absorbance (A), pathlength (1), and the molar absorption coefficient (€).

c= Eq. 3.8.

A
el
The molar absorption coefficient (€) for small molecules in common lab solvents are usually known
and can be researched. For more uncommon samples, € can be practically derived by producing
multiple solutions of known concentrations and measuring their absorbance. This data can then be
inputted into the Beer-Lambert equation to find a € value that can then be used for samples of
unknown concentration. Due to the large differences even between batches of even the same
nanomaterials, literature on € values for hBN materials is widely conflicting with examples including
874 and 174 mL mg™ m for nanosheets and BNP respectively ** and the different order of magnitude

2367 mL mg* m*forjust BNP.>®

Due to this unreliable literature, concentration calculations made using UV-Vis in this thesis are
calculated using molar absorptivity coefficients developed for this work. The starting materials of the
samples that were to be measured were made up into suspensions of known concentration with by
bath sonication in volumetric flasks. These dispersions were then immediately diluted (by hand
shaking) into multiple more concentrations that were then placed into 1 cm pathlength quartz

cuvettes for analysis by an OMCS maintained Varian Cary 5000 UV-Vis-NIR spectrometer.

45



3. Characterisation

BN Concentration:
0321 —— 0.0006325
0.28 1 —— 0.001265
———0.0031625
0.24 — 0.006325
0.01265
8 0.204 ——0.0253
]
20.16 1
2
< 0.12-
0.08
004 T
- T
0.00
T T T T 1
400 500 600 700 800
Wavelength (cm™)
1000 4 \ Solvent :
\ IPA
\ —— DMAc
9004 \ —— EtOH
——H,0

800

700

Absorption Coefficient (mg mL™* m™)

600

T T T 1
500 600 700 800

Wavelength (nm)

T
400

o

Concentration (mg mL™)

8]
o
L

Absorbance/Pathlength (m™)
=
o

0.20
0.19
0.18 |
0.17
0.16 1
0.15 1
0.14 1
0.13

0.12

T T
0.020 0.025

Concentration (mg mL™)

T T T T
0.000 0.005 0.010 0.015

Dilution factor:
—40
—16
—8
—4

2

Concentration = 0.127 +0.015 mg mL*

T T T
500 600 700

Wavelength (cm™)

T
400

Figure 3.9. UV-Vis Data Processing Graphs. The absorbance spectra of known concentrations of BN in

a specific solvent are taken [A]. For each wavelength, the gradient of the line from the

absorbance/pathlength against concentration plot [B] was calculated to find the absorption

coefficients at each point in the UV-Vis Spectra [C]. These points were then used to calculate the

concentrations of unknown samples to find an average and standard deviation [D].

The results were then plotted (Figure 3.9.A) where it was noticed that the absorptivity coefficients

varied with the wavelength at which they were measured (Figure 3.9.B). To take this into account, €

was calculated for every wavelength (Figure 3.9.C) which was then used to calculate a concentration

at every point along the spectra from unknown solutions using the same starting material and solvent

(Figure 3.9.D). These concentration ranges were then averaged and used to find standard deviations.
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3.13 BRUNAUER-EMMETT-TELLER MEASUREMENTS

To obtain surface area measurements for samples, Brunauer-Emmett-Teller (BET) measurements
were ordered. Samples for this work were analysed by Dr Colin Johnston of the Oxford Materials

Characterisation Service (OMCS) who provided this statement as to their treatment:

“Barrett-Joyner-Halenda (BJH Pore Size and Volume Analysis) and Brunauer Emmett Teller
Measurements (BET) analysis was carried out using a Micromeritics Gemini VIl surface area analyser
using nitrogen as the adsorbate at liquid nitrogen temperature. For BJH a full adsorption/desorption
isotherm was measured totalling 69 points. All samples were degassed at 160 °C until a constant

weight was achieved prior to analysis.”

For BET data presented in this thesis, no further data manipulation was conducted on the results or

errors presented by the OMCS report generated by this method.
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4 REDUCED SWCNT FOR EPD

4.1 ABSTRACT

There is a significant cost to the final film’s utility and production yield caused by the requirements of
traditional nanotube film manufacture which involves the oxidation of the starting material. This
chapter circumvents these costs by introducing a novel method to produce conductive, mechanically
strong, and thermally stable single walled carbon nanotube (SWCNT) buckyfilms which crucially retain
the nanostructure of their initial starting material without this need for oxidation, additional

modification, additives, or binders.

This process is the first to show an electrochemical charging method used to reductively disperse and
individualise CNT samples into a solution that is then coagulated onto the surface of an electrode
during electrophoretic deposition (EPD). The resulting thin films and free-standing materials are
produced with controllable thicknesses (up to 14 um), during order of magnitude shorter time periods
(120 's), 3-7 times lower voltages (10 V) and with higher yields than traditional methods. Additionally,
the physical properties of these films are still comparable to chemically modified traditional films but
they are slightly mechanically weaker (8.4 vs 14.9 MPa Youngs modulus) and poorer electrical
conductors (229 S cm™ vs 694 +18 S cm™) although this gap is expected to narrow as the technology
develops. Therefore, this procedure represents a sustainable, versatile, and scalable semi-continuous

new method to produce materials for next-generation composites for flexible electronics applications.
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4.2 [INTRODUCTION

Materials manufactured from entangled carbon nanomaterials across a 2D plane are referred to as
free standing “buckypapers” or “buckyfilm” coatings. These are of interest for various industrial
applications including mechanical load bearing,'®® thermal management®®! and battery electrode
materials!®218 due to the intrinsic properties of the contained CNT.2841821 The most popular method
for the manufacture of these buckypapers and buckyfilms dates back as far as 1998 and relies on
the slow vacuum filtration of CNT dispersions. This produces a poorly compacted, small-scale product
with only limited control over the thickness of the final material.1®* An alternative production method
involves drop-casting CNT dispersions.'® This allows the self-assembly of CNT into a more ordered
film but only yields very thin materials (100 nm) and, similar to filtration methods, is not suitable for

producing films on an uneven or non-horizontal surface.

A more versatile approach to buckyfilm creation that has been gaining more prominence!*®? js
electrophoretic deposition (EPD). EPD uses an electric field to transport charged colloidal particles
from a liquid dispersion onto an electrode. This causes a localised concentration of charged particles,
to the point of them overcoming the energy barrier of their mutual repulsion and thereby coagulating
into a solid mass creating a film.'?>'2® Koelmans et al.’** showed that this is not an instantaneous
process but requires time for the particles to coalesce in high enough concentration before deposition
can begin (unlike a faradic electroplating processes in which deposition and discharge occur
instantaneously). Despite these requirements, the identifiable rate of deposition during EPD allows
for greater control over the resultant film thickness and, due to the electrically conductive nature of

CNTs, there is theoretically no limit on the size of film that can be produced using this method.*?®

EPD, filtration and drop casting methods of buckyfilm production all share the common issue that the
quality of the final film is dependent on the method used to produce the initial CNT dispersion. Due
to strong inter-nanotube forces,* dispersion is often achieved by sonication, chemical modification or

surfactant!®/polymer® addition which can reduce the aspect ratio of the tubes,*® damage their
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nanostructure or introduce further complicating chemical functionality into a final buckypaper
respectively. These issues can seriously affect the final properties of a resultant film and can prevent

the full utilisation of the intrinsic properties which make CNT materials desirable.

A potential solution’ to these problems can be found in advances made by Clancy et al.**” within the
field of electrochemical dissolution’#3, By reducing nanotubes using sodium naphthalide, it has been
shown that a non-destructive, reversible method of SWCNT dissolution is possible. This is due to the
mutual repulsion of the introduced negative charges along individual CNTs causing samples to
spontaneously exfoliate into solutions. The stability of dispersion, individualisation of nanotubes and
introduction of charge onto the CNT surface makes this method an excellent candidate for application

to EPD for the production of neat CNT buckyfilms.

Here, it is shown that it is possible to produce both free standing buckypapers and buckyfilm coated
electrodes using an EPD methodology with dispersions of reduced SWCNT. This method of film
manufacture will be compared to a more traditional EPD production method using oxidation-based
CNT dispersions building on work previously conducted within the Grobert group by Xiao et al*’ as
well as others.”® This comparison demonstrates that this method produces films with little to no nano-
structural damage relative to the traditional oxidised dispersions as well as producing films with no

impurities within the larger film structure.

" pun intended
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4.3 EXPERIMENTAL

This section details the experimental methods used to produce CNT films by EPD. The process of CNT

oxidation by acid etching, dispersion and EPD used to create comparison films from the Tubal SWCNT

/. 47

are based on the method used by A.Xiao et al.*” while the reductive dissolution of the same SWCNT is

based on work done by A.Clancy et al.*®’

4.3.1 Materials

Material Name Abbreviation Supplier
Single Walled Carbon Nanotubes SWCNT Tuball™
Sulfuric acid H,SO4 Sigma 07208
Nitric acid HNO; Sigma 438073
Hydrochloric acid HCI Merck 1.00313
PTFE membrane n/a Cat#: 776742
Sodium metal Na Sigma 262714
Naphthalene Nap Sigma 84679
N,N Dimethyl Acetamide DMACc Sigma 271012
Methanol MeOH Sigma 34860
Ethanol EtOH Sigma 32221
Iso-Propanol IPA Sigma 59300
Compressed Air n/a BOC UN1002

Table 4.1. Materials used in this section as well as the supplier product numbers (where possible) and

abbreviations that are used to refer to them within the text.

4.3.2 Methods

Oxidation and purification of O-SWCNT dispersions: 1 g raw SWCNT was purified by stirring for 24
hours in 200 mL 32% HCl solution. This was then vacuum filtered over a 0.22 um pore PTFE supported
membrane wetted with ethanol and then washed sequentially with 100 mL water and 100 mL ethanol.
The filter cake was then vacuum dried at 80 °C for 16 hours. 20 mL 97% sulfuric acid solution and 16.5

mL 70% nitric acid solution were combined in an ice-bath. Dried and purified SWCNT was then added
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to the acid and the mixture was refluxed at 120 °C for 3 hours. The reaction was halted by pouring the
mixture into 160 mL chilled water which was then part filtered over a 0.22 um pore PTFE supported
membrane. The wet filter cake was then divided into six centrifuge tubes and made up to 40 mL with
water. Samples were then sequentially centrifuged at 3500, 4000 and 4600 rpm for 5 minutes each.
After each spin the supernatant was removed and the pellet re-dispersed in new solvents (water for 5
min; 1:1 water:ethanol for 5 min; and 1:1 water:propanol for 30 min respectively). The pellet was
finally re-dispersed in water and centrifuged at 3500 rpm from which the supernatant was taken as

the final suspended O-SWCNT product.

Electrophoretic Deposition of O-SWCNT: Combined O-SWCNT supernatants are reduced in volume by
roto-evaporation until O-SWCNT began to flocculate. Portions of this suspension are then diluted at a
3:1 solvent:suspension ratio with DMAc. These solutions are then bath sonicated for 2 hours and then
immediately used to partially submerge two vertical suspended, parallel plate electrodes held 2 cm
apart with a surface area of 2 cm x 2 cm. The electrodes were connected to a Genvolt 73030 high
voltage power source and a constant voltage of 30 V (15 V cm™) was applied for 40 minutes. The
depositing electrode (anode) was then removed from the solution and the thick, gel like deposit was

allowed to collapse and dry into a black buckyfilm.

Reductive Purification of SWCNT: Under an argon atmosphere, stoichiometrically equal amounts of
sodium metal and naphthalene are dissolved in DMAc to produce a 1 mgn, mL™ dark green reducing
agent. 50 mL of this reducing solution was poured onto 500 mg raw SWCNT starting materialina 1L
glass cafetiere (with metal handle stand removed). The mixture was swirled gently to wet all CNT and
then diluted with 500 mL DMAc. This was left to stand for 2 days without stirring, producing a black
opaque solution with large flocculation settled at the bottom which was filtered using the cafetiere
steel gauze press to remove the liquid. The wet CNT mass was-then transferred to a tri-necked 250 mL
flask sealed with rubber suba-seals and dry compressed air was bubbled through the material until

discharged. Material was then filtered over a 0.2 um pore PTFE membrane, rewetted and dispersed
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with first EtOH, then a 1:1 EtOH:Water and finally acetone solvents. The final purified material was

then divided/spread out by tweezers and dried in a vacuum oven at 110 °C

Reduced SWCNT Dispersions: Under an argon atmosphere, stoichiometrically equal amounts of
sodium metal and naphthalene were dissolved in DMAc to produce a 1 mgy. mL™ dark green reducing
agent. This was then mixed with the required purified SWCNT in a 5:1 atomic C:Na ratio which causes
the swelling of the sample which was then further solvated with DMAc until a 1 mgent mL? solution
was produced. This mixture was then stirred with a glass stir bead for 1-3 days until the SWCNT was

fully dispersed (homogenous thick ochre solution produced).

Electrophoretic Deposition of Reduced SWCNT: Under an argon atmosphere 25 mL of charged SWCNT
solution was placed in a 30 mL glass beaker into which two vertical parallel plate electrodes were
suspended, each with a surface area of 2.5 cm x 2.5 cm. The anode consists of FTO coated glass secured
by copper tape onto which crocodile clips were attached while the cathode was comprised of copper
foil. These electrodes were connected to an Autolab PGSTST128N potentiostat which applies a
constant 10 V across the electrodes while measuring the current for a given time. Following the

application of this voltage, the anode was covered in a thick, even coating of a CNT gel.

Film drying procedure: Horizontal anodes covered in CNT gel was removed from the glovebox and
covered loosely with a plastic box into which dry compressed air was pushed to maintain positive
pressure within. The CNT gel on the anode surface collapses into a solid film (leaking clear DMAc
solvent) when exposed to this air within 5 minutes. This collapsed film was then allowed to dry in

ambient air over 1-2 days.

Cast sample preparation: Cast samples prepared as comparisons were created using the same
dispersions as used for EPD. Glass microscope slides were placed in a petri dish and then covered by
the CNT dispersion to be cast. The petri dish was left to dry in air until all solvent had evaporated. The

now covered microscope slides were removed and processed as samples.
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Film Washing Procedure: Dried films were removed from the electrode (if free standing) or suspended
while still on the electrode (if not) and submerged in a DMAc bath for 1 hour followed by submersion
agitated 1:1 water:methanol solution for 24 hours. When removed, samples were dried in a vacuum

oven at 120 °C.
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4.4 RESULTS AND DISCUSSION

4.4.1 Novel Method of Deposition

Figure 4.1. SEM of SWCNT Tubal™ starting material. 10kX [A], 5kX [B] and 1kX [C] magnification shows
SWCNT matted together with no significant alignment and a disordered macrostructure while other
regions [D] demonstrate the 1D CNT ‘rope’ structures that some of the material forms. Both matted

and rope structures must be broken up during a successful dispersion of the material into solution.

The method to produce CNT buckyfilms described in this chapter is the combination of two established
techniques: reduced dispersion and EPD. The initial dry CNT starting material (Figure 4.1) was first
reduced under an inert argon atmosphere by a charging solution of sodium naphthalide (NaNap) at a
ratio of 5¢:1na. This reduction caused the CNT mass to swell in size as like charges repel and for the
NaNap solution to lose its dark green colouration as the electron transfer occurs. This C:Na charging
ratio was chosen as it has been shown to give the highest concentration of CNT into solution” and it
was assumed that a larger charge would induce a bigger electrophoretic response during EPD.288

Samples were then diluted to 1.0 mgens mL? and mixed with a glass stir bar (Teflon has been found to
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degrade in solution over time) until a thick ochre solution was formed. This ochre solution was
observed to be free of visible particulates or CNT flocculation and represents complete

individualisation and dispersion of the sample as described by Clancy et al.*®”
Extract
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\ Evaporatlon \ ‘ DryOxygen ' i
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Figure 4.2. A flow diagram illustrating the novel process by which CNT films are created: [A] CNT
samples are electrochemically charged with a solution of sodium naphthalide under an inert
atmosphere causing their dispersion [B]. In this CNT dispersion a potential difference applied across
two immersed electrodes [C] causes the formation of a CNT gel on the anodes surface [D]. With
exposure to oxygen, this gel discharges and collapses into a CNT and solvent components [E]. On
evaporation of the solvent, sodium crystal impurities ae found on the film surface [F] and so a washing
procedure produces the final thin [G] or free-standing CNT film [H] without any impurities.

To compare this chapter’s reduced dispersion technique with other, more traditional methods for the
EPD of CNT, oxidised CNT dispersions were made using the same Tubal SWCNT starting material that.
This was done by oxidation using a sulphuric-nitric acid (H,SOs/HNO3) mixture which is known to
degrade the CNT crystallinity but also introduce carboxylic, ketone and alcohol functionality to the

nanotube surface® allowing them to be suspended into polar solvents. EPD was conducted from these

oxidised suspensions using a 30 V potential difference over 30 min which visibly depleted the
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dispersion used and produced free standing films that are used throughout this chapter to contrast
with the new method described by this work. This system was selected as it represents the most
commonly documented ‘traditional’ method for the EPD of CNT suspensions® and it also follows on

directly from work conducted within the Grobert group by Xiao et al.*’

Similarly to the oxidised samples, EPD was conducted by immersing two vertically suspended
electrodes 2 cm apart in a beaker containing a CNT dispersion and applying a constant potential
difference (10 V as standard) between them (Figure 4.2.C). The maximum field strength of 5V cm
used in the method was significantly lower than that used in the literature described oxidation-based
methods (15 — 35 V cm™?).#*® This may have advantages for wider use as, coupled with the short
deposition time, the low potential difference requirement can open this method for use with many

solvents that may break down under larger voltages.”’

A

2¢cm

Figure 4.3. Image taken of four different anode materials successfully used to deposit CNT films. The
electrodes were cut into 2.5 x 2.5 cm squares and topped with copper tape backed with a conductive
adhesive. Although the majority of this work was conducted using FTO coated glass [A] in this role,

the use of Brass [B], Steel [C] and Aluminium [D] shows the versatility of this deposition method.

The majority of the films produced in this section were formed using FTO coated glass electrodes
(Figure 4.3.A). However, additional testing on reduced dispersions also showed that other conductive
electrode materials could be used including copper film as well as brass, steel and aluminium (Figure
4.3.B,C & D). This demonstrates the versatility of this method in coating other materials with the

potential of wider applications.
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In under 2 minutes, the EPD process was complete, with the anode removed from solution covered in
a black gel (Figure 4.2.D) of approximately 3 mm thickness (although difficult to measure accurately
while still in the glovebox). The reduced solution used for the EPD was visibly unaffected in consistency
or colour and, as long as the concentration remains above ~0.5 mgeyr mL?, it can be used to create
further films (see Figure 4.17.A). In this way it is theoretically possible to re-use charged CNT solutions
repeatedly thereby reducing the amount of waste from the process. This is in stark contrast with the
oxidised film production method (completed for this work) in which large proportions of the starting
material were discarded during the oxidation and purification process (see methods section) through

centrifugation and acid damage.

The now coated anode was removed from the inert argon atmosphere it was formed in and placed
under a flow of dry air. The use of compressed air in the place of the ambient environment was to
prevent atmospheric moisture reacting with any remaining charge on the CNT surface causing
hydroxyl functionality decoration”. Instead, the removal of excess charge occurred through
interaction with oxygen molecules® and leaves no damage to the CNT surface or nanostructure. The
loss of charge on the nanotubes however, removed the electrostatic force holding up the structure of
the thick gel on the anode surface (similar to CNT aerogels produced here®) which collapsed into a

CNT film wetted by DMACc solvent containing Na and Nap residues (Figure 4.2.E).

On leaving these discharged films to dry, the black CNT film further compacts upon itself (although no
shrinkage was observed as seen in other work*” even in films that would become free standing) and

the remaining solvent evaporated to leave a powder on the surface of the material (Figure 4.2.F).

4.4.1.1 Washing Procedure

The white powder found on the surface of the CNT film is a sodium crystal residue which, during the
evaporation and drying process, becomes partially imbedded in the film surface (see SEM image Figure
4.4.A). This sodium crystal, as well as remaining naphthalene from the charging solution, needs to be

removed to leave a pure CNT film that will not to complicate further applications or uses for of the
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material with additional chemical functionalities, as is the case with other EPD methods.*®
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Figure 4.4. SEM images of the surface of the CNT film taken before [A] and after [B] the washing
procedure was carried out. Sodium crystals on the surface of the material (observed as white powder)
can be seen partially imbedded in the surface of the film. These are then observed to be completely
removed by the washing procedure. EDX measured atomic content of film bulk is compared in [C] and

shows removal of the sodium content from the CNT bulk.

Residue removal is achieved with sequential washing of the films with DMAc (for the removal of
remaining naphthalene) and a MeOH/water solution for 24 hours (to remove the sodium salts). Figure
4.5.A illustrates the profile of films before and after washing showing that the removal of the surface
crystal is achieved with no loss of the underlying CNT film thickness. The loss of a sodium atomic
fraction in the EDS as well as XPS results of the washed material (Figure 4.4.C and Figure 4.14.F
respectively) show the complete removal of sodium not only from the surface crystals but also from

the bulk CNT film.
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Figure 4.5. The profilometry results [A] taken from a thin film before (As Dried Film) and after (Washed
Film) the washing procedure showing that only the top rough surface is removed from the material.
A simplified diagram of the unwashed films layered structure [B] is shown to demonstrate the belief
that this profilometry data is the result of the removal of Sodium salts being removed only from the

film surface while not damaging the films’ structure.

After washing, the now neat CNT film can be peeled away from the surface of the electrode using
tweezers to form a free standing and flexible buckypaper. Figure 4.6 shows a representative sample

of this final product.

A

Figure 4.6. Image showing an example free-standing CNT film produced as the final product of the
standard method of film production: 120 seconds of deposition at a 10 V potential difference between
two electrodes held 2 cm apart immersed in 25 mL of 1 mgent mL™? CNT solution charged at a 5c¢:1na
ratio. [A] shows the unwashed product (anode facing side down) complete with white powder

contaminant while [B] shows the final washed product (anode facing side up).
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4.4.2  Free Standing Film Macro Properties
If this new EPD method is to be useful, the resulting material must utilise the innate assets of its
constituent CNTs to have useful material properties. Free standing buckypaper samples produced by

reduction and oxidation methods where therefore tested for their material properties.

4.4.2.1 Mechanical Strength
From direct observation, the CNT buckypapers produced by both reduced CNT dispersions as well as
oxidised dispersions are flexible and can be bent, folded and unfolded with no apparent damage or

degradation (Figure 4.7.A). This is promising for applications in flexible electronics.
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Figure 4.7. Image showing a demonstration of the flexibility of produced free standing films through a
180° bend [A]. Additional image [B] showing a typical fracture of a reduced film sample within the
tensile testing machine in which no necking of the sample was observed. The results of these tensile

tests* are graphed [C] and it is from these that the mechanical properties are calculated.

*Measurements taken by Xudong Tao of the Assender Group

Due to material constraints and experimental priorities, only a small number of free-standing CNT film
samples were produced of dimensions that could be measured on the tensile testing machine and so
data should be considered only a preliminary study into the mechanical properties of the films.
However, the results of the tensile tests (Figure 4.7.C) and the mechanical properties of the films
calculated from them (Table 4.2.) show little variation and the errors calculated from them are low.
Additionally other studies producing films from single walled CNT have shown similar results (23.6
MPa®! tensile strength from an unaligned film) so it is believed that these results are still valid and

the conclusions drawn from them valuable.
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Sample Youngs Modulus Ultimate Tensile Strength Toughness
(MPa) (MPa) (MJm?3)

Reduced 839 166 21.99 +2.92 0.423 +0.133

Oxidised 1485 +105 30.81 +3.73 0.495 +0.046

Table 4.2. Table of mechanical properties of free-standing films produced using the new reduced EPD
method compared to traditional oxidised tubes showing that the traditional method still produces

superior mechanical properties.

The mechanical testing results show that the free-standing films produced by the reduced CNT
dispersions are significantly inferior to those produced by the traditional method using oxidised
dispersions. The traditionally produced material has nearly double the Youngs modulus and a 30%
larger tensile strength than the reduced films and, while the reduced films tolerated higher strain
rates, the toughness measured from them was still smaller. These results can be explained because
CNT surface functionalised with the traditional acid etching method will contain many -COOH and -OH
groups that can form strong hydrogen bonds between nanotubes and inevitably result in superior
mechanical properties. However, the most likely explanation is the disparity in density between the
two sets of samples. The reduced films were found to have a density of 0.34 +0.07 g cm™ while the
oxidised films were 0.53 +0.04 g cm™. This will result in significantly more CNT being present at the
cross section of the fracture thereby requiring more energy to break. The source of this density

discrepancy is explored further in section 4.4.2.3.

The SEM of the materials fracture surfaces demonstrate the difference in tensile properties also. The
lower strength but higher strain capable reduced films (Figure 4.8.A and B) show a more ragged edge
where CNT has been pulled from the bulk on failure. The stronger but more brittle oxidised material

(Figure 4.8.C and D) has a cleaner cut revealing a more homogenous and dense macrostructure.
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Figure 4.8. SEM images of CNT film fracture surfaces. [A] and [B] show a reduced film developed in

this work which has a more ragged edge and a less homogenous cross sectional macro-structure. [C]
and [D] show the traditional oxidised film fracture surface is more cleanly cut (implying a more brittle

fracture) and a more homogenous macro-structure of the cross-section.

While the oxidised films may have stronger mechanical properties than the reduced films, both are
still comprised of the same SWCNT starting material. Multi-walled carbon nanotubes have consistently
been shown to have superior mechanical properties to their thinner SWCNT alternatives and so it is
no surprise that tests conducted by Xiao et al.*’ produced free standing films by the EPD of oxidised
MWCNT showed strengths of 60 MPa, double that of this study. While these results are within the
same order of magnitude, it must be acknowledged and concluded that if CNT films are required for
purely mechanical applications, then the traditional method of production remains the superior

technique.
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4.4.2.2 Electrical Conductivity of Films

One potential application for CNT films is for use in flexible electronics. While the testing in the
previous sections showed that this was possible mechanically, further measurements were carried
out using a four-point probe to check the suitability of the free-standing material’s electrical

conductivity.

Additional to the standard EPD films, cast films using the same dispersions as their EPD equivalents
were also measured. The oxidised films were produced using a higher potential difference than that
of the reduced films and it was hypothesised that this greater force acting upon the nanotubes may
produce films of greater density. It is known that the density of a film is proportional to its conductivity
and so the measurement of cast films was therefore conducted to check that the EPD process itself
was not causing any difference between samples.
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Figure 4.9. Chart showing the sheet conductivities (measured by four-point probe*) for free standing
films produced by the two EPD and Cast methods. This clearly shows that the hydroxyl bonded
oxidised CNT films are superior. Error bars were calculated from measurements of 3 samples produced
by EPD for both oxidised and reduced CNT while Cast films were only created once from residual CNT

samples and therefore statistical analysis was not possible

*Measurements taken by Bianca Baur of the Grobert group.

The conductivities of the films were measured and are shown in Figure 4.9. The cast film

measurements are very similar to the films produced by EPD and so any differences in
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density/conductivity due to the field strength between electrodes was discounted as a source of
significant error in the differences between the reduced and oxidised materials. These differences
were significant however with the reduced film having a notably lower conductivity of 229 +99 S cm™?
compared to the oxidised films 694 +18 S cm™. Previous studies have shown that unfunctionalized
SWCNT networks have similar conductivities in thin films'®2 (250-400 S cm™) or thicker ones®®* (170 S

cm?) although these results are still on the higher end of many studies.

The large difference between the reduced and oxidised films is initially counter-intuitive to theory as
damage to the CNT nanostructure caused by oxidation should cause a reduction in conductivity of
individual nanotubes and thereby make the whole structure less conductive. However, many studies
have also found that acid treatments increase the conductivity of CNT films both neat!*® and as fillers
in composites.’ Similar to the explanation in mechanical differences, this is thought to be due to the
hydrogen bonding of the oxidised CNT improving inter-nanotube interactions, reducing tube-tube
distances and and thereby increasing the electrical conductivity between nanotubes. Additionally, the
differences in density (0.34 vs 0.53 g cm™) between the reduced and oxidised samples mean fewer
CNT are available in the reduced samples cross section to facilitate charge transfer. This sub-optimum

performance due to a lower density of the reduced films is because of cavities found in them.
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4.4.2.3 Sub-optimal Macro Property Explanation

Figure 4.10. SEM of CNT film cross sections demonstrating differences in macro-structure. The
reduced film [A] cross section shows a layered structure with numerous pores both between and
inside these layers. The oxidised film [B] is also layered but does not exhibit any holes/gaps/pores and

is therefore a denser material.

For both the mechanical and electrical conductivity testing that was conducted on the free-standing
films, the properties of the oxidised produced films were consistently superior to those of the new
reduced method developed in this work. While some of this can be explained by the hydrogen bonding
present on the oxidised nanotubes, as has been previously explored, another possibility is the

presence of cavities found within the reduced film macrostructure.
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Figure 4.11. Microscopy of unwashed CNT film cross section. [A] SEM image of CNT film edge obtained
by tearing film. [B] EDS image of cross section with isolated regions for further analysis highlighted.
[C] Bar chart showing atomic composition of different regions of the EDS image (note that Al and Si
content can be explain by the SEM sample mount). [D] individual atomic maps showing both sodium
oxide and iron oxide localisations within the film structure. The iron content is a relic from the starting
material synthesis.

SEM and EDS of the cross sections for reduced films both before and after the washing procedure
were taken and are shown in Figure 4.10. These images show inconsistencies both in texture and
composition within the films’ macro-structure. Atomic composition analysis (Figure 11.C) confirms
that these impurities are localised and of a similar constitution as the sodium crystals found on the
surface of the films after drying, being comprised of sodium and oxygen. These impurities are assumed

to be non-conductive (as are most ionic salts) and poorly attached to the surrounding CNT (as were

the surface residues that would fall from the CNT film surface when inverted).

While these impurities are in the unwashed film, their presence is assumed to inhibit the mechanical
strength and electrical conductivity of the final film product. However, after the washing procedure,
previous results indicated that these salts were completely removed from the material. To ensure that
this was the case throughout the thicker free-standing materials, further SEM and EDS were carried

out on the cross sections of washed films and are presented in Figure 4.12. The SEM shows dark
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patches across some areas of the cross section implying either elemental variation or the shadow cast
by empty cavities. EDS and atomic analysis (Figure 4.12.C) of these areas compared to the bulk
material shows that these regions are a mixture of cavities as well as small residues of sodium salts.
The sodium content found in these regions was 1.2 % compared to the unwashed film proportion of
22.5 % and the overall sample EDS map found negligible sodium. This order of magnitude difference
found in only the thickest (and so most difficult to wash) films shows that the washing procedure is

still effective and valid for use on the more numerously produced thin films used in this study.
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Figure 4.12. Microscopy of washed CNT film cross section. [A] SEM image of CNT film edge obtained

by tearing film showing cavities within film structure. [B] EDS image of cross section with isolated
regions for further analysis highlighted. [C] Bar chart showing atomic composition of different regions
of the EDS image showing majority of sodium is removed but remains in some locations. [D]

individual atomic maps showing oxide and cavity localisations within the film structure.

Despite the washing procedure being shown to be effective at impurity removal, the presence of these
cavities can explain the poor performance of the reduced films compared to the traditional oxidised
films. The holes within the film structure reduce the density of the material so reducing its electrical
conductivity as well as providing weak points throughout its macrostructure through which crack

propagation can occur leading to early mechanical failure.
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While this does seem to be a downside to the material produced by the reduced dissolution method,
the presumed increase in surface area of the films that should be created by these pores can
potentially have advantage in catalytic or electrode applications where strong materials with a larger
surface area are desired. This possibility could be taken even further by utilising the chemistry
developed by De Marco et al.’®® where the reduced CNT gel could be held in place by the cross linking
of 1,4-diiodobenzene to create high surface area, conductive aerogels from CNTs. Additionally, the
very proof of viability for the reduced dispersion for EPD method for film production may allow the
deposition of nanomaterials impervious to the traditional oxidation approach (which will be shown in

section 7.4.2.3 for BNP).

443 Film Nano-Structure

The CNT film produced by the reduced dispersion method does not improve upon the mechanical and
electrical properties of the traditional oxidised procedure. However, the final product is still flexible,
mechanically strong, and electrically conductive. This has been achieved using a fabrication method
that is simple, fast and gives a high yield while needing low voltages. Arguably the most important
feature of this method is the complete retention of the starting material’s nanostructure during its

incorporation into the film.

This section will show that, in contrast to the traditional oxidation method, the CNT nanostructure of
the starting material is maintained into the final film product using the reduced dispersion for EPD.
The nanostructure of CNTs define their properties and much research and effort has gone into creating

195

or separating nanotubes of specific proportions or chiralities'®>> which could be lost/degraded using

the traditional oxidation method.
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4.4.3.1 Raman Analysis
For CNT structures, the relative intensity of the D (1360 cm™) and G (1582 cm™) peaks within their
Raman spectra indicate the relative amount of non-graphitic and graphitic bonding within a sample

respectively'®'% and so are a good indication as to change in the material’s nanostructure.
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Figure 4.13. Raman results comparing the CNT starting material, reduced film and oxidised film. The
average of a hundred spectra with standard deviations is shown in [A] and show that the D peak is
very small for all samples. A histogram of D/G ratios (by area) from these Raman spectra [B] shows

that the reduced film retains the nanostructure of the starting material.

Figure 4.13 shows the cumulative results for Raman spectra of the oxidised, reduced and starting CNT.
Due to the high crystallinity of the SWCNT used for this study, the D peaks are small for all spectra so
the relative areas for the D and G peaks were compared and used to create the D/G ratio distribution.
As can be seen, the D/G ratios for the starting material and reduced films are very similar, showing
no change of graphitic structure within the CNT. This is in contrast to the D/G distribution of the
oxidised film CNTs which have both a wider distribution of D/G ratios (implying CNT dis-uniformity

within the sample) as well as higher ratios (implying lower levels of graphitisation compared to the

starting material).
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4.4.3.2 XPS Analysis

Film samples were analysed via XPS analysis and a comparison was made to the starting material. The
comparison of the Cls XPS spectra (Figure 4.14.D) with the final washed film produced by this works
method, shows that the carbon bonding environment is 84.2 +1.2% constituted of sp? C=C bonds
(284.4 eV)™! as is expected of a graphitic material. This is very similar to the sp? C=C content of the
starting material (Figure 4.14.A) at 83.7 +0.7%, but the spectra vary slightly in their respective sp® C-C
(285.1 eV)#e1% and C-O (286.3 eV) bonding content: the finished film has a lower oxygen bonding
content (3.0 £0.2 % vs 8.2 0.3 % respectively). These minor differences are insignificant however,
when compared to the damage that is caused to the CNT nanostructure by purposeful
functionalisation as illustrated by the C1s XPS of the comparative oxidised CNT film (Figure 4.14.B). A
summary of these differences is shown in Figure 4.14.E in which the non-graphitic C-C, C-O and C=0
content of the oxidised tubes is nearly double (30.2%) that of both the starting material (16.2%) and
the reduced dispersion produced washed films (15.8%). This loss of graphitic structure affects the
individual nanotubes within the film and emphasises that the traditional oxidation method is

inappropriate for applications where retention of the initial nanostructure is required.
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Figure 4.14. XPS analysis showing CNT retention of nanostructure after film production compared to

traditional oxidation methods. De-convoluted C1s XPS analysis of Tubal SWCNT starting material [A],
traditionally oxidised CNT produced films [B], unwashed reduced film [C] and final, washed film [D]. A
summary of these C1ls deconvolutions [C] shows that the final washed films contain significantly less
carbon-oxygen bonding than the oxidised film and the same sp? C=C bonding to the starting material
implying little or no change to the nanostructure. XPS atomic composition analysis [F] similarly shows
no change in the film compared to the starting material while the oxidised film contains significantly

more heteroatom content.
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4.4.3.3 TGA Analysis

One way in which this retention of CNT nanostructure can be demonstrated to benefit the final CNT
film is through analysis of thermogravimetric (TGA) data (Figure 4.15). The starting material CNT
decomposes in air at 701 +14 °C while the oxidised CNT film decomposes at the much lower
temperature of 627 £7 °C in addition to a gradual loss of mass prior to this point due to its various
defects. This contrasts with the reduced film product of this work which decomposes at 689 6 °C re-
enforcing the point that the retention of nanostructure from the starting material has occurred. These
results are consistent with literature that has shown an increase in graphitization of CNT samples can

lead to an increased oxidation temperature by as much as 155°C.168
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Figure 4.15. Thermogravimetric analysis of CNT samples. The average TGA curve for a material is
plotted with the error between values for each point coloured on either side. The starting material
CNT powder’s decomposition temperature (701 +14 °C) is compared to that of the films produced by
EPD using the reduced (689 +6 °C) and traditional oxidation (627 +7 °C) methods. The mass losses at
<500 °C in both film samples are presumed to be residual small organic molecules trapped within the
dense film structure which is not seen in the loosely packed and unprocessed starting material. The
mass loss at 520 °C for the oxidised film can be identified as amorphous and oxidised carbon created
during the acid etching process prior to the films deposition and has been observed previously by A.

Mahajan et al. %58

4.44 Mechanism of Deposition
While it has been shown that this method of CNT film production allows for the retention of CNT
nanostructure, to fully allow others to take advantage of this technique it is important to understand
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in depth the deposition process so that its adaptation to other materials can be as smooth as possible.

To this end, multiple studies were conducted by altering controllable variables.

4.4.4.1 Deposition Rate

The simplest parameter to control that effects film deposition when creating CNT films by EPD is the
time over which the deposition takes place (Hamakers law, Eq 2.1). Films were therefore produced
from a 1 mgent mL? reduced solution using a 5 V cm™ field strength while varying the time for which
this voltage was applied between 0 and 60 seconds (where 0 was measured by immersing an
electrode, connected to the circuit, in the solution but refraining from turning on the potentiostat).

As- B

m  Washed Film

1 ® As Dried Film l
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Figure 4.16. The thickness of films produced both before and after washing is plotted against the time
taken for EPD [A] and shows the expected trend of proportional increase of deposition with time
although this begins to lose linearity past 60 seconds due to vertical slippage. The slope is calculated
to show the rate of deposition. The CNT gel phase of the manufacture process is imaged [B] for each
of these times (numbered in seconds on each image) and illustrates the increase in CNT coverage.

The results of this variation are shown in Figure 4.16 and display the expected linear relationship (as
all other variables described by Hamakers law remained constant) between deposition time and the
resulting film thickness. Using this data, as well as the average reduced films density (calculated as

0.34 +0.07 g cm™ from free standing films), a deposition rate of 0.122 mg cm2 s was determined.

This is significantly faster than the rate calculated for the comparative oxidised CNT which was found
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to be 0.056 mg cm?2 s (from an average density of 0.53 +0.04 g cm?), in part due to the longer
deposition times required for film creation. Additionally, the complete depletion of the oxidised CNT
dispersion after EPD implies a lower concentration of nanomaterial within the oxidised system which

will further reduce the speed of deposition.

4.4.4.2 Concentration of CNT Solution

As mentioned, concentration of the nanomaterial suspended within the dispersion has a large effect
on the viability of a film creation within an EPD system as well as the final films’ thickness/deposition
rate (variable Cs in Hamakers law, Eq 2.1). The variation of the dispersion concentration was therefore
tested by producing five 30 mL reduced solutions of concentrations varying between 0.1 and 1.33
mgent mLT and conducting EPD on them for 120 s using a 5 V cm field strength between an FTO anode

and a copper foil cathode.

The thickness of the resultant films was plotted against this CNT concentration in Figure 4.17.A and
shows a sigmoidal relationship. This trend can be explained by dividing the graph into three distinct

conceptual regions (Figure 4.17.B).
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Figure 4.17. The thickness of films produced in different concentrations of CNT solution [A] shows a
sigmoidal relationship. This sigmoidal relationship between thickness and CNT concentration is
explained in [B] by dividing the curve into three hypothetical regions in which different forces effect
the deposition of CNT. Note: that the final 1.33 mg mL? washed film result is missing due to
delamination of the film during the washing procedure.

Below a certain concentration (Figure 4.17.Bj) there is not enough CNT concentrated either in the
solution on locally on the anode to overcome the charge induced inter-CNT repulsion and so no film
can be formed. In the next region (Figure 4.17.Bii) the local CNT levels at the anode are above the
critical concentration required for coagulation and so the film thickness is proportional to the amount
of CNT available in solution that can be transported by electrophoresis to the anode within the 120 s
over which the experiment is conducted. However, this increase in film thickness with CNT
concentration is not infinite (Figure 4.17.Biii) as it has been observed that the weight of the CNT gel
that forms on the electrode becomes too large to be self-supporting and either falls away into the
dispersion or causes large sections of the film to slide away from the electrode, thereby limiting the
final dried film thicknesses to approx. 10 um. This sliding effect can be seen in the images of Figure

4.16.B where the very top of the CNT gels (closest to the Cu tape connections) show a slightly thinner

CNT covering. It is thought that further work could improve upon this limiting thickness by altering the
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C:Na charge ratio within the dispersion, thereby changing the inter-tube repulsive forces governing

the gel structure, although this would, in turn, limit the CNT dispersion concentration.”

4.4.4.3 Field Strength Variation

As shown, film deposition rate (as represented by final film thickness after a fixed period of EPD time)
is governed by the CNT concentration of the dispersion but is also altered by the speed at which CNT
can be concentrated on the surface of the anode. It is unsurprising therefore, that when the force
acting upon the CNT solution is enlarged by increasing the potential difference applied across the two
electrodes, that the film thickness is increased proportionally as predicted by Hamakers law (variable
E in Eq 2.1.) and shown experimentally in Figure 4.18.A
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Figure 4.18. The relationship of varying potential difference between the electrodes during a 120
second EPD on 1 mgent mL? solution and the final film thickness (both of before and after washing) is
shown to be linear [A]. The relationship between the potential difference and the current flow

between the electrodes is also shown [B].

These films were manufactured using a Imgct mL? solution and it is interesting to note that with
even the smallest measured field strength of 1V cm™ (2 V potential difference), this was enough force
to concentrate CNT on the anode in large enough amounts to cause deposition. This shows that other

solvents, that may be more prone to decomposition, could be used in this method, thereby

broadening its versatility and application.
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Another notable result from the variation of field strength data was the relationship between the
current output of the EPD setup and the final film thickness produced. The current/time graphs for
each deposition are plotted together in Figure 4.18.B showing the current output is a function of the
voltage applied. The increased force acting upon the charged CNT caused by the larger field strengths

causes a faster deposition rate and so a larger current flow and thicker resulting film.

The current flow during EPD can additionally be used to calculate the total charge transfer that occurs
during film formation (as opposed to waiting for the film to dry before measurement). When plotted
against the final thickness of these materials (Figure 4.19), a linear relationship is observed. Despite
the EPD process being possible without charge transfer at the electrodes as proposed by Hamaker,??
these results indicate that charge transfer can be used as an alternative measure of EPD film thickness
during production instead of waiting until after the final material is dry to make these measurements.
It is therefore hypothesised that this alternative measurement system could be opened up to wider

industrial applications.
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Figure 4.19. Using the integration of the measured current-time curves created during EPD, the total
charge transfer for a deposition can be calculated and is shown here to be directly proportional to the

final film thickness of the washed film for the results from both the time and potential difference (P.D.)

variation experiments.

78



4. Reduced SWCNT for EPD

4.4.4.4 Explanation of Current-Time Result
Even further understanding of the CNT deposition process can be inferred from the current output of
the electrodes during EPD. A typical current/time curve for one of these experiments can be said to

be split into three hypothetical regions as is displayed in Figure 4.20.
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Figure 4.20. The theoretical chronology of deposition is explained through the analysis of a typical

current/time curve recorded during EPD by analysing three sections. SA refers to surface area and R

refers to electrical resistance.

Initially (Figure 4.20./) the controlling potentiostat sets the voltage between the electrodes and
immediately the surrounding CNT, within the dispersion, contacts the electrode surface occluding it
from the remaining solution and thereby effectively increasing the electrode’s resistance and thereby
reducing the current measured. Next, as the localised concentration of CNT becomes high enough to
form a film on the electrodes’ surface, the electrically conductive CNT film artificially increases the
electrodes’ surface area and so temporarily increases the current observed (Figure 4.20.ii). This effect
is not observed when the nanomaterial being deposited is not electrically conductive (see section
5.4.5.3). Finally, the film thickness grows further and the electrical resistance between the solution
and electrode steadily increases, thereby reducing the current. It should be noted that the current
does not decrease due to the depletion of CNT in solution as the fraction of overall CNT formed into a

film (approx. 3 % fora 2.5 cm x 1 cm x 12 um film sample from a 30 mL solution) is negligible.
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4.4.4.5 Error Check: Solvent and Reducing Agent
While the information extracted from the current/time graphs can be corroborated by their
relationship to the final film products and theory, potential sources of error within these

measurements must also be investigated if only to eliminate them as possibilities.
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Figure 4.21. Current/Time graph of electrodes held at 10 V immersed in 25 mL of three different
solutions: a typical 1 mg mL™ CNT dispersion; a 0.2 mg mL? sodium naphthalide charging solution and
pure DMACc solvent. This shows that the vast majority of current measured during EPD of nanotube is

due to the nanotubes.

A likely source of this error is that the current flow measured is the result of processes other than the
deposition/discharge of CNT forming a film. Other potentially charged particles within the solution are
from the NaNap charging solution and from the breakdown of the solvent at the electrode. By
conducting EPD on solutions of the same charge concentration of NaNap and of neat DMAc at 10 V
(highest V possible to induce largest response, if any), their current/time curves can be compared to
that of a typical reduced CNT deposition in Figure 4.21. This shows that the current signal from the
CNT is orders of magnitude larger than the signals from both the NaNap solution and DMAc, meaning

that results from CNT EPD can be fully attributed to the nanomaterial with no error.
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4.5 SUMMARY AND CONCLUSIONS

This Chapter has described and demonstrated the value of a novel method for producing neat free-
standing and thin CNT films. The reduction and subsequent dissolution of CNT, in high enough
concentration (>0.5 mg mL?), is shown to be an excellent dispersion for EPD. This can produce films
with a controlled thickness (0-14 um) in a short amount of time (5-120 s), using field strengths (1-5 V
cm?). A washing procedure for the removal of remaining discharged reducing agent from produced
films was confirmed to remove all impurities from the film surface leaving a pure CNT material with
only minor impurities found in the centre of the macrostructures of only the thickest samples. The
removal of these impurities due to this washing process causes cavities to be formed in the centre of
these thicker films leading them to have worse electrical conductivity and mechanical strength than

a comparison film made using an oxidation method.

Despite this, the reduced dispersion manufactured film was then proved to be comprised of CNT with
near identical nanostructure to that of the starting material, which contrasts more favourably with
the traditional methods of film production. This was further emphasised by showing that the reduced

film retained its thermal degradation resistance compared to the oxidised films.

Finally, the variables that control the EPD mechanism were investigated, and it was shown that the
deposition process follows the expected trends as laid out by EPD coagulation theory and Hamakers
Law but can additionally still be predicted by current measurements. It is anticipated by the author
that this work will provide useful method for film production that can be both expanded for use in

CNT film production but also adapted to apply to other nanomaterials.
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5 REDUCED BNNT FOR EPD

5.1 ABSTRACT

This chapter develops the scope of the reduced dispersion for EPD method developed in Chapter 4 by
proving the viability of producing free-standing films and coatings from hexagonal boron nitride
nanotubes (BNNT). Similarly structured to CNT, but electrically insulating, this novel starting material
has never before been charged by electrochemical reduction. This work demonstrates that the BNNT
used do not accept as high a charge density as SWCNT (<41pn:1na VS Scnt:1na) but still produces films of
pure nanotube with no nano-structural damage from the process as determined by Raman, TGA and
XPS analysis. This is the first report to detail pure BNNT film fabrication by EPD, so it is not comparable
to other literature methods for this nanomaterial as was possible using the oxidised CNT discussed in
Chapter 4. Despite this, BNNT reductive dispersion for EPD is shown to produce films up to 35 um thick
(compared to <14 um for SWCNT) at a deposition rate measured at 2.03 pg cm™ min (significantly

lower than 0.122 mg cm™ s* for reduced CNT).
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5.2 INTRODUCTION

Boron nitride nanotubes (BNNT) are analogous to carbon nanotubes (CNT), and are made from
hexagonally bonded alternate boron and nitrogen atoms in the place of carbon. BNNT structures that
consist of ionic B-N bonds make the material electrically insulating® while still retaining a strength?
and thermal conductivity?® similar to CNT (see section 1.1.). BNNT may even surpass CNT in some
areas, as recent measurements have shown that it can form stronger binding interfaces with polymers

when incorporated into composites!® and can improve the thermal conductivity of ceramic films.!%®

These properties within composite materials are interesting for a wide range of applications. For
example, thin films have been produced by annealing precursors to a chosen surface at high
temperature to produce superhydrophobic (170° contact angle) coatings.!*® However, BNNTSs relative
novelty and expense as a material has meant that limited research has so far been conducted into
their application for neat films and near zero have used EPD for their production. Therefore, to
appreciate the true extent of potential applications for BNNT films, studies using the cheaper and
more widely available 2D BN nanomaterials should be examined (as is additionally explored in this

works chapters 6 and 7).

EPD has been employed for use in the fabrication of these 2D BN materials because it is, as Walsh et
al.’ express, “capable to do deposition on complex geometry shapes with achievable, controllable
thickness, easy setup, and low cost process set-up”. These systems have been used to create
chitosan/BN films** with antibacterial properties; BN nanosheet corrosion resistant copper coatings*
as well as BN medical surfaces with high potential for bioactive materials.’?®> 2D boron nitride platelets
(BNP) are analogous to graphite in structure and these applications described in literature utilise the
chemical stability and electrical insulation properties that they share with BNNT. However, due to its
1D morphology, BNNT has further potential uses for mechanical applications. Additionally, while these
examples show the range of applications for BN material films, they all contain none-BN additives

which can restrict the utilisation of the BN material properties. Alternative methods require the
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chemical functionalisation of the BNNT prior to dispersion and deposition?®® which can damage the

materials nanostructure by interrupting its B-N bonds to create other functionalities.

Chapter 4 of this thesis introduced and explored the novel reduced dispersions for EPD method to
create nanotube films without the need for chemical functionalisation or additive inclusion. This
chapter applies this method to BNNT film manufacture, proving its viability, and exploring the

differences this change in starting material imposes on the method.
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5.3 EXPERIMENTAL

A series of experiments were designed and are described here to show how the reduced dispersion
and deposition method (Chapter 4) can produce both coatings and free-standing films of pure BNNT,

free of additives and with no nano-structural damage.

5.3.1 Chemicals

Material Name Abbreviation Supplier

Boron Nitride Nanotubes BNNT BNNT Materials LLC

Boron Nitride Nanotubes BNNT BNNT Materials LLC SP10-R
Boron Nitride Nanotubes BNNT BNNT Materials LLC SR10-RX
Boron Nitride Platelets BNP/003 3M™ 003

PTFE membrane n/a Cat#: 776742

Sodium metal Na Sigma 262714
Naphthalene Nap Sigma 84679

N,N Dimethyl Acetamide DMAc Sigma 271012

Methanol MeOH Sigma 34860

Ethanol EtOH Sigma 32221

Iso-Propanol IPA Sigma 59300

Acetone n/a Sigma 32201

1-Bromo Hexane Br-Hex Sigma B68240

Table 5.1. Materials used in this section as well as the supplier product numbers (where possible) and

abbreviations that are used to refer to them within the text.

5.3.2 Methods

Reductive dissolution of BNNT: BNNT ‘puffball’ samples (resembling cotton balls as shown in Figure
5.1.A) were taken into an argon atmosphere and then partially separated into smaller chunks using
two pairs of needle nose tweezers. Using 1 mgna mL™ sodium naphthalide (NaNap) charging solution
used in CNT EPD (section 4.3.2), the BNNT chunks (small portions of the BNNT ‘puffball’) were

immersed in the charging solution at stochiometric ratio of 5gn:1na. This mixture was then made up to
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a 1 mgsy mL? concentration with additional anhydrous dimethyl-acetamide (DMAc) and then further
separated with tweezers, followed by mixing by glass stir bead for multiple (1-3) days. The dispersion
was considered completed when there were no remaining visible clumps of the original ‘puffball’
(although, unlike in previously described CNT dispersions, some BNNT was still visible as a cloudy,

fibrous suspension).

Electrophoretic deposition of BNNT dispersions: Vertically aligned, parallel electrodes of 2.5 x 2.5 cm
dimensions were suspended and then immersed into the BNNT solution while held 2 cm apart. The
anode was made from fluorine-doped tin oxide (FTO) coated glass and the cathode from copper foil
and both were connected by crocodile clip to an Autolab PGSTST128N potentiostat which applied a
constant 10 V potential difference between the electrodes while measuring the current. The BNNT

film created was removed from solution and taken out of the argon glovebox.

Film drying and washing procedure: The drying and subsequent washing steps taken for BNNT films

is identical to that used for the CNT films in section 4.3.2

Charge concentration investigation (bromide substitution): Five samples of 5 mg BNNT SP10-R were
divided into five 20 mL vials equipped with small (5 mm) glass stir beads. 0.25, 0.5, 1.0 and 2.0 mL of
the 1 mgna mL! NaNap charging solution was added to four of these vials and all were made up to 10
mL by DMAc addition. All were stirred over 2 weeks and then had their UV-Vis spectra determined.
Following this, each solution had the sociometric equivalent of their sodium content added in 1-
bromo-hexane. This caused the solutions to lose any remaining green colouration, being replaced by
yellow. The samples were filtered over a 0.22 um pore PTFE supported membrane wetted with EtOH

and washed with further EtOH and acetone before drying in air prior to further analysis.
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5.4 RESULTS AND DISCUSSION

5.4.1 Starting materials

Unlike the relatively large amounts (gram scale) of high-quality CNT (>90 G/D ratio?®?) that could be
used in experiments previously, BNNT manufacture is still limited. The samples that were provided by
BNNT LLC were therefore analysed prior to EPD, and sample recycling was often used to save material

throughout this study.

Figure 5.1. BNNT starting materials. Image [A] of the SP10-R (left) and SR10-RX (right) BNNT ‘puffballs’
as provided by the manufacturer before processing. SEM [B] image of SP10-R showing the nanotubes
are comprised of fibrous tubes and large BN bulbs remaining from the synthesis procedure which
charge during imaging creating the slight distortion seen in the micrograph. Image [C] of a BNNT
sample (cloudy suspension) immersed in NaNap charging solution (green solution) showing
incomplete charge transfer. TEM images* [D] and [E] emphasising the size difference between the BN

Bulb and nanotube structures.

*TEM taken by Dillon McGurty of the Grobert Group.
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d?°2 using laser

BNNT LLC manufacture their product by a HTP (high temperature and pressure) metho
ablation to create BNNT cotton-like ‘puffballs’ (Figure 5.1.A) of many entangled BNNT which must be
physically shredded/separated into chunks before use in solution otherwise they were found to
collapse into small fibrous clumps that do not disperse into solution. Under SEM (Figure 5.1.B) the
starting material mass appeared to be made up of BNNT tubes and bulbs (encapsulated boron
nanoparticle surrounded by hBN) which are indicative of the HTP method of synthesis.?®® Further
transmission electron microscopy (TEM) images (Figure 5.1.D-E) confirm the manufacturer’s claims2%

that these nanomaterials have larger dimensions (up to 200 um in length with 1-5 h-BN walls) to that

of the CNT that were used in chapter 4 (5 um?®* length with 1 graphene wall).

The size disparity between these BNNT and the previously successful CNT is an issue as the
electrochemical reduction of the nanomaterial by NaNap was found to be unable to individualise and
disperse larger multiwalled CNT (produced by D. McGurty et al.°*). Additionally, the polar covalent
nature of BNNT nanostructure makes reduction of BNNT less likely compared to CNT, as point charges
introduced onto the BN surface cannot move and so act as a localised repulsion to further reduction
reactions. This trend is shown in the simulated nanotubes calculated by Shin et al.?%> where BNNT
models constantly showed lower electron affinities compared to the analogous CNT structures (0.40

eV for BNNT compared to 1.98 eV for CNT where both have a (5,5) armchair structure).

With a lower charge and larger dimensions, it is no surprise then, that these BNNT samples do not
fully disperse into solution when charged. Figure 5.1.C shows this issue as a cloudy BNNT suspension
which can be observed within a dispersion that also retains much of the green NaNap charging solution
colouration meaning that full charge transfer onto the BNNT has not occurred. Despite these issues,
initial EPD testing of these partially charged BNNT samples showed that films would still be created

given a longer period of time (10-30 mins) and so further testing was therefore continued.
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5.4.2 Charging of BNNT

The initial experiments that were carried out to estimate variables required for BNNT charging and
deposition showed that the BNNT material was not fully reduced for the amount of NaNap solution
that it was combined with. Additionally, the longer EPD times required to create films (BNNT=20 min
vs CNT=2 min dispersions) implied a lower nanotube charge, as the nanomaterial was less effected by
an electric field and so moved to the electrode surface more slowly. To investigate the degree to which
the BNNT samples were charging, an experiment was designed immersing the same amount of BNNT
in varying amounts of NaNap. The differences between these samples were then be measured to

determine the charge transfer.

Figure 5.2. Image showing the dispersion/charging samples lined up in increasing (from left to right)
NaNap concentration as indicated by increasing green colouration. Here 5 mg of BNNT was placed in
10 mL of varying concentrations of NaNap solution and left to disperse/charge. Note the parafilm

surrounding the vial caps used to prevent oxygen contamination of samples during glovebox transfers.

5.0 mg of shredded BNNT was added to 0, 0.25, 0.5. 1.0 ad 2.0 mL of 1 mgy. mL? NaNap solution and
each made up to 10 mL with DMAc solvent. These samples, after stirring, are displayed in Figure 5.2
and it can be seen by eye that complete charge transfer (denoted by a loss of green colour) has not

occurred in at least the three more concentrated samples to the right.

5.4.2.1 UV-Vis Spectroscopy Analysis
While the eye can observe significant differences between colouration, UV-Vis spectroscopy can
quantify these differences. Attempts to produce absorption coefficient curves for NaNap solutions

proved unsuccessful as they showed no consistent or repeatable trend possibly due to air mediated
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discharge. The BNNT concentrations were determined instead, within the variously charged
dispersions. It was assumed that the higher the charge transfer to the nanotube, the higher the

resultant BNNT concentration’”® shown by UV-Spectra. This trend would continue until the maximum

charging is achieved at which point the BNNT concentration should not increase further.
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Figure 5.3. Results of UV-Vis analysis of the variously charged BNNT. The spectra [A] for the NaNap
charging solution, DMAc and ‘charged’ BNNT samples showing the 350 — 800 nm region from which
BNNT concentration is calculated. Graph [B] showing the relative concentrations of BN material
suspended within each sample calculated using the Beer-Lambert law using a molar absorptivity
coefficient calculated using BNP powder suspended in DMAc. Image of UV-Vis samples in cuvettes [C]
showing the cloudy coagulation of BNNT in the more oxygen exposed samples (right) compared to the

better sealed samples (left).

The UV-Vis absorption curves are displayed in Figure 5.3.A. To calculate the BNNT concentrations
(Figure 5.3.B) from this UV-Vis data, molar absorptivity coefficients from BN platelets (derived and
used in section 7.4.1) were used. This was because it was impossible to create standard solutions of
known concentrations for the BNNT due to their large dimensions which caused them to coagulate
too rapidly, and so the chemically similar BNP dispersed in DMAc were used instead. As this is the
case, only trends in relative BNNT concentrations are valid as the calculated numbers may be
misleading. Furthermore, the UV-Vis spectrometer was situated outside the glovebox and so oxygen
induced discharge of samples (as described in lit review 2.2.2) transported for analysis to it may be

another source of error. Discharge of BNNT and their subsequent coagulation due to presumed
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oxygen/air contamination over time can be seen in Figure 5.3.C (right hand cuvette with cloudy

material at bottom of the container).

The relative BNNT concentration results show that the nanotube concentration is lowest for
uncharged BNNT, implying that the charging solution does have an effect. Nevertheless, no trends
are observable within the charged solutions. This may be due to the possibility that the maximum
possible BNNT charge transfer has already occurred with the 0.25 mL sample, implying a charge ratio
of <41gn:1na Which would limit the density surface decoration for any future radical based

functionalisation reactions.

5.4.2.2 Bromide Substitution
To gain more substantial data on the amount of charge transferred to the surface of the BNNT, a
complimentary study was performed. a Sn2 halide substitution reaction was designed in which these

charges would result in the addition of hexane chains to the BNNT surface as detailed in Figure 5.4.
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Figure 5.4. Schematic of proposed reaction. BNNT starting material [A] is charged by NaNap reducing
agent causing its dispersion [B]. The negative point charges on the BNNT surface then react with the
bromo-alkane in a substitution reaction resulting in the decoration of the BN surface with covalently

linked hexane [C] while the solution contains a sodium bromide salt.

This halide substitution is common in CNT chemistry® and Shin et al.?% describe the same reaction,
reporting that the binding energy between an alkyl radical and a charged BNNT could be -3.86 eV.
They also achieved a 15% weight fraction addition of hexane experimentally. It was therefore
hypothesised that the proportion of BNNT-Hex bonding found when this reaction was completed

would be indicative of the charging of the BNNT.
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As many REDOX reactions are reversable, there was a possibility that the charging ratio of the BNNT
was in an equilibrium based on the concentration of charged naphthalide in solution. Enough Br-Hex
was therefore added to discharge every theoretical sodium introduced charge in the system
simultaneously, preventing any reversible reactions that would first discharge the BNNT onto the Nap

and artificially lower the recorded BNNT-Hex bonding.

After the combination of Br-Hex and the differently charged BNNT samples, any remaining green
coloration of the solution disappeared and samples were washed, dried and sent for XPS analysis. The
XPS results were expected to show an increase in C atomic content as well as C-C and B-C bonding
proportions as the BNNT charging ratio increases, plateauing when the BNNT charging limit being

reached.
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Figure 5.5. Analysis of Br-Hex reaction with ‘charged” BNNT. XPS summary of the Bls [A] bonding
regimes found within BNNT samples showing the expected high B-N bonding proportion but little of
the expected B-C bonds with no obvious trends. The XPS summary of the Cls bonding environment
[B] also shows no trend in the C-C bonding as is expected of a successful functionalisation. This lack of
trend is again repeated in the atomic fraction breakdown [C] of the same samples. A TGA [D] signal of

the 2.0 mgna shows evidence of hexane presence by the mass loss at 466 °C.

The actual XPS results do not show any significant differences or trends across the Bls (Figure 5.5.A)
spectra. As expected, the B-N bonding proportion dominates but the predicted increase in B-C bonding
for charged BNNT samples was not present and remained negligible in all samples. This may be due
to the small scale of the reacted boron sites (implying a very low charging ratio) in relation to the
majority of the boron found in internal BNNT shells as well as the boron nanoparticles held within the
previously described bulb structures. The carbon atomic content (Figure 5.5.C) of the charged samples

does increase from 4.3 % in the uncharged BNNT sample to 7.3% and 8.1% in the 0.5 and 2 .0 mgna
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charged samples respectively. The Cls deconvolutions (Figure 5.5.B) show that this is due to an
increase in sp® C-C bonding (40 % to >60 %) implying the increased presence of hexane. This
observation is backed by the 5.7% mass loss at 466 °C shown in the TGA (Figure 5.5.D) of the 2.0 mgna

but is much lower than the 10% mass loss reported for a similar reaction by Shin et al.?®

The XPS results are, similar to the UV-Vis, inconclusive. The increase in atomic carbon bonded in sp?
does imply hexane bonding, but shows no trend that would allow the charging ratio of the BNNT to
be determined. Additionally, the lack of significant increase in B-C bonding could imply that the hexane
is not covalently bonding to the BNNT surface but is instead detected as an impurity within the sample
having reacted with the cation on the naphthalide molecule (as no bromine atomic signal was
detected, it is concluded that a reaction did take place). This is confirmed by comparison of IR spectra
for the starting material and reacted BNNT-Hex (Figure 5.6) in which no C-C or B-C single bonds can

be seen created in the fingerprint region.

Offset Normalised Transmission

—— BNNT-Hex
—— DMACc Blank

T T T T T T T
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)
Figure 5.6. Normalised IR spectra of BNNT immersed in DMAc and reduced BNNT reacted with 1-
bromo-hexane (BNNT-Hex). No new single bonding signal is detected in the fingerprint region (<1500
cm?) of the BNNT-Hex spectra, implying no significant reaction creating a B-C or C-C bonds has

occurred.
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5.4.3 BNNT Film

Despite the charging ratio of the BNNT being unknown, the deposition of the nanomaterial onto an
electrode’s surface by EPD does still occur. The final product of these procedures was observed
through manual handling to be flakier and weaker than its CNT counterparts and broke apart when
attempts were made to remove it from the depositing electrode’s surface (Figure 5.7.A). This was
despite the thicker (25 — 35 um) film depth and longer constituent nanotubes which should have

increased the films mechanical properties.

Figure 5.7. Images of BNNT films. BNNT films on electrodes crumbling [A] during peeling despite high
thickness of the film. Free standing BNNT film [B]. Demonstrations of film flexibility by bending [C] and

folding [D] although note the beginnings of a tear due to the latter.

Free standing film samples that were extracted from the electrode (Figure 5.7.B) where found to be
less flexible and more delicate than their CNT equivalents as they could bend (Figure 5.7.C) but would
then tear when folded or bent transversely (Figure 5.7.D). These problems with free standing film

extraction and their subsequent delicacy made it impossible to produce samples suitable for
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mechanical testing and so no quantifiable comparison to the CNT films could be made. Additionally,
due to their electrically insulating nature, sheet conductivity measurements (measured by Bianca
Bauer of the Grobert group) showed no signal and could not be compared to the products of chapter
4. Additionally, under SEM (Figure 5.8) these samples appear to contain a porous structure similar to

their CNT equivalents.

Figure 5.8. SEM of BNNT film cross section. The film does not have an obvious layered structure [A]

similar to its CNT equivalents and similarly, individual nanotubes do not appear to lie parallel to the
electrode plane [B]. BNNT instead form a 3D, interconnected/tangled network with areas are more

[C] and less [D] densely packed.

Due to these cavities, the average density of the BNNT films produced in this work was found to be
0.31 +0.3 g cm3. This is statistically identical to the CNT (calculated in section 4.4.4.1 at 0.34 +0.07 g
cm3) and supports the proposal in section 4.4.2.3 that the density of the films created by the reduced

dispersion EPD method is due to the drying procedure and not other variables. This is thought to be
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because the drying stage introduces sodium salt impurities into the film macrostructure which has the

largest influence on the final films’ density once these are washed away to leave cavities.

5.4.4 Nanostructure retention

While the films’ macro properties may not be fully understood, the main advantage of this new
reduced dispersion EPD method was identified in Chapter 4 as being the retention of nanostructure
from the starting nanomaterial. BNNT films that were manufactured using this method were therefore

analysed to investigate if this remains the case.

54.4.1 Raman

The Raman spectra of a typical film sample produced during the concentration variance (section
5.4.5.2) and time variance (section 5.4.5.1) experiments were compared to the SP10-R BNNT starting
material. The full spectra (Figure 5.9.A) did not show the expected h-BN peak at 1370 cm™ # but
instead a sharp peak was found at 1332 cm™. On examination of the broader peaks from the glass
slide on which the BNNT were mounted for analysis, it was seen that these peaks had also moved. The
Si-O-Si asymmetric stretch expected at 1100 cm™ 2% was redshifted by 40 cm™ and found at 1060 cm-
1 This systematic error (despite Si calibration of the spectrometer) allows the peak at 1332 cm™ to be

confidently identified as the T, stretch of h-BN.
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Figure 5.9. Raman spectra of BNNT starting material compared to BNNT films created during the
concentration and time variance experiments (see later section 5.4.5). Typical full Raman spectra [A]
show the distinctive Exs h-BN peak at 1331 cm™ which is red shifted by ~40 cm™ although the Si-O-Si
peaks of the glass slide are similarly shifted. The comparison of the normalised and averaged (with

error lines) h-BN peaks [B] shows no change induced by the reduced dispersion EPD method.

The averaged h-BN peaks for these samples (Figure 5.9.B) show that, despite the red shifting of the
data, the samples are very similar. The peak position of the starting material 1331.6 +0.78 cm) is
statistically identical to that of the time and concentration variance film samples (1331.5 +0.45 cm*!
and 1331.7 +0.60 cm™ respectively). Furthermore, the peak FWHM are again statistically identical at
21.4 +0.80 cm?, 21.3 +0.43 cm™and 22.8 +0.97 cm? for the starting material, time variance and
concentration variance. These identical peaks are evidence that the BNNT nanostructure for the

starting material and final films remains unchanged despite the charging and EPD processes.

5442 XPS
As previously mentioned, the deconvoluted Bls spectra may not be able to detect small changes to
the BNNT surface when compared to the bulk of boron held within the multi-layered structure.

However, when examining overall changes to this nanostructure, it is still useful.
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Figure 5.10. B1ls XPS analysis of BNNT films produced by reduced dispersion method. Typical
deconvoluted B1ls spectra of the starting material [A] as well as the washed [B] and unwashed [C]
BNNT films. A summary of the averaged Bls components [D] is graphed and shows the Bls
environment is statistically the same as the starting material implying the retention of h-BN

nanostructure.

Figure 5.10.A-C shows typical deconvolutions of the B1s spectra comparing the BNNT starting material
with the washed and unwashed films produced by reduced dispersion EPD. While the Bls of the
starting material and the washed film are similar, the unwashed film shows larger variance. This is
reflected in the averaged B1ls deconvolutions plotted in Figure 10.D. The expected largest bonding
proportion of B-N consists 80.5 £8.6 % of the starting material compared to the similar 76.1 +8.8 % of
the washed final film and the much lower 68.5 5.4 % of the unwashed film. B-O is the next largest

bonding fraction and follows the trend of a smaller starting material proportion (12.8 5.2 %)
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compared to larger washed film (16.2 +2.8 %) and larger still unwashed film (18.2 7.3 %). The

remaining B-C, B-B, B=0 and B-H were all found to be statistically negligible.

While the Bls spectra show that the samples’ nanostructure has remained relatively the same,

analysis of the C1s (Figure 5.11) can give information about the type of impurities within the system

and therefore help develop the understanding of the reduced dispersion EPD method.
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Figure 5.11. Cls XPS analysis of BNNT films produced by reduced dispersion method. Typical

deconvoluted C1s spectra of the loose starting material [A] as well as the washed [B] and unwashed

[C] BNNT film. A summary of the averaged Cls components [D] is graphed and shows the Cls

environment varies significantly between samples. Low carbon content or addition of different carbon

containing species may be responsible for these variations.
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The C1s of the starting material contains a significantly larger (25 11 %) sp? component compared to
the other samples. This is thought to be due to the graphitisation of carbon containing species during
the high temperature BNNT synthesis of the material in which it has been shown segregated B-N and
C=C bonding is energetically preferential to B-C-N bonding.?°” These sp?species are removed by the
reducing NaNap solution which preferentially reduces amorphous carbon species.” Their further
removal, in addition to the remaining naphthalene, is evidenced by the drop in C=C bonding from the

unwashed film to the washed samples (13.0 to 8.2 %).

Another large bonding environment is that of C-O, which is not significantly present within the starting
material due to high temperature synthesis. XPS of the solvent DMAc should contain a C-N (285.78 eV
208) component or O=C-N (~288 eV %), These bonding regimes may explain the increase in the C=0

and C-O components of the unwashed sample as these signals overlap.

The majority of all the carbon bonding environments consist of C-C bonds which are presumed to be
from impurities within the BNNT and solvent residues trapped within the films’ macrostructure. The
smallest C-C proportion is from the unwashed material, but this will be due to the increase in other

impurities and not the loss of the formerly mentioned residues.

This can be seen most clearly in Figure 5.12 where the non-BN component of the unwashed film
(14.9%) is significantly larger than that of that of the starting material (7.8%) and washed film (11.1%)
showing the additional impurities which are washed out. Further proof of this is in the detection and
then removal of the 0.9 % Na content from the unwashed film, paralleling the same result found in
the CNT based films of Chapter 4. However, there may still remain traces of sodium and cavities within
the film, especially as the BNNT films were thicker than the CNT films making washing harder to

conduct thoroughly.
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Figure 5.12. Summary of BNNT film sample atomic breakdowns as measured by XPS. The unwashed
samples show an expected reduction in its BN proportion compared to the starting material which is
nearly fully recovered by the washing procedure.

In conclusion, the XPS results for these films have further proven that the reduced dispersion EPD

method produces films with little or no damage to the constituent nanotubes. While the film washing

procedure may need improvements, this is a minor issue compared to this significant achievement.

5.4.4.3 Thermogravimetric Analysis

TGA was used as final proof of the BNNT nanostructure retention. Under inert conditions, h-BN can
reportedly remain intact up to 2500 °C % and in air will form B,0s starting at 1000 °C % . This will cause
the increase in the samples’ mass due to the addition of oxygen. Boric acid (H3BOs) is a common
feedstock used in the synthesis of BNNT and also thermally decomposes into B,0; between 450 and
800 °C ?1% 50 the lack of TGA increase in this range can also be used as evidence for the purity of both

materials.
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Figure 5.13. Thermo-gravimetric data comparing the BNNT starting material and films produced using
the reduced dispersion EPD method. Both samples degrade in atmospheric oxygen and increase in

mass as their structures break down into boron oxide.

The XPS atomic breakdown of the BNNT starting material and resultant film explored in the previous
section showed that the non-BN component of both samples was approximately 10% and it is assumed
that it is these species that are removed from the samples in the 5-10 % mass drops observed in the
first 400 °C of the TGA (Figure 5.13). This is because this temperature range does not correspond to
any of the boiling or decomposition points of the other species known to be in the sample
(naphthalene at 217 °C or DMAc at 165 °C). The oxidation of the BNNT starting material resulting in
the mass gain from 89.9 % to 124.1 % was half complete at 955.5 °C. This is similar to the reduced
films’ mass gain at the lower temperature of 922.9 °C from 94.7 % to 122.2 %. The 32.6 °C between
these degradation temperatures is larger than the difference between the CNT reduced films and their
starting materials but smaller than the difference between the oxidised CNT films and starting

nanotubes and confirms that little or no damage has been done to the BNNT nanostructure.

5.4.5 Mechanism
While the mechanism of deposition was explored for the CNT films, the BNNT system differs due to
its electrically insulating starting nanomaterial, lower charge density and retention of charged

naphthalide ions within the dispersion. A study of the basic variables controlling the deposition
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process was carried out to confirm similar trends when applying the reduction EPD method to the new

nanomaterial.

5.4.5.1 Time vs Deposition

Similar to the CNT based investigation into the same variable (part 4.4.4.1), the time for EPD was
varied from between 1 to 30 minutes and the resulting BNNT films’ thicknesses determined (Figure
13). Films were produced using a 1 mgswnt mL? reduced solution at the theoretical charging ratio of
1na:5en although, as previously explored, the actual fully dispersed BNNT concentration and charging
ratios are likely to be significantly lower than this. Despite this, the excess of charging solution was
used to ensure that the maximum possible charge was transferred to the nanotubes thereby ensuring

that the 5 V cm™ field applied to the solution had the largest possible effect.
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Figure 5.14. Results of varying the time of EPD. Graph [A] of film average thickness variation (both
washed and unwashed) with time showing a linear trend of slope 0.66 um min™ from a 1 mgsy mL*
suspension theoretically charged at 1na:5sn ratio and held at a 10 V potential difference. Images of the
resultant dried and washed films [B] visually show the increase in film thickness with time (written to
the bottom right of each film. Note the scratched points on all films when thickness measurements

were taken using optical profilometry.

The results of this time dependency trial (Figure 5.14.A) again show a trend explained by Hamaker’s

Law (Eq 2.1.) from which a film thickening rate of 0.663 pm min™ was calculated which is one-sixtieth
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the rate of CNT deposition (0.011 um s for BNNT compared to 0.609 pm s* calculated for CNT in
section 4.4.4.1). From this, the deposition rate of 2.03 pug cm? min? (3.39 x10° mg cm? s?) is
calculated. This is significantly lower than both the 0.122 mg cm? s (of reduced) and 0.056 mg cm™
s (of oxidised) CNT produced films. These slower deposition rates are due to the larger size and lower
charge density of the BNNT compared to CNT. As explained previously, (section 2.3.4.) Hamaker’s Law
(Eq 2.1) predicts that the rate of deposition is dependent on the electrophoretic mobility of the
dispersed nanomaterial. The lower charge density on the BNNT compared to previous CNT
experiments means that the force exerted on an individual tube by the same electric field during EPD
is less (as laid out by Coulomb’s law). Additionally, the larger size of BNNT increase their drag within
solution, reducing terminal velocity. Taken together, these effects decrease the materials mobility and
therefore increases the time taken for BNNT to concentrate at the electrode for its subsequent

coagulation. This satisfactorily explains the reduced rate of deposition for BNNT.

5.4.5.2 CNT Concentration vs Deposition Rate

The previous CNT investigation had shown that (within the conditions explored) a minimum
concentration of ~0.5 mgent mL™! was needed to allow a film to be produced (section 4.4.4.2). A similar
experiment was set up to determine the concentration threshold for BNNTSs, with concentrations of
nanotube varying between 0.2 and 1.5 mggnt mL? ‘charged’ at the same ratio and deposited at 5 V

cm for 20 minutes.
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Figure 5.15. Results of varying the BNNT concentration of EPD dispersion. The average thickness of
the unwashed and washed BNNT films are plotted [A] against the solution concentration (between 0
and 1.5 mgey mL?) used to make them. The images [B] show the suspensions (labelled with their
respective BNNT concentrations) used for EPD of the displayed gel phase BNNT films before air
discharge (top). These same samples, as final dried films (bottom) on both a white and coloured

background for contrast is also shown.

Shown in Figure 5.15, all concentrations used in this study resulted in a film of significant thickness.
This means that all the conditions used for this series of experiments were, unlike the CNT equivalent,
sufficient to allow enough BNNT to concentrate within the time allotted to coagulate, entangle and
deposit and therefore follow the trends predicted in Eq 2.1.. Also dissimilar to the CNT equivalent
experiment, the thickness of films continued to increase linearly with concentration and did not
plateau at any particular thickness. For CNT systems, this upper limit in thickness was thought to be
due to the mutual repellence of charged nanotubes that had not fully discharged when deposited. The
resulting gel that formed on the electrode could not support its own weight and so fell/slipped from
the vertically held surface. It was therefore hypothesised that lowering the charging ratio on the
nanotubes may lead to thicker films as it would increase the density of this gel, thereby supporting

more nanotube mass for less perpendicular overhang as was shown in Figure 5.15.B.
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5.4.5.3 Current/Time Graphs

Current measurements were taken during the EPD of the reduced dispersion BNNT and are presented

in Figure 5.16. It will be shown that these can be used to further understand the deposition process

as well as being a useful way of determining EPD progress during deposition.
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Figure 5.16. Current/Time curve measurements taken during the EPD of differently timed film

production [A] and varying BNNT concentrations [B]. The average current of the final 60 s of the EPD

of varying BNNT concentrations [C] shows the expected linear relationship. The total charge transfer

during EPD of all experiments are plotted [D] against their resulting film thickness with the slope

calculated for all data points excluding the two thickest results.

The current/time curves display a hyperbolic asymptote (Figure 5.16.A) with no secondary peak as

was observed in the CNT measurements. BNNT is not electrically conductive, therefore the increased

surface area on the electrode, due to the initial nanotube deposition, does not increase the amount
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of area available for approaching BNNT to discharge upon and so no brief current increase is observed.

This is more evidence for the current/time curve description that was explained in section 4.4.4.4.

Also, similar to the reduced dispersion EPD of CNT, the final current of the BNNT EPD was proportional
to the final thickness of the film produced. Figure 5.16.B-C show this trend while also confirming that
the deposition current for BNNT (1.4 mA) is significantly larger than that measured for the same
concentration of NaNap charging solution (0.3 mA). This shows that the majority of the current
measured is due to the BNNT. It is thought that this proportional relationship could be used to

determine the thickness of a film as it is being deposited.

Another way that immediate film thickness measurements could be achieved would be by measuring
the total charge transfer that has occurred during the EPD as is plotted in Figure 5.15.D and shows a
linear relationship for both the concentration and time variance experiments. The largest of the time
variance measurements has a disproportionately large charge transfer and was not included in the
trend calculations. This is because these electrodes were more immersed in the BNNT dispersion (as
can be seen in the images of Figure 5.14.B) in order to produce larger free-standing films but therefore
also recorded larger currents. This error could be corrected by using the total mass of the BNNT

deposited in place of the thickness.
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5.5 SumMMARY AND CONCLUSIONS

This chapter has shown that the novel reduced dispersion EPD method of nanotube film production is
possible for application to the electrically insulating starting material BNNT. This has produced
electrode coatings of thicknesses between 3 and 35 um that can be extracted as free-standing films.
These BNNT films are electrically insulating but were qualitatively found to be mechanically weaker
than their CNT equivalent. Due to the lower charging limit of the BNNT structure (<41gn:1na) the
system required longer deposition times which resulted in lower deposition rates (2.03 pg cm? min-
1). However, this lower charge density nanotube also led to an increased density of the gel phase

during deposition and therefore higher thickness limits.

Crucially, this method has again been shown to maintain the nanostructure of the starting material
that has been used as its constituents. This was shown with Raman, XPS and TGA data, the latter two
of which were used to confirm that the film washing steps developed for CNT were also effective for
BNNT. These washing steps may have introduced cavities within the film macrostructure as the density
of the produced films (0.31 g cm™) was shown to be similar to the CNT equivalent. This shows that the
density of the resultant films is determined, in the majority of cases, by the discharge and drying of

the films and not by other variables.

Finally, the variables of concentration and time were investigated and shown to both have the
expected linear relationship with film thickness and it is suggested that the current/time curves

measured during EPD could be used to predict the thickness of the final film before drying/washing.
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6 ACID OXIDATION OF BNP

6.1 ABSTRACT

Boron Nitride Nanotubes (BNNT) are highly expensive and manufactured in low quantities, so it is
necessary to find cheaper, mass-produced alternatives so that the discoveries using electrophoretic
deposition (EPD) made in previous chapters can be utilised more widely. The most common method
of EPD for nanomaterials is to oxidise their surface to allow better solvent interactions, but this
procedure is poorly researched for boron nitride (BN) materials. This chapter documents the
application of multiple acid etching techniques to BN in an attempt to oxidise the surface of boron
nitride platelets (BNP). Characterisation of the BNP samples were carried out using IR, Raman, SEM,
EDS, XPS, XRD and BET, which demonstrated that the platelets used are inert to the range of chemical
oxidation methods used, but led to damage of materials’ bonding nanostructure by sonication

procedures.
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6.2 INTRODUCTION

Chapters 4 and 5 focused on describing and explaining a novel method for the dispersion and
deposition of nanotubes to make neat films of controllable thickness. However, boron nitride
nanotubes (BNNT) are relatively expensive and manufactured by batch processes in small quantities?!?
which makes them currently inappropriate for industrial scale applications. BNNT are however a very
small share ($44 million per year in 2022)?!? of a much larger and more developed worldwide
hexagonal boron nitride market that is predicted to be valued at $956.9 million a year by 2030.2%3
Boron nitride platelets (BNP) are one of the common products of this market and are made up of
multilayer hexagonal boron nitride (hBN) similar to the carbon-based analogue graphite. BNP are

commercially available in large, cheap quantities that are chemically similar to multilayer BNNT,

meaning advances made using them could later be applied to BNNT.

BNP also retain the desirable material properties of hBN (thermal stability, electrical insulation,
thermal conduction) and various studies have already been conducted that show the wide range of
potential applications this material can have. Predictably, most literature focuses on the thermal

215

applications of BNP containing both ceramic®'* and plastic?®® composites, though others take this a

step further using 3D printing to align BNP to produce directional thermal conduction.?%® Alignment
has also been shown to be possible using iron nanoparticle attachment and magnetic fields?Y,
although work showing that thin coatings of BNP can be used as fire protective coverings of other

218 ;

materials?*® is more directly relevant to the EPD research done previously in this thesis (Chapters 4&5).

Given BNP’s wide range of applications, similarity to BNNT and relative abundance, they are an
excellent material candidate to be used for EPD coatings. Throughout the literature, the standard
method for nanomaterial dispersal is through the oxidation of its surface to form favourable
interactions with polar solvents and so create stable solutions for EPD. The oxidation of the hBN

surface of these BNP is therefore the objective of this chapter. This should simultaneously increase
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our collective understanding of hBN reactivity, provide a new route for BNP suspension and provide a

comparison to the future dispersion of BNP by the reduction method explored in previous chapters.
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6.3 EXPERIMENTAL

This section describes the different methods by which BNP oxidation was conducted. Four BNP
starting materials (003, 0075, 015 and CFA-50M) with varying surface areas (20, 10, 4 and 3.5 m? g!
respectively) were subject to the four commonly used nanomaterial acid etching oxidation techniques.
The amount of acid used in each case was significantly in excess of the BN sample and reaction
temperatures were set at the boiling point of the solutions. These conditions were imposed to ensure
that any reaction that might occur would do so to the maximal amount and therefore most likely to

be detected in subsequent sample characterisation.

6.3.1 Chemicals

Material Name Abbreviation Supplier

Boron Nitride Platelets 003 003 BNP 3M™ 003 Grade
Boron Nitride Platelets 0075 0075 BNP 3M™0075 Grade
Boron Nitride Platelets 015 015 BNP 3M™015 Grade
Boron Nitride Platelets CFA-50M CFA-50M BNP 3M™ CFA-50M Grade
Nitric Acid HNO; Honeywell-007-004-00-1
Sulphuric Acid H,S0, Sigma 30743
Hydrogen Peroxide H,0, Sigma 216763

PTFE membrane n/a Cat#: 776742
Methanol MeOH Sigma 34860

Ethanol EtOH Sigma 32221
Iso-Propanol IPA Sigma 59300
Acetone n/a Sigma 32201

Table 6.1. Materials used in this section, supplier product numbers and abbreviations that are used to

refer to them within the text.

6.3.2 Methods
HNO; Etching: 20 mL nitric acid (70%) was added to a 200 mg BNP sample in a 100 mL tri-necked round

bottom flask equipped with a vertical reflux condenser and glass protected thermocouple. The
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mixture was covered in aluminium foil to prevent ambient light being incident on the setup. The

mixture was then stirred with a 10 mm teflon stir bar at a temperature of 85 °C for 18 hours.

H,S04/HNO; Etching: 15 mL sulfuric acid (95.0-97.0%) was cooled in an ice bath and 7 mL nitric acid
(70%) was added and swirled until mixed and cool. This nitrating solution was added to 200 mg of a
dry BNP sample in a 100 mL tri-necked round bottom flask equipped with a vertical reflux condenser
(topped with silica drying beads) and glass protected thermocouple. The mixture was covered in
aluminium foil to prevent ambient light incident on the setup and was then stirred with a 10 mm teflon

stir bar at a temperature of 85 °C for 18 hours.

H,S04 Etching: A 200 mg of a dry BNP sample was mixed with 25 mL of sulfuric acid (95.0-97.0%) in a
100 mL tri-necked round bottom flask equipped with a vertical reflux condenser and glass protected
thermocouple. The mixture was stirred with 10 mm Teflon stir bar at a temperature of 120 °C for 18

hours.

Piranha Solution Etching: A 30 mL hydrogen peroxide solution (30%) was cooled in an ice bath then
10 mL of sulfuric acid (95.0-97.0%) was added slowly. This solution was added to a 200 mg BNP sample
in a 100 mL tri-necked round bottom flask equipped with a vertical reflux condenser and glass
protected thermocouple. The mixture was stirred with 10 mm Teflon stir bar at a temperature of 100

°C for 18 hours.

Etched Sample Washing: After being heated in the oxidising solutions for the 18-hour periods, the
etched BNP samples were cooled to room temperature and 50 mL of water was added through the
top of the reflux condenser to dilute the oxidising mixture. Samples were then vacuum filtered over a
1 um pore PTFE membrane on a Teflon mesh and Teflon frit, initially wetted with 2 mL ethanol. This
was then washed (with stirring by glass rod) sequentially with 80 mL de-ionised water, 30 mL0.1 g mL
1 potassium hydroxide solution, 20 mL de-ionised water and 30 mL ethanol. The resulting BN white

powder was then dried in a vacuum oven at 100 °C overnight. All samples of etched BN (approx. 130
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mg in a typical sample) were then stored in glass vials and re-dried in the same vacuum oven the night

prior to individual analysis.

Sonication of BNP in Acid: A 200 mg BNP sample was placed in a tri-necked 250 mL round bottom
flask. 22 mL cooled (0 °C ice bath) H,SO4/HNOs acid mixture was then added and vertical reflux
condenser placed on top. The flask was then held (by clamp on the middle flask neck) in a heated 60
Hz, IND1250D PACKED bath sonicator so that the BN/Acid suspension within the flask was fully
submerged. The suspension was then simultaneously refluxed and sonicated at 70 °C for 28 hours or
18 hours (non-continuous over multiple workdays). The sample was then left to cool to room
temperature, at which point 50 mL ice water was added in parts through the reflux condenser. The

solution was then swirled and washed, as previously described, in preparation for analysis.
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6.4 RESULTS AND DISCUSSION

6.4.1 Chemical Etching of BNP Experimental Theory

As explored in section 2.2.1.3 of the literature review, and re-introduced in 6.2, numerous sources
have claimed that it is possible to oxidise hBN materials and introduce hydroxyl functionality to their
surface by mixture with acids alone.>3#2838586 | this work, four BN platelet samples of varying surface
area were mixed with four common acid oxidising solutions (Figure 6.1) to find and confirm a system

that would consistently return high yields of oxidised BNP.

Acid Etching Solutions

BN Platelets Nitric Acid Sulphuric Acid Nitrating Solution  Piranha Solution
(Surface Area) (HNO;) (H,S0,) (HNO,/H,S0,) (H,S0,/H,0,)
IIOO3II
(20 m?g?)

)
“0075” &
(10 m2g?) ] @

Acid Excess
> o @

“015” Reflux 4 .
(4m’gt) .

8

[

“CFA 50M”
(3.5 m2g1)

Figure 6.1. Schematic diagram of acid-BNP reaction overlaid onto a table showing an overview of the
scope of this experimentation. Four boron nitride platelet starting materials of varying surface area
are separately immersed in four common acid etching solutions. The amount of acid is
stoichiometrically far in excess of the BNP, and the temperature of the system is maximised to the
systems boiling point to ensure that a reaction (if possible) will occur. If the reaction is successful, this
should result in the addition of hydoxyl functionality (represented by red and white circles) to the BN

sheets and possible exfoliation of the original material.

The four BNP starting materials (003, 0075, 015 and CFA 50M) have varying surface areas (20, 10, 4
and 3.5 m? g according to manufactures specifications?'?) and should therefore present different
amounts of hydroxylation when oxidised. The actual surface areas of the 003 and 015 material were

later found to be 12.70 +0.03 m? gt and 3.33 +0.01 m? g* respectively as measured by BET (see section
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6.4.2.5). Despite this slight discrepancy, it is still expected that a steeper increase in the BN oxidation
signifiers, when characterising reacted samples for the higher surface area materials, will indicate a

more successful method.

The etching solutions were selected based on literature and availability of materials. Nitric acid has
been reported to hydroxylate up to 15% of boron sites®® of a hBN starting material, although other
sources have cast doubt on this.®##8 Neat sulfuric acid and the nitrating solution (a sulfuric and nitric
acid mixture) is commonly used to oxidise carbon nanomaterials® but has also been shown to be
effective when applied to BN systems.>® Similarly, piranha solution (a sulfuric acid and hydrogen

peroxide mixture) has been shown to oxidise graphite??°

as well as etch away BN material from Si
based substrates.??! All of these acid systems are common to most laboratories and have a long history

of use within industry, meaning that any successful etching methods could be scaled up.

All sixteen experiments (4 BNP x 4 Acids) were conducted under reflux conditions (boiling point of the
acid solutions) to ensure the highest temperature possible at atmospheric pressure. This was done to
force any reaction that might occur to do so to its greatest extent so as to be more easily detected.
The reactions were carried out over an 18-hour period to provide enough time for any etching process
to occur. This is similar to the times used in literature®:, but is significantly longer than times used for

carbon nanomaterial oxidation (30 min used in section 4.3.2) as BN is known to be less reactive.

6.4.1.1 IR Analysis

After the acid solution exposure, washing, and drying procedures had been carried out on the
chemically etched BNP samples, they were initially characterised by IR spectroscopy. The most easily
identifiable region of interest within the spectra is between 3200-3600 cm™ which indicates the
presence of N-H and O-H bonds. These moieties would be expected if the chemical etching has been
successful in oxidising the BN surface which would then be decorated with hydroxyl functionality as

shown in Figure 6.2.A.
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Figure 6.2. Example IR analysis of hBN. A bond diagram [A] of the terminating edge of hBN highlighting
the [i] N-H, [ii] O-H and [iii] B-N bonds which would be created by a successful oxidation reaction. The
staggered plot of normalised IR spectra of the acid etched 015 BNP samples [B] have been measured
using attenuated total reflection (ATR). These show promising results from the Nitrating and Piranah
solutions which display broad hydrogen bonding peaks in the 3500 cm™ region compared to the

starting material (blank) that are indicative of the oxidation reaction being successful.

Initially the IR analysis was conducted using ATR-IR and results from these studies were promising.
Figure 6.2.B. shows an example set of IR spectra for the low surface area (large flake size) 015 BNP
samples that have been chemically etched. The expected characteristic BN peaks at 1383 cm™ and
804 cm™ are present but, importantly, a broad peak at 3400 cm™ emerges weakly for the sulfuric acid
etched material but, much more significantly, for the nitrating and piranha solution exposed BNP. This
was not the case, however, for nitric acid mixed BNP whose spectra was near identical to the starting

material blank implying no reaction has taken place.

IR analysis was conducted by both ATR-IR and transmission IR using a sample containing compressed
KBr discs (characterisation section 3.9). The latter method was used to re-take the IR spectra of all
chemically etched samples as the ATR gives poor quality spectra due to the interference caused by
the orientational differences of individual BN platelets on the ATR surface. The resulting KBr plated

spectra are more reproducible and give more defined bond peaks which can be seen in Figure 6.3.
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Figure 6.3. Relevant IR spectra of BNP samples taken using KBr plating method (section 3.9). The
starting material BNP (Blank) spectra [A] were compared to the spectra of the 015 (low surface area)
material etched under all investigated oxidising conditions [B] from which the initially promising
hydrogen bond peaks seen for the piranha and nitrating solutions were d educed. The spectra for
samples etched using these more promising nitrating (H.SO4/HNOs) [C] and piranha ((H2S04/H,0,) [D]
solutions are then further examined. Here, only a few spectra (003 BNP with nitrating sol and 0075

with Piranha sol) show O-H bonding peaks in the 3500 cm™ region.

The spectra (Figure 6.3.A) for the blank BNP starting materials (heated for 18h in water then filtered
and dried as other samples) show only significant peaks at 1383 cm™ (B-N stretching) and 804 cm™ (B-
N-B bending).'”® There are additionally CO, anomalies at 2200 cm™ which are a product of the analysis

method and can be discounted due to their ubiquity throughout all samples. There were also a slightly
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larger signal in the 3000 — 3500 cm™ range for the 003 BNP blank which is thought to be due to its
larger surface area and larger amount of pre-existing terminating edges containing O-H and N-H

moieties.

The KBr plated IR spectra, comparing the effects of the different etching environments (Figure 6.3.B),
show significantly less signal within the hydrogen bonding range compared to the ATR results, with
only the nitrating solution (H,SO4/HNOs) showing a resolvable peak. The nitric acid etched BNP
materials again show no variation from the blank and does not support the claims made by G. Ciofani
et al.®¥ who claimed nitric acid treatment of hBN created hydroxyl functionality which could be used
to anchor further additions to the hBN surface. It is possible that the latter study could have mistakenly
conflated its success in the subsequent silanization of BN for success in hydroxylation when the two
process may have been unrelated as the Si content of the final product was the only measure used for
success. Additionally, other studies have used nitric acid as a hBN cleaning reagent® where the acid
solution is used to clean away silver nanoparticles leaving pristine and undamaged BN. For these

reasons it is therefore reasonable to conclude that hBN is inert to Nitric acid treatment.

Due to some acid etched BNP samples within the set displaying peaks in the O-H and N-H IR region,
the IR spectra of all BNP treated by the nitrating and piranha solutions were plotted (Figure 6.3.C-D).
If oxidation had been universally successful in these reactions, the O-H peak at 3500 cm™ should have
increased for larger surface area materials. However, no significant correlation between surface area
(by type of BNP starting material) and hydroxyl functionality was observed. Additionally, no B-O
bonding signal is observed which would have appeared as peaks at 1350 cm™ (B-O asymmetric stretch)

and 860 cm™* (B-O symmetric stretch).???

As results suggesting successful oxidation of BNP samples was mixed, further analysis was therefore

required.
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6.4.1.2 Raman Analysis

Study of the peak position and full width half maxima of the E;; Raman peak for BN samples can give
information about the relative size of BN crystallites as well as potential exfoliation of the sample. This
peak has therefore been isolated and plotted for each chemically etched BNP in Figure 6.4 which is

sorted by BNP starting material.
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Figure 6.4. Collated Raman spectra focussing on the B-N indicating peak at 1364 cm™ (indicated by the
solid black line on the spectra). Each individual plot shows the results from different etching solutions
on a single starting material which vary in surface area. These surface areas are [A] 20 m? g, [B] 10
m? g1, [C] 4 m? g'and [D] 3.5 m? g for the 003, 0075, 015 and CFA grade BNP as stated by the

manufacturer.

The Raman spectra (Figure 6.4) are very similar for all samples within the same set and have not
changed significantly, despite acid treatment. If oxidation has occurred to a significant degree, it would
be expected that the hydroxylated platelets would be more likely to spontaneously exfoliate or at

least not re-stack due to more favourable BN-solvent interactions. This reduction in BN size or
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oxidation would be shown as a blueshift in the E,; peak of between 1.1 — 2.2 cm™.13513¢ To quantify
any potential peak shift of the BNP Raman spectra, the E;; peaks were fitted using a Lorentz function

and the results are plotted in Figure 6.5.
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Figure 6.5. Secondary analysis of the BN E,; Raman peak around 1364 cm™. The variation in peak
position is compared to the [A] BN surface area and [B] etching method in order to determine any

trends within the data.

Secondary analysis of the BN E;; Raman peak (Figure 6.5) shows that the peak position’s variation is
not greater than 0.8 cm™ from the starting materials’ blank. This small shift allows the BNP to be
assessed as still consisting of >6 monolayers hBN sheets as predicted by Gorbachev et al.**’
Additionally, this small the peak position shift is also to a lower energy (redshift). Furthermore, there
are no significant trends between starting materials or etching methods so, overall, it is reasonable to
assume that the chemical oxidation has made no resolvable change to the BNP nanostructure. This is
not necessarily proof of the oxidation reaction failing as the smallest size of BNP used here are on the
0.1 — 1 um scale which will be shown to not change significantly (SEM in section 6.4.1.5). Most noted
shifts in hBN Raman spectra from literature are determined from materials on the quantum dot scale

(1-10 nm) and therefore the oxidation of the larger BNP surface may not lead to significant changes.
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6.4.1.3 XPS Analysis

In the absence of strong evidence for BNP oxidation from acid etching using IR (weak) and Raman
(inconclusive), XPS was undertaken to find atomic content percentages as well as to investigate boron
bonding environments which should display a measurable increase in B-O as oxidation occurs.
Additionally, successfully hydroxylated BN samples of increased surface area should also show an
increased proportion of hydroxylation and oxygen atomic composition when compared to samples
treated by the same method of lower surface area. The results of this characterisation are displayed
in Figure 6.6 while the method of deconvolution for the B1ls spectra can be found in section 3.6 of the

characterisation chapter.
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Figure 6.6. Results from the XPS analysis of acid etched BNP samples. Atomic percentages of oxygen
(with error bars calculated from multiple XPS readings) within the BNP samples are compared with
respect to [A] the samples reported surface area and [C] the etching method used. Additionally, the
B-O bonding proportion within the B1s deconvolution is plotted with respect to the same surface area

[B] and etching method [D] variables.

The oxygen atomic percentage and B-O bonding proportion can be compared to the samples’ surface
areas (Figure 6.6.A and B). The atomic composition of oxygen increases in all samples compared to
their starting material, as predicted for an oxidation reaction. However, the proportion of B-O bonding
within the same samples does not significantly increase (and in some cases, decreases). The 015
sample etched in H,SO4 does not follow this trend but is assumed to be anomalous, as FTIR and Raman

analysis showed no significant variation from its starting materials. It is therefore thought that the
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additional atomic oxygen content is from adsorbed or intercalated oxygen containing molecules of

solvent or acid reagents that have not covalently bonded to the BN surface.

Despite this possibility, the same data was compared to the etching method used for the oxidation to
illuminate trends in the acids used. Figure 6.6.C and D, show that all oxidising solutions caused an
increase in both the oxygen and B-O content of the samples. Again, however, no overall trend was
observed and results could be explained by adsorption and intercalation of oxygen containing solvents
or air. It must be concluded therefore that either the oxidation methods used for this section are
unsuccessful in their stated purpose, or that their success is unmeasurable through the techniques

used so far.

6.4.1.4 EDS Analysis of Oxygen Distribution

The previous IR, Raman and XPS analysis showed that the BNP nano-structure appears mostly
unchanged by the chemical etching solutions that have been exposed to them. However, XPS indicated
that there is a significant increase in atomic oxygen content within the samples compared to the
blanks, which implies that this increase cannot be discounted as poor drying procedures (as the blank
samples were washed and dried using the same method). To investigate the distribution of oxygen
within these samples and determine its origin, EDS maps were taken of the nitrating solution etched

BNP samples and examples of this analysis are displayed in Figure 6.7.
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003 Etched by

Nitrating Sol

0075 Etched by
Nitrating Sol

Figure 6.7. EDS elemental maps of BNP samples chemically etched by the nitrating solution
(H,SO4/HNOs). The maps presenting all elements as well as just oxygen are shown next to a stacked
column chart showing the elemental breakdown for the 003 [A] and 0075 [B] etched samples. These
examples were chosen as they displayed the lowest and highest (respectively) oxygen atomic
percentage within their etching environment under XPS analysis.

Neither sample shows localised concentrations of oxygen (Figure 6.7). When oxidised, BN structures
can form boron oxide (B,03) which can appear as small deposits of high oxygen content within the
sample. Any boron oxide that might have formed during the etching reaction would have been washed
away, as it is moderately soluble in water (36 g L'1).?22 There are also no detectable increases in oxygen
concentration at the more reactive terminating edges of the 2D platelets. These edges are more visible

on the larger 0075 material (Figure 6.7.B) which shows a larger oxygen concentration on the silicon

wafer than the BNP itself.
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Overall, this EDS data has confirmed that any oxidation that has occurred is not localised but spread
evenly (and thinly) across the entire BNP sample. As XPS has shown that this oxygen content is not
covalently bonding to the hBN, it must be assumed that the even coating shown in the EDS is adsorbed

to the BN surface, so implying that the BNP are inert to the oxidation reaction.

6.4.1.5 SEM Analysis of BNP Size Distribution

Another, more crude way of checking the success of acid etching is by the measurement of the BN
platelets’ size before and after the oxidation process. In future sections of this work (0), it is shown
that hBN based fibers have their structures completely broken down by acid oxidation and it was
hypothesized that a similar significant reduction of these chemically etched samples will indicate a
successful oxidation reaction despite it leaving little chemical trace. Numerous SEM images
(representative examples shown in Figure 6.8) of BNP samples were taken before and after chemical
oxidation. These were used to calculate the diameter distribution of the nitrating solution etched

samples.
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Figure 6.8. Example SEM images of BNP samples. The high surface area 003 BNP starting material
before [A] and after [B] acid etching are compared to the low surface area and larger platelet sized
015 before [C] and after [D] the same process.

As was shown previously by the EDS maps and now re-iterated here, the chemical oxidation solution
alone does not significantly change the BNP size or structure when observed by eye. When quantified,
this observation is borne out as the average platelet diameter for 003 samples did not change
significantly after oxidation, going from 0.79 +0.55 um to 0.71 +0.59 pum (median sizes being 0.605
and 0.542 respectively). Similarly, the 015 sample did not change statistically but even increased in
size from 1.94 £1.53 um to 2.86 +2.08 um (median being 1.50 and 2.42 respectively). This clearly shows

that no significant loss of hBN has occurred to the platelets through chemical oxidation.

6.4.2 Kinetic Cleavage Assisted Etching
The characterisation of the initial chemical etching of the BNP starting materials analysed in the

previous section has shown that minimal, if any, oxidation or hydroxylation has been achieved by
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heated reagent mixing alone. While this is unfortunate, it is consistent with other literature sources

that have claimed that oxidation of hBN can only be achieved through more extreme conditions.2®

A commonly cited and easily implemented way of introducing more extreme conditions into the
BNP/etching solution system is the use of sonication. Sonication is most associated with 2D
nanomaterial research with exfoliation, but C. Backes et al.?** hypothesised that the rates of
exfoliation (peeling) and nano-sheet cleavage (tearing) were linked, as expressed in Eq 6.1, where a

was empirically calculated to be 0.8 £ 0.1.

<EPeeling> =a X <ETearing) Eq. 6.1.

It is thought that this relationship is because as the material thins through exfoliation, it becomes
weaker and thus more susceptible to lateral tearing. In this work, it was thought that by damaging the
materials’ nanostructure through the kinetic cleavage induced by sonication, the broken terminating
edges of the smaller hBN can be used as a more reactive substrate onto which the oxidising acid

solutions used previously could be more able to react (see Figure 6.9).

A B c. °

° @0
Bath Acid S (<] &
ﬁ ﬂ @
Sonication Etching ® - :
e

Figure 6.9. Schematic Diagram showing the proposed method of action for the cleavage and
subsequent etching of the BNP. The BNP starting material [A] fractures due to the kinetic forces
applied to it within the bath sonicator. These smaller BNP [B] will have a larger surface area as well as
an unstable/unreacted terminating edge which it is hypothesized to be more reactive towards the acid

etching solution in which the material is immersed thereby hydroxylating the surface of the material

[C].

This approach has been utilised across a wide range of literature with sonication being widely
recognised as a cause of nano-structural damage. For carbon materials, sonication has been used to

exfoliate and reduce the size of graphene platelets®® and has even been shown to cause oxidation
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when CNT are sonicated in water.®? Further evidence for when applied to BN materials has shown
platelets being oxidised when sonicated in a pressurised autoclave® as well as showing significant
reduction in flake size after treatment.®* Additional to this, studies have shown that sonication for
periods of time as short as 5 hours can lead to a cut in BNNT length of up to 50% and this can be
further enhanced by the addition of other chemical reagents within the reactor, such as ammonia

which ‘unzips’ and ‘de-caps’ the BNNT, to leave an oxidised end product.??®

To test the veracity of acid sonicated hBN methods to achieve BNP oxidation, the reflux experimental
setup used in the previous chemical etching section (6.4.1) was modified by clamping the reaction
vessel into a 500 W, 60 Hz bath sonicator. The use of a water bath limited the maximum temperature
at which the reaction could be conducted to 70 °C, below the 85 °C used previously for the nitrating
solution (H>SO4/HNO3), but it was thought that the reactivity of the BNP would be more dependent
on the cleavage of its bonds than on the temperature of reaction (which had done little in the previous

section).

The nitrating solution (H,SO4/HNOs3) was selected for these experiments because of the partial
evidence of oxidation success from section 6.4.1.1, as demonstrated by the FTIR results, as well as its
common use in carbon nano-chemistry including this work (section 4.3.2 CNT oxidation). Samples of
both the high and low surface area BNP (003 and 015 respectively) were sonicated at 70 °C for 18 and
28 hours non-continuously. The 18h time was selected so as to directly compare those results to the
chemical etching of the same time period and the longer 28 hour time was used when initial testing
showed little change over the shorter period, but falls in line with similar times used by B. Mapleback

et al.?® Blank samples were also produced by sonicating BNP samples in water at temperature.

6.4.2.1 FTIR Analysis
As with the chemical etching (Section 6.4.1), the initial characterisation of the sonicated BNP was

conducted by IR and results are presented in Figure 6.10. Due to variations between the spectra of
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the same sample, cleaved BN samples have been presented as an average line flanked by standard

deviations.
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Figure 6.10. IR spectra comparing the blank (sonicated in water only) BNP samples to those sonicated
in nitrating solution (H2S04/HNO3) for 18 and 28 hours. The acid sonicated BNP results are presented
as an average and standard deviation of multiple spectra due to variation within sample

measurements. Both the lower 015 [A] and higher 003 [B] surface area materials are shown.

The IR spectra for all samples show the characteristic hBN signals from the B-N stretching and B-N-B
bending modes, but the slightly lower peak positions of 1377 and 802 cm™ respectively. As with
previous IR spectra of the 003 material, its higher surface area leads to a slightly bigger O-H signal in
both the blank and samples, due to relatively more adsorbed solvent molecules compared to the 015
material. Despite this, there appears to be no significant change in the 3500 cm™ region of the spectra
between the acid sonicated and blank samples. This is not the case for the 015 samples as the 28h
acid sonicated sample shows a significant increase in hydrogen bonding in this region as well as an
unidentified single bond stretch peak at 1036 cm™ which is suspected to be a B-O as it is very similar

in energy to C-O primary alcohol bond (1050-1085 cm™).

This may be evidence that oxidation may have been achieved in the 015 sample. However, as this was
not shown in the 003 sample, which is chemically identical to the 015 starting material, further

investigation is warranted.
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6.4.2.2 Raman Analysis of Nanostructure
Samples were subjected to Raman analysis and the hBN E,; peaks for the 28h cleaved samples (which

showed potential in the IR spectra) are presented in Figure 6.11.
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Figure 6.11. The hBN E;; peak from the Raman spectra of the 28h sonicated (cleaved) samples are
compared to the sonicated blank samples. Very little difference between the spectra can be observed
in either the 015 [A] or 003 [B] systems.

The peak position of the cleaved 003 was blue-shifted by 0.4 cm™ (1364.3 — 1364.7 cm™®) while the
cleaved 015 sample was similarly shifted by 0.3 cm™ (1364.1 — 1364.4 cm?). These blue-shifts are again
not significant enough to show that the material has been exfoliated®*® or significantly reduced in
size®®® but may be explained as poorly re-stacked BN. Partial exfoliation by sonication and then re-
stacking has been shown to distort the (002) plane of the hBN nanostructure and cause slight blue-
shifting of the E»; peak.?*® However, this slight difference is still very small and the FWHM of the peaks
have shrunk (9.826 to 9.523 cm™ for 003 and 9.874 to 8.595 cm™ for 015), which is a sign of increased
BN crystallinity,??” the opposite of what would be expected if the BN was being cleaved and oxidised.

The results obtained using Raman are therefore inconclusive.

6.4.2.3 XPS Analysis
For the initial experimentation using chemical etching alone (section 6.4.1), the expected XPS results

for a successful hydroxylation reaction were an increase in both oxygen atomic content of the samples

132



6. Acid Oxidation of BNP

and an increase in the B-O and B=0 content of the B1s. These criteria for success remain the same for
the sonicated samples and so the XPS results for the starting material, sonicated blank and acid

sonicated samples are therefore displayed in Figure 6.12.
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Figure 6.12. Result summaries for XPS characterisation of sonicated BNP samples. The proportions of
boron bonding environments as found by the Bls deconvolution of XPS from the high surface area
003 [A] and low surface area 015 [B] BNP shows a reduction in B-N bonding but no significant or
consistent corresponding increase in B-O bonding. The atomic percentage composition of the same

003 [C] and 015 [D] samples show a reduction in BN and an increase in oxygen and carbon.

The oxygen atomic content of both samples (Figure 6.12.C-D) follows the expected trend for samples
becoming sequentially more decorated by hydroxyl functionality. The 015 samples especially
demonstrate this with the oxygen content of the material increasing from the starting materials 1.50

% to 6.85 +0.07 % for the water sonicated material to 8.72 +0.16 % for the 28h acid sonicated material.

This oxygen increase is matched by a consistent decrease in total BN proportion (95.2, 90.5 +0.3, 82.61
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10.6 and 73.5 +1.1 % for the starting material, blank, 18 h and 28 h sonication’s respectively) which
would also be consistent with a successful acid etching removing BN material and attaching other

moieties onto its surface.

The evidence for functionalisation shown by the oxygen atomic content is not supported by the
breakdown of boron bonding environments. The deconvolution of the B1s spectra for the 003 and 015
samples (Figure 6.12.A-B) show a decrease in B-O bonding for all samples (with the exception of the
18h acid sonicated 015 which still showed no significant increase). Instead, there was an increase in
the B-H bonding proportion (to as much as 8.1 1.2 % in the 28h 015) which can be used as a proxy
for damage to the BN structure. Taken together, these results indicate that the BN structure was

damaged by the sonication, but this did not cause covalent oxidation of the BN surface.

6.4.2.4 SEM Analysis

In section 6.4.1.5, the size distribution of platelet diameters for the acid immersed samples were found
to not change significantly due to chemical etching alone. However, the sonication that was used for
these experiments has been shown to cut up hBN structures and the XPS analysis of them showed an
increase in B-H bonding, indicating damage had been inflicted. SEM images for all samples were

therefore taken and used to find platelet diameter distributions which are presented in Figure 6.13.
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Figure 6.13. Example SEM images from a selection taken of each of the 003 BNP samples drop cast
onto Si. The starting material [A] can be compared to the BNP after sonication in acid for 18 [B]
and 28 [C] hours. The distribution of diameters of platelets for these samples is then plotted [D]

and shows a slight decline in platelet size as more extreme conditions are imposed.

The 003 results (Figure 6.13.D) show a decrease in the average and median diameter from the starting
material (0.79 £0.54 and 0.605 um respectively) and the most harshly treated 28h acid sonicated
sample (0.50 £0.32 and 0.41 um respectively). There is no similar trend in the 015 set however, as the
average diameters for these samples increased with more sonication from the 1.94 +1.53 pum of the
starting BNP to 2.92 +1.93 um. Work conducted by K. R. Paton et al.??® predicts that that the exfoliation
rate of similarly structured graphite is dependent on the flake size of the nanomaterial, as shown in

Eq 6.2, and can explain why the larger 015 material did not see a size reduction.

_ [VEsc —EsL 1? Eqg. 6.2.

Ymin = HL
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Eq 6.2. was constructed by modelling exfoliation as shear-induced interlayer sliding in a solvent 22° and
predicts the minimum shear rate (ymin) as a function of the surface energies of graphene and solvent

(Es,c and Es,) as well as the solvents’ viscosity (n) and nanomaterials’ flake length (L).

Despite trends in the average platelet diameters being observed, the large range of platelet sizes
within individual samples leads to wide standard deviations for each result, both before and after the
oxidation. This makes the diameter distributions of all samples for each of the same starting material
statistically identical. It must therefore be concluded that the sonication and acid etching of the
material had no resolvable effect on the diameter of platelets measured and that kinetic cleavage of

the planar bonds within hBN by sonication has not been achieved or has only succeeded at a level that

is unmeasurable by this technique.

Figure 6.14. Example EDS images of the 003 18 hour acid sonication sample. The SEM image [A] shows
the region used for the elemental mapping [B] of the sample. This map is a composite image made

from the different elements B, N, O, Si and C which are also shown [C].

The higher surface area 003 material does not show any localisations of oxygen concentration across
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the BN sample (Figure 6.14), which is measured as having a 0.8 % proportion of oxygen content
compared to 90.2 % BN, 4.4 % carbon and 4.1 % silicon. The visible similarity in oxygen concentration
across both the BNP and the Si substrate onto which they are placed shows that this oxygen is ambient
and must be adsorbed onto the sample from the atmosphere or processing solvents. The solvent
origin is more likely as when a region of Si substrate is measured alone it consists of 88.3% Si and 11.7

% C.

Figure 6.15. Example EDS images of the 015 18 hour acid sonication sample. The SEM image [A] shows
the region used for the elemental mapping [B] of the sample. This map is a composite image made
from the different elements B, N, O, Si and C which are also shown [C]. The oxygen map displays small
regions of higher concentrations.

The majority of the 18 hour acid sonicated 015 sample (Figure 6.15.) is similar to the 003 in that its
composition consists of 0.9 % oxygen, 92.7 % BN, 5.5 5 C and 0.9 % Si. However, while the majority of
the oxygen does evenly cover both the Si wafer (measured at 97.2% Si and 2.7 % C) and the BNP as if
adsorbed, there are small spots of regional density observed on the surface of some of the flakes.

These regions are less than 100 nm across and are thought to be small flakes of BN that have been

sheared away from the starting material by the sonication process and potentially reacted with the
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acid to give the higher oxide density observed. Additionally, the small scale of these flakes explains
why the average platelet size for the material was unchanged by the process, as their loss would be

insignificant to the much larger BNP.

6.4.2.5 Surface Area Analysis

The SEM diameter analysis and Raman nano-structural analysis indicate that the BNP were unaffected
by the acid sonication process. However, the increase in B-H bonding in the XPS implies some damage
had been achieved even if this did not result in oxidation. Damage to the BN sample would be expected
to increase its surface area as the BNP break apart. Brunauer-Emmett-Teller (BET) measurements

were therefore commissioned for all samples to determine their surface area.
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Figure 6.16. Surface area measurements from BET analysis of BNP samples. This shows an increase in
surface area compared to the starting material due to the sonication process in both water and acid
but is less conclusive between the two. Note that error values provided by the BET technician have

been plotted on this graph but fall within the plotted symbol.

Figure 6.16 reflects the XPS results and shows the more harshly treated BNP (sonicated and acid
immersed) for both the 015 and 003 materials have a higher specific surface area and are presumed
to be more damaged than those less exposed to these conditions. The lower surface area 015 samples

best exemplify this trend and showed an increase in surface area due to sonication alone from the
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3.33 +0.01 m? g! of the starting material to 4.64 +0.04 m? g of the water blank. Additionally, the
presence of acid solution caused a further significant increase in surface area to 6.04 +0.07 m? g%,
However, the higher surface area 003 samples might have grown in area due to sonication alone from
12.70 +0.03 m? g? (starting BNP) to 14.78 +0.08 m? g (blank) but did not increase further when
sonicated in acid which was measured at 14.65 +0.05 m? g. This discrepancy between 015 and 003
samples clearly shows that it is the sonication that causes the BNP damage and not the acid etching.

This conclusion is further reinforced by a null result in the previous chemical etching experiments.

6.4.2.6 XRD Confirmation of Crystallite Purity

As a confirmation of the conclusions drawn from the other characterisation methods, XRD analysis
was conducted on all sonicated samples. It was assumed that every BN platelet consists of a single
crystal domain and this would usually lead to the application of the Scherrer equation to XRD results

in order to estimate the average crystal size.
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Figure 6.17. XRD graphs of sonication cleaved BNP samples. Full signals from the water sonicated
blanks and acid sonicated (cleaved) samples are displayed together showing the 002 (26.7°), 100

(41.6°), 101 (43.8°), 004 (50.2°) and 110 (55.0°) plane peaks of the hBN.

However, SEM (section 6.4.2.4) has shown that even the smallest BN platelets used in this work are
larger than the 200 nm limit usually accepted for the Scherrer equation’s use.?*® This limit is imposed
as the broadening of the XRD peaks caused by size variation at this scale is too small to measure
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accurately making resultant crystal size calculations using these figures unusable. The XRD results
(Figure 6.17) comparing the acid sonicated (cleaved) and water sonicated (blank) samples was
therefore used to show the purity of sample (as no other crystal structures detected) and retention of

the hBN nanostructure (no conversion to any of BN’s allotropes).
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6.5 SuMMARY AND CONCLUSIONS

A total of twenty different oxidation of hBN experimental conditions were tested and analysed in this
study to functionalise the surface of the platelets. Reaction conditions were designed with the highest
concentrations, temperatures, and stoichiometric ratios available in the laboratory to force any
chemical reaction that might occur to do so to its fullest extent. BNP with a range of surface areas
were selected as starting materials to show trends of relative hydroxylation for successful acid etching
solutions, and the acid mixtures used on these materials had previously been claimed in literature

(2.2.1.3) to have chemically oxidised both other nanomaterials as well as hBN.

Despite this experimental design, characterisation by IR, Raman, XPS, EDS and SEM showed that no
single etched BN sample deviated from its initial chemical structure in any significant way that was
detectable across more than one analysis method. It was therefore concluded that hBN platelets are
inert to the chemical procedures used in this study and that an alternative avenue for the hydroxyl

functionalisation of hBN should be investigated.

In numerous studies, the sonication of boron nitride materials leads to damage of its nanostructure.
It was hypothesised that if this damage was inflicted at the same time as the material was exposed to
an oxidising solution, the exposed and reactive terminating edges of the newly cleaved BN material
could be oxidised, creating the desired hydroxyl decorated BNP. The previously used chemical etching
equipment was therefore transferred to a bath sonicator. Two BNP samples of different surface area
were used for both water blank sonication as well as acid sonication sample production and these

were characterised in the same manner as the previously investigated chemically etched platelets.

The results for these sonicated samples were mixed. The IR and Raman spectra as well as the SEM
based diameter distributions of the material implied no change had occurred from the starting
material. However, XPS, BET, XRD and EDS characterisation showed that the materials’ nanostructure
had been significantly damaged by the introduced sonication but did not promote detectable BNP

oxidation.
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/ EXFOLIATION AND DISPERSION OF BNP

7.1 ABSTRACT

This chapter details a collection of investigations into the dispersion/suspension of boron nitride
platelets (BNP). It is shown that bath sonication is the most efficient benchtop method of BNP
suspension and despite a decrease in average diameter and an increase in surface area, these
dispersed platelets are still inert to acid oxidation as shown by XPS and IR analysis. Measurements of
dispersibility for the ‘oxidised’ BNP samples in multiple solvents of varying Hansen solubility
parameters were taken to investigate the surface functionality of the treated BNP samples without
interference from bulk hBN. The improvement of suspension in polar-aprotic DMAc indicates no H-
bonding hydroxyl group introduction onto these samples and so confirms their lack of oxidation.
However, this dispersion in DMAc allows the EPD of the BNP sample to be carried out, showing a trend
of increased deposition proportional to platelet nano-structural damage. The ‘oxidised’ BNP films,
however, are thin and uneven in coating compared with the reduced dispersion EPD method
introduced in Chapters 4 and 5. This is shown to create BNP coatings up to 1.37 um thickness but was
found to be mechanically weak, chemically impure, and as a result reduced in its potential

applications.
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7.2 INTRODUCTION

In chapter 6 various grades of Boron Nitride Platelets (BNP) were introduced as a cheap and more
plentiful source of chemically pure hBN which could be used as an industrial scale alternative to the
BNNT used in chapter 5. Numerous attempts to oxidise these BNP were carried out by chemical and
kinetic etching methods but these were shown to be ineffective at decorating the hBN surface with
oxide or hydroxyl functional groups. It was reasoned that this would allow the material to be more
easily dispersed into solution using polar protic solvents prior to EPD, as is standard practise for carbon

nanomaterials.*”"12° As this was unsuccessful, direct exfoliation of BNP into solution was investigated.

For the analogous field of graphite exfoliation to form graphene, alternatives to the production of
graphene oxide (GO) are centred around sonication in select solvents.?*? 0.01 mgs- mL™* of 100% <6
layer graphene has been reported for sonication in the common solvent NMP (N-methyl-
pyrrolidone)?2 while concentrations of 0.03 mg mL™ and 0.1 mg mL™* have been shown using the less

environmentally friendly ortho-dichlorobenzene?* and pentafluorobenzonitrile**

respectively. Some
evidence points to the success of longer sonication periods of time (460 hours yielding 1.2 mg
mLnwve 1)% but this comes at the cost of increased nano-structural damage of the final product. More

recently, Kai Ling Ng et al.”®” have combined shear mixing and sonication using the green solvent of

IPA to create graphene using a method that also shows promise for application to BNP.

Graphite has an interlayer binding energy between 35 and 56 meV atom™ 238239 which is significantly
lower than that of bulk hBN (85.9 meV atom™)* despite these two materials having the same
interlayer distances. However, the polar B-N bonds and its eclipsed-stacking structure stabilise hBN.
This means that the exfoliation of the BNP used in this work will be more difficult, but previous studies
have shown that it is possible to achieve modest dispersion concentrations of BN in IPA (0.04-0.06 mg
mL™1)*>% and even higher values using surfactants (up to 0.5 mg mL™).2** Previous work from chapter

4 showed that the minimum CNT concentration required for EPD is 0.5 mgcnt mLomac? and if this can
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be achieved with BNP, this will represent a significant advance in the scalability and application of the

EPD of exfoliated BNP.
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7.3 EXPERIMENTAL

This chapter describes the methods by which BNP samples were dispersed into solution by various
techniques and then used as the feedstock for further acid oxidation reactions. The BNP solutions
were measured by UV-Vis spectroscopy (see section 3.12) and standard solutions for this analysis were
made here. BNP solutions made from previously ‘oxidised’ BNP samples (inverted commas used due
to the questionable validity of describing the samples as oxidised) were then used for EPD. The

reduced dispersion method of film deposition was then used on BNP for comparison.

7.3.1 Chemicals

Material Name Abbreviation Supplier

Boron Nitride Platelets 003 003 BNP 3M™ 003 Grade
Nitric Acid HNO; Honeywell-007-004-00-1
Sulphuric Acid H,SO4 Sigma 30743
Hydrogen Peroxide H,0, Sigma 216763

PTFE membrane n/a Cat#: 776742
Sodium metal Na Sigma 262714
Naphthalene Nap Sigma 84679

N,N Dimethyl Acetamide DMACc Sigma 271012
Methanol MeOH Sigma 34860
Ethanol EtOH Sigma 32221
Iso-Propanol IPA Sigma 59300
Acetone n/a Sigma 32201
1-Bromo Hexane Br-Hex Sigma B68240
0.025 mm thick, uncoated Copper Foil Cu foil Alfa Aesar 49686RG

Table 7.1. Materials used in this section as well as the supplier product numbers (where possible) and

abbreviations that are used to refer to them within the text.
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7.3.2 Methods

Sonication based BNP Exfoliation: 3.75 g 003 grade BNP was shaken with 150 mL IPA in a 250 mL glass
reagent bottle. For bath sonication, the bottle was then sealed, placed in a bath sonicator (IND1250D,
700W, 60 Hz) so that the liquid contents of the flask were immersed in water, the mixture was
sonicated for 3 hours at room temperature after which it was shaken again. For probe sonication, A
UP100H Ultrasonic processor equipped with a 3 mm steel probe tip at 100% amplitude (1 cycle) was
immersed in the suspension and the flask opening covered with parafilm after which the suspension
was probe sonicated for 3 hours (temperature change is negligible). For shear mixing, a Greaves mixer
impeller was immersed in the BNP/IPA solution and turned at 5000 rpm for 3 hours during which 10
mL additional IPA was added every hour, after which the top 120 mL of suspension was bath sonicated
for 2 minutes. 80 mL of the resultant white suspensions for all three methods was split between two
50 mL centrifuge tubes and centrifuged at 500 rpm for 1 hour. The supernatant was collected and left
to sit overnight. Samples were then taken from this settled suspension to measure BN concentration
by UV-Vis spectroscopy. The remaining centrifuged samples were then re-shaken and vacuum filtered
over 1 um pore PTFE membrane on a Teflon frit and washed with 50 mL ethanol before being dried

overnight in a vacuum oven at 60 °C.

Acid Etching of ‘Exfoliated’ BNP: 200 mg of bath sonicated ‘exfoliated’ BN and 18.4 mg of probe
sonicated ‘exfoliated’” BN were acid etched using the same method as the sonication etching
experiments of section 6.3.2. Samples were then washed and dried in the same manner as in the same
section 6.3.2, which recovered 153.6 mg and 2.91 mg sample of the bath sonicated and probe
sonicated starting material respectively. The resultant samples joined the other acid exposed samples
from chapter 6 as being denoted ‘Oxidised BNP’ irrespective of the degree of functionalisation

achieved.

Known BNP Concentration Solution: 5.06 mg 003 grade BNP was shaken with 100 mL solvent (IPA,

Water, EtOH and DMACc) in a 100 mL volumetric flask. The sample was bath sonicated for 1 hour and
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left to settle overnight. Suspension was again bath sonicated for 4 hours at 55 °C, then allowed to cool
to room temperature (returning to its original volume). 2, 1, 0.5, 0.25, 0.1 and 0.05 mL volumes of
solutions are then pipetted into vials and diluted to 4 mL with additional solvent before being used to

calculate UV-Vis absorbances for known concentrations.

Solvation of ‘Oxidised’ BNP: 50 mg of the ‘Oxidised BNP’ samples (derived from the 003 grade starting
material) were placed in a 50 mL polypropylene centrifuge tube and shaken with 50 mL of solvent.
The centrifuge tubes were then sonicated at room temperature in a 50-60 Hz, 500 W bath sonicator
for 3 hours, followed by centrifugation at 500 rpm for 60 min. The supernatant was analysed by UV-
Vis then re-shaken with the centrifuged pellet and vacuum filtered over a 0.2 um pore PTFE membrane
where it was washed with three 50 mL aliquots of the next solvent it was to be dispersed in. The order

of solvents used was IPA, Water, DMAc and finally EtOH.

EPD of BNP Suspensions: The ‘Oxidised BNP’ samples dispersed by DMAc described in the previous
section were shaken and re-sonicated for 3 hours before 25 mL of each are placed in a 50 mL beaker
in which were held two 2.5 x 2.5 cm copper foil electrodes held vertically parallel with a separation of
2 cm. A potential difference of 10 V was applied across these electrodes for 120 s after which the

electrodes are dried horizontally in ambient laboratory conditions before analysis.

Reduced Dispersion and EPD of BNP: 15 mL of a 2 mgn. mL? NaNap charging solution (section 4.3.2)
was mixed under argon with 89.5 mg 003 BNP and 78 mL DMAc and left to stir overnight by glass stir
bead. While still under an argon atmosphere, 25 mL aliquots of this mixture were sequentially placed
in a 50 mL beaker into which was immersed the EPD setup described in section 4.4.1. EPD was
conducted at 10 V for 120 seconds on both FTO and copper foil depositing electrodes as well as 1200

s (20 min) on FTO.
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7.4 RESULTS AND DISCUSSION

The successful acid oxidation of BNP and consequent production of stable, dispersed hydroxyl
functionalised BNP solutions was shown to be improbable due to the high chemical stability of BNP
compared to the carbon nanotubes these acid etching techniques were developed for. An
investigation into the exfoliation of the BNP starting material without initial oxidation was devised.
The 003 grade BNP was selected for this experimentation as it has the smallest radius range and
therefore should be the slowest to sediment out of solution as predicted by Stoke’s Law (Eq 7.1) where
ris the radius of the particle, Ap the density difference between the dispersed and continuous phases,

g the acceleration due to gravity, ks the Boltzman constant and T temperature).?%?

rtdpg Eq. 7.1
kg T

Rate of Sedimentation «

7.4.1 Exfoliation of BNP

The 003 grade BNP was exfoliated by three common benchtop methods: bath sonication, probe
sonication and shear mixing. The method of exfoliation and subsequent separation of suspended and
un-suspended BNP by centrifugation was developed in consultation with Kai Ling Ng of the Grobert

Group and was originally developed for the production of graphene from graphite.?’
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Figure 7.1. Schematic showing the proposed steps of hBN exfoliation and oxidation. 003 BNP [A] are
exfoliated into single or few layer hBN sheets [B] with higher activity towards the acid etching
solutions used previously and so create hydroxylated hBN sheets [C].

It is thought that the energy input into the solvent/BNP system during sonication will cause both the

tearing and the peeling of the material.??* Following Stoke’s Law (Eq 7.1), these smaller, exfoliated
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7. Exfoliation and Dispersion of BNP

hBN will have lower rates of sedimentation and are thus more likely to stay in the supernatant during
centrifugation. The average exfoliated hBN material should therefore have a smaller size, few hBN
layers and a higher surface area:volume ratio which combined would indicate they could be less inert
to oxidation compared to the starting BNP. A final effort to oxidise this exfoliated BNP was also

planned as shown in Figure 7.1.
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Figure 7.2. Example UV-Vis absorbance spectra [A] for the supernatant (1/8 diluted) of the IPA
suspended 003 BNP that has been exfoliated by three different methods. The calculated concentration
of BN remaining in solution after both exfoliation and centrifugation [B] is compared showing that
bath sonication is the most effective in exfoliating BNP.

The exfoliation and centrifugation of the BNP was successful and produced cloudy white dispersions
that did not visually clarify within 100 hours of suspension (Appendix Figure 11.1.). The concentrations
of exfoliated BNP in the centrifuged supernatants are summarized in Figure 7.2., which represent the
yield of each exfoliation method. The shear mixer produced the lowest yield at 0.0127 +0.0029 mggn

mLea?, the probe sonicator yielded the significantly larger 0.1389 +0.0110 mgsy mLipa™t but the bath

sonicator proved most effective at 0.232 +0.037 mgsy mLipa™.

These figures are low when compared to some literature BN ultrasonication in water (0.26-0.32
mg mL™?) or DMF (0.34-0.52 mg mL™)*® and even smaller compared to exfoliations that have used

surfactants (0.5 mg mL™)***to aid with BN suspension. However, they are larger than other studies of

149



7. Exfoliation and Dispersion of BNP

BNP suspension in IPA which have reported 0.06 mg ml™ 5> and 0.04 mg mI™1.5* This demonstrates that

nanomaterial studies using different starting materials are not directly comparable and divergence

between this work and literature is expected.
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Figure 7.3. SEM images showing the BNP starting material compared to platelets exfoliated in this
work. The pristine starting material [A] and [B] is shown alongside 003 platelets exfoliated in IPA by
probe sonication [C], bath sonication [D] and shear mixing [E] are compared showing that the bath
sonicated samples are less agglomerated than other methods. The analysis of the diameter
distributions for these samples [F] shows a significant drop in larger platelets for all dispersed

materials.
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7. Exfoliation and Dispersion of BNP

Despite the differences in BNP concentration with the extant literature, previously sonicated BNP
samples XPS results have indicated significant damage is incurred on the structure of the BNP samples
due to sonication (see section 6.4.2). To investigate this for these exfoliated samples, SEM (Figure 7.3)
and EDS (Figure 7.4) were conducted on all samples to ensure that the exfoliation processes had not

destroyed the samples (or even hydroxylated them as one paper has proposed).®®

On examination of the SEM images, it was noted that the bath sonicated samples (Figure 7.3.D)
appeared less agglomerated than the others. However, the BNP do not show any other significant
visual variance (torn edges, increased debris etc.) between exfoliation methods and the starting
material. Results of the average diameter measurements (Figure 7.3.F) also indicate little difference
between exfoliated samples (0.57 +0.21um, 0.57 £0.21um and 0.53 +0.25um for the bath, shear and
probe methods respectively) but does show that, compared to the starting material (0.79 +0.54 um),

a minor decrease in diameter has occurred.

The decrease in the average size of BNP is unlikely to be due to fractures or breakages caused by the
exfoliating process, as significantly longer sonication in acid (section 6.4.2) gave an average BNP
diameter of 0.77 £0.43 um which is identical to the 003 starting material. This reduction in the size of
BNP is instead most likely because the larger sized BNP are centrifuged into the sediment and
removed. This effect has been used by W.Gao et al.**® to select specific BNP sizes (0.7 um) by first
removing all large particles with a low power centrifuge (3-5 krpm) followed by the removal of smaller

particles with a high power centrifuge (16-20 krpm).

While the exfoliation methods are selective for size only, due to their centrifugation, the material that
is initially pushed into dispersion may be selective based on its structure. It is possible that the fraction
of more pre-damaged or pre-oxidised BNP within the original sample would be pulled into the
dispersion preferentially. Alternatively, the exfoliation technique may indeed damage the BNP enough

to induce favourable interactions with the solvent but not at the scale detectable by visual inspection
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by SEM. In both of these hypothetical cases, the BNP found in the dispersion would be chemically

distinct from the starting material.

All exfoliated samples do show very similar atomic content measured by EDS, with the bath sonicated
sample showing 84.6 % BN, 6.0 % C and 2.3 % O (for 7.1 % Si) which is near identical to the shear mixed
(84.4 BN, 7.7 C, 1.5 O for 6.3 Si) and probe sonicated materials (84.1 BN, 5.7C, 1.5 O, for 8.7 Si).
However, EDS maps (Figure 7.4) show no significant regional concentrations of heteroatoms within
any of the BNP samples and these maps and atomic breakdown values are not dissimilar enough to
the starting material (Appendix Figure 11.3) to be taken as evidence for any reaction occurring. The C
and O content increases are thought to be adhered solvent as their concentration increases when

examining the Si surface not containing BN sample (78.7 % Si, 14.5 % C, and 3.1 % O for 3.7 BN).

Figure 7.4. Example EDS map of bath sonication exfoliated BNP. A region containing both BNP and Si
substrate is selected from the SEM [A] and is mapped according to its elemental makeup [B] which
are further broken down into maps for specific elements of interest [C]. These show that there is
clearly no oxygen addition to the BNP due to exfoliation alone. This is the case for all samples

exfoliated by alternative methods also.
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7.4.1.1 Acid Etching of Exfoliated Material

Section 7.3 of this thesis concluded that BNP were inert to surface hydroxylation by solution-based
acid oxidation. However, it was thought that the ‘exfoliated” BNP material produced would be more
susceptible to reaction due to its reduced layers and reduced stability from pseudo-bonds formed
between eclipsed stacked N atoms donating electron density into vacant B orbitals of adjacent

layers. 244240

Exfoliated samples were dried to remove the exfoliating solvent (IPA) and then subjected to the same
acid sonication treatment as described in chapter 6. Due to a lack of sample mass from the less
efficient exfoliation by shear mixing, the acid sonication of this sample did not yield any product for
analysis. However, IR and XPS was conducted on both the probe sonicated and bath sonicated samples

after acid etching to examine any changes in their nanostructure.
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—— Probe Exfoliated Material
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Figure 7.5. Comparison of IR spectra for the exfoliated and acid etched exfoliated materials showing

no significant increase in any peaks associated with BN hydroxylation.

No detectable change was observed within the IR spectra (Figure 7.5) recorded for both the starting
exfoliated material or the subsequent acid etched sample of the same type. The expected O-H
indicating region between 3200-3600 cm™ does appear to bow slightly for the acid etched probe
exfoliated material, but this is not enough to conclusively prove a significant reaction.
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Figure 7.6. XPS of acid etched exfoliated samples. The results of the deconvolution of the Bls XPS
spectra [A] shows that significant damage is inflicted upon the BN nanostructure but does not cause
any heteroatom bonding. Analysis of the sample’s atomic constituents [B] shows a decrease in BN

content but is thought to be likely due to a decrease is platelet agglomeration.

The B1s XPS spectra of the starting, and acid etched, exfoliated BNP were deconvoluted to investigate
the contribution of each bonding environment to the sample. Comparison of these B1s results (Figure
7.6.A) of the 003 starting material (95.5 % B-N, 0.01 % B-H, 3.6 % B-O and 0.53 % B-C) and the acid
etched ‘exfoliated’ samples show a decrease in B-O bonding proportion (1.86 £1.08 % and 0.94 +0.13
% for probe and bath sonication respectively) which is the opposite to what would be expected of an
oxidised BNP sample. The most significant difference between the starting material and samples is in
the B-H bonding environment (17.92 £0.35 and 19.48 +9.01 % respectively). These B-H increase in the
B1s results indicate that the nanostructure of the BNP has been damaged but not reacted with any

heteroatoms.

The atomic composition (Figure 7.6.B) of the probe sonicated acid etched sample (94.0 £0.74 % BN,
2.6 £0.12 % O, 2.5 +0.49 % C) also follows this conclusion and does not deviate from the starting
material (96.3 % BN, 1.65 % C, 2.02 % O). The bath exfoliated acid etched sample does however show
an increase in both carbon and oxygen content (83.5 £1.02 BN, 6.5 £0.16 % O, 7.2 +0.33 % C 2.8 £+0.19

% Si) which it thought due to the increase in surface area (and subsequent increase in adsorbed
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molecules) caused by the reduction in re-agglomeration shown previously in the bath exfoliated BNP

SEM and not by a successful oxidation reaction.

To conclude, this final oxidation attempt has again indicated that the chemical stability of hBN makes

it inert to acid etching methods used for carbon nanomaterials despite exfoliation.

7.4.2  Solvation of BNP Samples

BET measurements of the 003 BNP starting material found that it has a surface area of 12.70 +0.03 m?
gl. Using the density of hBN (2.1 g cm), a surface area to volume ratio for the material can be
calculated at 26.7 x10° m™. This ratio implies that the majority of any spectroscopy signal used to
analyse BNP samples will return results reflective of the bulk hBN and not the surface functionality of
the material. While many spectroscopy techniques used for BNP analysis in this work have limited
penetration depths and so may reflect a larger effective surface area to volume ratio, a possibility
remains that any successful oxidation of the BNP surface conducted in all previous experimentation

may have been unmeasurable.

An alternative way in which only the surface of the BNP samples can be measured is through their
interactions with different solvents. It is well established that ‘like dissolves like’ and therefore it is
postulated that a more oxidised BNP material decorated by polar and hydrogen-bonding hydroxyl
functionality will be more stably suspended in polar-protic solvents than unfunctionalized material.
To demonstrate their possible surface chemistry, the ‘oxidised BNP’ samples from throughout
chapters 6 and 7 were dispersed in four different solvents at the same initial concentration of 1 mgo.
snp MLL. After bath sonication and centrifugation, the dispersions’ concentrations in solution were
measured by UV-Vis (extinction coefficients were calculated for each individual solvent system using
the 003 starting material). The concentration of ‘oxidised’ BNP in each solvent and an example UV-Vis

spectra used to calculate them is displayed in Figure 7.7.
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Figure 7.7. Summary of BNP sample dispersion experiments. The BNP products from previous
experiments were dispersed by bath sonication in various solvents and the concentrations [A]
calculated using UV-Vis data and the Beer-Lambert Law. An example of these UV-Vis spectra [B] for
samples (1/8 dilution) dispersed in water is shown for illustration of the linear relationship between

absorption and BN concentration.

The ability of a solvent to dissolve a solute can be predicted using Hansen solubility parameters (HSP)
which break down a solvent’s properties into atomic (dispersive) interactions (6D), permanent dipole-
permanent dipole interactions (8P) and hydrogen bonding interactions (8H).>° The HSP of the solvents

used for the dispersion of the BNP samples are presented in Table 7.2.

Solvent Name 6D 6P 6H
IPA 2% 15.8 6.1 16.4
Water 2% 15.5 16 423
Ethanol 2% 15.8 8.8 19.4
DMAc %7 16.8 115 9.4

Table 7.2. Table of Hansen Solubility Parameters (HSP) for solvents used for the dispersion of BNP
samples. The Dispersion (6D), Polar (6P) and Hydrogen bonding (6H) terms for each solvent is

displayed.

When these values are plotting in 3D, it is found that solvents that are able to dissolve a specific solute,

cluster together in the same spatial region. By calculating the centre of this region, the HSP values for
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the solute can be estimated?*® and this has already been used as evidence for the oxidation of CNT.2#
For nanomaterials, the definition of what is considered dissolved varies, but studies have been
published finding the HSP coordinates of Ce,>> CNT 2*° and BNNT**%%*!, These sources do not always
agree, as dispersion concentration is also dependant on material size and the mechanism of

exfoliation.?’

The position of BNP in HSP space has been placed at {17-19 6D, 4-10 &P, 4-10 6H}! and explains why
the 003 starting material was most dispersible in IPA (0.456 +0.035 mg mLpa™) and DMAc (0.401
+0.033 mg mLpwmac?) but notin the H-bonding (causing greater difference between the BNP and solvent
SH values) water and EtOH (0.249 +0.018 mg mLwater* and 0.141 £0.012 mg mLewon2). DMAC remains
the solvent with the highest concentrations of BNP (max 0.716 +0.062mg mlpwmac? for nitrating
solution chemically etched BNP) for most of the ‘oxidised’ BNP samples, while the concentrations in
water remain lower than DMAc for all samples (max 0.349 +0.029mg mLwater* for piranha solution

chemically etched BNP).

None of the ‘oxidised” BNP samples show significant movement in HSP space toward the H-bonding
water and EtOH, this is attributed to the lack of oxidization on the BN surface. Thus, by combining this
lack of HSP movement with the previously explored XPS and IR and EDS results for these samples, it
must again be resolved that the initial conclusion that BNP are inert to solution-based acid oxidation

is correct.

7.4.2.1 EPD of Solvated BNP Samples

While the concentrations of the modified BNP in solution achieved in the previous section were low,
there is a possibility that EPD may still be successful, as the critical concentration required for BNP
deposition is unknown for this system and may yet be achieved. An exploratory investigation was
therefore launched to test this theory using the solutions suspended in DMAc from the previous

section which were placed in the EPD setup of Chapters 4 and 5 (Figure 7.8.B).

157



7. Exfoliation and Dispersion of BNP

2.5cmx 2.5 cm Cu foil was used for both electrodes and the depositing electrode acted as the cathode
as the samples would be positively charged by the addition of oxidised groups the BN surface as was
the case for the previously investigated O-SWCNT of chapter 4. A 10 V potential difference was applied
(5 V cm™ field strength) between the immersed electrodes for 120s (a time selected because it was
the maximum time used in the SWCNT depositions section 4.4.4.1. It was found that BNP were
deposited on the Cu foil electrode, but no film was created due to a combination of the low BNP

concentration in solution and short deposition times.
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Figure 7.8. Electrophoretic deposition (EPD) of DMAc dispersed ‘oxidised BNP’ samples. 25 mL aliquots
of DMAc dispersed BNP samples from previous experiments were placed in the EPD setup [B] used for
film manufacture although under ambient conditions rather than Ar. The resulting current
measurements for each dispersed sample was measured [A], showing a trend of increasing current

with increased damage to the BNP initially used.

The current/time curves for these experiments were measured (Figure 7.8.A) and, from the difference
in current measured between the EDP of pure DMAc (end current of 1.3 pA) and the BNP dispersions
(max end current 20.1 pA), it can be concluded that the migration of charged BNP in solution is
responsible for the increase in signal. The chemically etched samples (sulfuric and piranha) show
similar total charge transfers to each other (0.876 mC and 0.942 mC respectively) which are both

bigger than the unmodified starting BNP (0.720 mC) and DMAc blank (0.227 mC), implying that the
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modification of these BNP has in some way effected their electrophoresis. However, the most obvious
trend in charge transfer during EPD is between the BNP treated by the same nitrating solution
(H2S04/HNO; mixture), but with differing amounts of sonication applied to the sample. Chemical
etching alone (0.994 mC) is smaller than acid etching and sonication (1.605 mC) which is, in turn,
smaller than the exfoliated and sonicated material (2.396 mC). These examples of increasing charge
transfer during EPD correspond with both an increase in B-N nano-structural damage, as evidenced
by the sequential increase in the B-H components (see sections 6.4.1.3, 6.4.2.3 and 7.4.1.1) of these
samples’ B1s XPS spectra as well a gradual increase in the dispersion concentration in water shown in

the previous solvation investigation.

The current and charge transfer is not, however, coupled with the BNP concentration in DMAc
(Appendix Figure 11.2.) which implies that not all of the material dispersed in the solvent is being
affected by the electric field equally, which could imply chemical differences between deposited and
bulk BNP. Insufficient BNP sample was deposited during these EPD to conduct XPS analysis therefore

EDS on the depositing Cu electrodes was conducted as an alternative.

Figure 7.9.A and B show example results of this EDS analysis for the exfoliated and acid etched 003
sample (selected as anillustration due to the high charge transfer shown during EPD). These elemental
maps show no localised concentrations of any atom across the sample and are similar to both the
starting material (Appendix Figure 11.3.) and previous EDS maps of 003 sample presented throughout
this work. A summary of the atomic content for all ‘oxidised’ BNP samples Figure 7.9.C shows that the
deposited BNP are all very similar in makeup and comprise of on average 89.5 £7.3 % BN with 0.6 0.1
% oxygen and a higher than usual 5.9 £1.3 % carbon content. While this high carbon proportion could
indicate a reaction with the BN material, previous XPS deconvolutions of the Cls spectra for the bulk
of these samples (6.4.1.3, 6.4.2.3 and 7.4.1.1) has shown that this is not the case and is instead
attributed to adhered solvent. This is further proved by the DMAc blank sample which shows a large

(15.5 %) C content on what should be a pure Cu foil.
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Figure 7.9. EDS of deposited BNP samples. An example EDS map [A] for the largest BNP covered
electrode as predicted by the charge transfer during EPD (exfoliated and acid sonicated 003 sample)
is shown to illustrate the homogeneity of distribution for all atoms of interest [B] within the sample.
The total atomic content for all samples [C] is also measured in this way and shows no trend in
samples’ constituents other than an increase in carbon content which may be attributed to the sample

preparation process.
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7.4.2.2 Issues

The investigation into the differences of deposited BNP as suggested by the de-coupling of dispersion
concentration and charge transfer during EPD is moot if the actual deposition is insignificant. Using
the relationship calculated between total charge transfer and film thickness determined for BNNT
deposition (section 5.4.5.3), the hypothetical film thicknesses that should be achieved for each of the
‘oxidised” BNP EPD was calculated and is presented in Figure 7.10.A. This was considered a valid
comparison as the electrode surface area and immersion depth remain constant between these two
studies and used the same field strength. Due to the flexibility of the Cu foil and its resulting uneven
surface, these thickness values could not be verified by profilometry, but the predicted scale (nm) of
these films makes them inappropriate for many electrical applications. For example, film thicknesses
required to electrically insulate wires on the kV scale are a minimum of 1.2 um at 10 kV to 4.0 um at
30 kVv?*2 for ethylene propylene rubber (EPR), which has a similar electrical permittivity (3.5 at 50 Hz)

to the out of plane hBN (3.29 to 3.76).%3

While these film thicknesses may be on the correct scale for use as insulators in microchip
production®* the reality of the film produced can be seen in Figure 7.10.D-E. Images of the Cu foil
depositing electrodes show minimal to no visible BNP coverage on the 003 blank and small, isolated
regions of deposition across what was predicted (by charge transfer) as the most successful ‘oxidised’
BNP deposited film. It is unclear if this uneven deposition is due to the mechanics of EPD?*® or the
agglomeration of BNP in solution, which are then deposited themselves. These results imply that it
would require a much longer EPD time, using much higher concentrations of BNP, to create a complete

covering or film.
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Figure 7.10. Issues with the EPD of DMAc dispersed BNP. Using the relationship between total charge
transfer and film thickness determined for BNNT films (section 5.4.5.3) and the current/time graphs
for the DMACc dispersed EPD, the predicted BNP thickness of these films [A] is shown to be very low.
The current/ time graph for a NaNap charged 003 BNP sample subjected to EPD using the same
conditions is shown [B] to have nearly three orders of magnitude higher current signal than the
‘oxidised’ samples. The dried Cu foil depositing electrodes of the pure DMAc [C], 003 starting material
blank [D] and the exfoliated/ acid etched ‘oxidised’ BNP [E] show the minimal deposition that has

occurred.

In addition to the uneven and incomplete BN coverage, the current/time graph of the ‘oxidised’ BNP
are orders of magnitude smaller than those for the NaNap charging solution, which are in turn an
order of magnitude smaller than an NaNap dispersed 003 BNP displayed in Figure 10.B. The charge
transfer for this experiment was 226.5 mC (1000 times larger than that of the exfoliated acid etched

003) and resulted in a visible BNP covering of the electrode.
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7.4.2.3 EPD of electrochemically reduced BNP
Due to the success indicated by the NaNap dispersed 003 BNP EPD, further experimentations using
this system were conducted. The principles for this procedure were the same as for the dispersion and

deposition of nanotubes for chapters 4 and 5 and summarised in Figure 11.
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Figure 7.11. Schematic diagram for the reduced BNP EPD process. Unmodified 003 grade BNP [A] is
charged using the NaNap reducing solution causing the BNP to become charged and partially suspened
in the DMACc solvent [B]. This suspension is placed between two electrodes where an electric field
induces the charged BNP to migrate and deposite onto the electrode surface [C] from where it is
removed and then dried [E]. The final product is a controllable thickness of BNP film coating covering

the electrode [D].

Dry 003 BNP was mixed under an argon atmosphere with NaNap charging solution and made upto 1
mgeny ML at a charging ratio of 1na:5sn, Which is an over-estimate, as evidenced by the continued
green colour of the solution after mixing. This is similar to the mischarging of BNNT in section 5.4.2,
but was used despite this, so that these BNP samples could be directly compared to the BNNT and
CNT EPD methods which used the same conditions. Vertically held, parallel electrodes were immersed
in this BNP dispersion 2 cm apart where a 10 V potential difference was applied between them while
the current was measured (Figure 7.11.C). The previous section of this chapter already demonstrated
that this measured current is orders of magnitude larger than both the NaNap charging solution and

the ‘oxidised’ BNP dispersions. The EPD was conducted using rigid FTO covered glass electrodes so
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that further measurements of the resultant films could be made. Washing of the resultant coatings
was found to remove the BN film, implying weak inter-BNP interactions unlike the entanglement

found within nanotube films.

7.4.2.3.1 Profilometry of BNP ‘Films’

EPD was conducted for 120 s and 1200 s to compare results with same time period used in CNT and
BNNT experiments respectively. Both of the resultant films were then analysed by optical profilometry
where 3D maps of the films’ surface as well thickness measurements were taken and are presented

in Figure 7.12.

164



7. Exfoliation and Dispersion of BNP

A @ B

| ! |

, J Hn\

Height (um)
w

Height (um)
w

| ‘ i I
| 1.39um | | n” | Y( 21 ] “ A‘ (!
........ [ | 1 H ” “ f - | | ‘ i
" IR M i1y U‘ "1 D M TN
1 1y Ay A RO Il uﬂ L 0s2lum } |,Jq
[o Y T Vh~]n o o 4NN kT CNEAN L T M\ a
'1 T T T 1 '1 T T T 1
0 100 200 300 400 0 100 200 300 400
Distance (um) Distance (um)

Figure 7.12. Optical profilometry of reduced dispersion BNP EPD depositing electrodes. The 3D maps
for the FTO glass electrodes of the 1200 s [A] 120 s [B] depositions are compared showing clumps of
BNP depositing. Example line profiles taken from these maps show the uneven surface of the BNP
deposits for both the 1200 s [A] and 120 s [B] samples.

As expected and predicted by Hamakers Law (Eq. 2.1.), the longer 1200 s deposition shows a
significantly larger covering of BNP which was found to have an average thickness of 1.37 +1.28 um
while the 120 s experiment showed a thickness of 0.47 +0.62 um. The very large standard deviations
proportional to the thickness results can be explained when observing the 3D maps used to calculate
them (Figure 7.12.A-B). The films appear to be comprised of small regions of isolated thickness,
implying that the BNP deposited onto the electrodes in clumps and not as dispersed and individualised
platelets. Furthermore, washing procedures conducted on these samples, that were used previously
for nanotube films, completely washed away the deposited BNP from the electrode surface. This

shows a significant drawback in this method of deposition and explains the large film thickness error
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values, which contain sodium crystals that could not be washed away, as evidenced by EDS atomic

mapping of the samples in Figure 7.13.
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Figure 7.13. SEM with overlaid EDS atomic map [A] of the Na crystal found on the clear surface of the

depositing electrode from reduced BNP dispersion EPD. The measured atomic content of the Na
crystal region is compared [B] to that of the deposited BNP and the individual atomic maps [C] show

the Oxide localisation.

The EDS mapping of the sodium crystals showed an atomic composition of 8.3% BN, 10.4% Na, 26.1%
O and 52.1% C which is consistent with the sodium crystals found on top of and within the nanotube
films explored in chapters 4 and 5. This contrasts with the bulk deposited BNP (Figure 7.13.B) which
measured as 84.9 % BN, 0.9 % Na, 1.8 % O and 6.02 % C. This is very similar to the BNP material
deposited after suspension in DMAc (Sect 7.4.1) which showed 89.5 % BN with 0.6 % O and 5.9 %

carbon content.
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Figure 7.14. XPS of reduced dispersion BNP EPD 1200s sample compared to starting material. Results
of the B1s deconvolution [A] show damage to the BN nanostructure with a possible increase in B-C
bonding. This increase is borne out in the Cls deconvolution [B] which showed an increase in C-B
bonding in addition to the increase in oxygen bonding associated with remaining solvent. The atomic
breakdown [C] of these samples also show this increase in C and O.

BNP from the 1200 s sample was scraped from the dried depositing electrode and sent for further
analysis by XPS (no analysis was done on the 120 s sample as not enough BNP could be recovered).
The atomic breakdown analysis of the deposited BNP (Figure 7.14.C) showed larger deviations from
the starting BNP than the EDS results and exhibited a composition of 72.5 £0.2 % BN with large
impurities of 7.2 £0.2 % O, 18.4 +0.7 % C and 1.8 £0.03 % Na. This heteroatom content is significantly
larger than the 1.7 % C, 2.0 % O and 0 % Na found in the 003 grade starting material but is expected
due to the unwashed nature of the sample, meaning sodium crystals and DMAc solvent must still be

held within the sample.

The Cl1s deconvolution (Figure 7.14.B) of the sample show the C bonding environments completely
diverge from the 93 % C-C and 7 % C-O regime of the starting material to form 52.1 +4.0 % C-C, 17.3
+2.7 % C-0, 7.0 +0.8 % C=0, 6.9 +6.2 C=C and even 16.7 +8.7 C-B bonds. This wide range of
environments is again attributed to the unwashed nature of the material which would usually remove

any products of the side reactions that this divergence represents.
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The B1s similarly shows a degradation in structure going from a 5.8 % B-O and 93.5 % B-N boron
environment to 0 % B-0O, 57.9 +6.8 % B-N, 27.7 +0.8 % B-H and 13.8 +7.7 % B-C environment. This
shows that only significantly damaged BNP material (evidenced by the high B-H proportion) can be
successfully dispersed and deposited onto the electrode by BNP. This conclusion is supported by the

same trend being observed in the deposition of ‘oxidised’ BNP from section 7.4.2.1.
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7.5 SuMMARY AND CONCLUSIONS

This chapter has focused on the exfoliation and/or suspension of boron nitride platelets (BNPs) in
various solvents. Initially, it was found that bath sonication was the most efficient benchtop route to
produce BNP suspension in IPA when compared to probe sonication and shear mixing. This was shown
by the higher BNP concentrations (0.232 +0.037 mgsy mLpa™), visually (by SEM) less agglomerated
product, as well as a 100-hour stability test on the suspension. All methods were shown to reduce the
size of BNP but this was hypothesised to be due to the size-selection effects of centrifugation. The
exfoliation processes have no obvious influence on the BN atomic makeup that could not be explained

by an increase in surface area.

It was hypothesised that these exfoliated BNP with higher surface area and fewer stabilising, eclipse-
stacked, hBN layers may be less inert to oxidation, so samples were exposed to similar acid oxidation
treatments as in chapter 6. IR and XPS analysis of these samples showed no significant change in the
BNP bonding environment, and it was again concluded that BNP are inert to acid based chemical

oxidation despite exfoliation.

Due to the surface area:volume ratio (6.04 x10°®) of the BNP used in this and chapter 6, it is possible
that molecular characterisation techniques used previously may not be able to distinguish the surface
modification of BNP from the bulk hBN majority. As solvent-BNP interactions are largely determined
by the chemical functionality of the BN surface, the ability of different solvents of varying Hansen
solubility parameters to disperse ‘oxidised’ BNP samples from across chapters 6 & 7 were used as a
final check for BN hydroxylation. Suspension in polar protic solvents did not significantly improve while
the least H-bonding solvent (DMAc) remained the most efficient dispersant of nearly all ‘oxidised’ BNP
samples with an improved yield in most cases. Through this, the original conclusion that BNP are inert

to acid based chemical oxidation was upheld.

The dispersal of these ‘oxidised” BNP samples in DMAc was of use for their deposition by EPD. The

current/time curves of these EPD and resulting charge transfer values (max 2.396 mC) showed an
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increase proportional to the damage to the ‘oxidised’ BNP samples used (as expressed by the B-H
signal of their B1s XPS spectra), but independent of BNP concentration in DMAc. This implied that the
deposited BNP may be chemically distinct from the bulk dispersed material, but EDS showed no
significant variation in atomic makeup. Additionally, the predicted BNP film thickness (max 35.7 nm)
was low and actual films were observed to be uneven and consist of agglomerated BNP isolated from

each other on the electrode surface, making it inappropriate for many applications.

Finally, deposition of BNP by the reduced dispersion for EPD method was investigated. It was found
to be successful at producing thin, uneven, films of BNP covering the electrodes of thicknesses up to
1.37 +£1.28 um. However, the resulting dried film was not mechanically strong as it could not be

washed as this would remove the film from the electrode surface.
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8 SUMMARY AND CONCLUSIONS

The initial objective of this thesis was to investigate and further our understanding of the reactivity,
dispersibility and deposition of primarily hexagonal boron nitride nanomaterials by applying science
to them developed for use on analogous carbon structures. The approach taken to address these
outstanding scientific questions was through the development of a novel method of nanomaterial film
production. This was achieved by the amalgamation of reductive dispersion and electrophoretic
deposition techniques and by applying experimental conditions that surpass the traditional oxidation
based methods currently in use. This approach has been successfully applied to CNT, BNNT and BNP
while the latter has additionally been subjected to a parallel study investigating the utility of the
oxidation techniques used on carbon materials. This parallel work aimed to create stable suspensions
of oxidised BNP for EPD which could be compared to the reduced dispersion for EPD method. This
concluding chapter summarises the main findings of the thesis, presents the conclusions reached, and
identifies results of interest that future researchers can build upon for further applications across the

field.

8.1 REeDUCTIVE DISPERSION OF CNT CAN BE APPLIED SUCCESSFULLY TO EPD

The fourth chapter of this thesis introduced a novel method to produce conductive, mechanically
strong, and thermally stable SWCNT films. This represents a step change in the field as using this
methodology will allow the retention of SWCNT nanostructure without the need for additional
chemical modification, additives, or binders as was previously the case. It was shown that the
electrochemical reduction and subsequent suspension of CNT by sodium naphthalide is an excellent
dispersion for use in electrophoretic deposition which can produce films of a controllable thickness

(0-14 pum) in a short amount of time (5-120 s), using low field strengths (1-5 V cm™?).

When compared to materials produced using the current standard oxidation based methods, the final

free standing product of this work was found to have a lower mechanical strength (8.4 vs 14.9 MPa
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Youngs modulus) and electrical conductivity (229 S cm™ vs 694 +18 Scm™). Analysis of the cross section
for these thicker films found void spaces caused by the removal of sodium crystals during the washing
of samples and it is these holes that are assigned blame for the films’ macro-property failings. Contrary
to this, TGA comparisons of the same samples showed this work’s product degraded at a significantly
higher temperature than the pre-oxidised standard (689 vs 627 °C) which illustrates the main
advantage of this novel method: that the nanostructure of the CNT used are not altered or damaged

by the procedures required to form them into a film.

8.2 REDUCTIVE DISPERSION FOR EPD CAN BE APPLIED TO BNNT

Further developing the scope and applications of the novel reduced nanotube dispersion for EPD
method developed in this thesis, the fifth chapter demonstrated the possibility of using electrically
insulating boron nitride nanotubes in the place of CNT. BNNT have never before been shown to be
dispersed by electrochemical charge, nor been subject to neat film creation by EPD, therefore the

successful completion and display of this work represents a significant contribution to the field.

It was found that the charge ratio on BNNT was significantly lower (<41gn:1na) than for CNT (5¢:1na )
and subsequently EPD deposition rates were slower (2.03 pg cm? min) but it is hypothesised that
this allowed thicker/denser gel phases to form on the depositing electrodes allowing resultant BNNT
films to be thicker than CNT (up to 35 um). The nanotubes within films were again found to have near
identical nanostructures to the starting material feedstock, showing the dispersion and EPD processes
were not damaging. However, the similar film density to CNT equivalents (0.31 g cm3) and poor

mechanical performance implies a similar issue with washed away sodium crystal pores.

8.3 BNP ARE INERT TO ACID OXIDATION

Numerous literature sources have described methods of hBN functionalisation by acid oxidation using
similar methods to those that are standard practice in carbon nano-chemistry. In this study, when

multiple grades of BNP were subjected to numerous acid mixtures, they were found by all analysis
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techniques to be inert to these conditions, with the BNP not deviating from their initial state.
Experiments designed to damage the BNP structure using strong oxidative conditions were performed
with the aim of introducing functional groups onto the presumed more reactive hBN defects
introduced during the sonication process. Analysis of the BNP samples showed only an increase in hBN
nano-structural damage, and the conclusion reached was that the BNP samples had not been
damaged or oxidised under the conditions employed. A final BNP chemical oxidation was made using
pre-exfoliated BNP with the assumption that this less stabilised and higher surface area starting
material would be more reactive. The results also showed no observable damage or oxidation, with

the conclusion that the 2D, eclipse stacked hBN platelets are inert to acid oxidation.

8.4 DISPERSIONS OF BNP ARE APPLICABLE TO EPD

A key process in EPD efficiency is the suspension of nano particles in the reaction vessel fluid. Of
common benchtop methods, bath sonication was found to be the most efficient route to BNP
suspension, achieving a concentration up to 0.232 mgey mLpea™ and a visually less agglomerated
product. Bath sonication was therefore used to suspend all ‘oxidised” BNP samples from previous
studies in various solvents. The increase in sample concentrations found in polar-aprotic solvents, as
well as no significant rise in the polar protic solvents, confirmed that the oxidation methods employed
in this study are unable to introduce h-bonding hydroxyl groups onto the hBN surface and the
inertness of this substance to acid oxidation. However, these BNP suspensions were found to deposit
BNP during EPD. A clear conclusion from these experiments is that current/time measurements of
these experiments predict that more nano-structurally damaged samples would deposit at faster rates
while retaining their molecular integrity and properties. Indeed, assessments of the deposited

material did not show significant difference between it and the bulk BNP in solution.

Finally, the reduced dispersion for EPD method was applied to BNP samples. It was found to be
successful at producing thin, uneven films of BNP from a charge transfer during EPD that was orders

of magnitude greater than those found for the ‘oxidised’ BNP dispersions. It was observed that the
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resulting dried film was not mechanically strong, as it could not be washed. While it can be concluded
that the technique has met with some success, the lack of mechanical strength means that that the
resulting film was probably not chemically or nano-structurally pure and further development will be

needed to identify how to improve on this.
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9 FUTURE WORK

Given the breadth of potential research avenues within the field of nanomaterial functionalisation,
dispersion and deposition, the conclusions made by this thesis can be built upon to conduct further
investigations. Here, two potential routes for further study are presented and some initial work
reported and described. This preliminary work provides a proof of concept and makes the case for

these investigations to be taken further.

9.1 REDUCTIVE DISPERSIONS FOR EPD oF DoPED NANOTUBES

The successful application of reductive dispersion for use in the EPD nanotubes described in chapters
4 and 5 shows the biggest improvement on current EPD methods by the retention of nanostructure
seen between the starting material and final film. While this has been shown for both carbon and
boron nitride nanotubes, the retention of nanostructure is arguably most significant for heteroatom
doped nanotubes. This is because the current standard oxidation based methods of nanotube
dispersion preferentially target heteroatom dopants?®® thereby limiting the dopant levels of materials

that can be deposited by EPD.

To investigate the viability of the reductive dispersion for EPD method being applied to doped
nanotubes, boron doped SWCNT (B-CNT) were produced by Dillon McGurty (of the NbD research

group) who provided this statement on their synthesis (additionally illustrated in Figure 9.1.A):

“Boron doping of SWCNTs was attempted using a substitutional synthesis technique adapted from
commonly employed procedures within the literature. SWCNTs and boron oxide (B;0s), at a ratio of
2:5, were combined in ethanol (250 mL) and sonicated for 30 minutes. The solvent was then allowed
to evaporate away before collecting the powder mixture. This was transferred to an alumina boat that
was centred in a tube furnace which was purged in argon (0.5 slm) before heating to 1100 °C and
holding for 2 hours. The powder was then washed thoroughly by dispersing the powder in a

combination of ethanol and DI water (1000 mL) which was boiled and then filtered and collected. After
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collection, the washing step was repeated in water before rinsing the final product with more boiling

water (1000 mL).”

These B-CNT were subjected to the reductive dispersion and EPD as described in section 4.3.2. Film
thicknesses were measured by profilometry (Figure 9.1.B) and the rate of deposition was calculated
as 0.0409 um s%, with the film achieved after 60 s of deposition being 2.8 +1.3 um thick. The undoped
SWCNT (section 4.4.4.1) deposition rate (0.0609 um s?) and 60 s thickness (3.6 0.6 um) are higher
than those measured here and this is thought to be due to the less dispersed nature of the B-CNT
suspensions used (also evidenced by large error values from profilometry, which indicate clumps of
material depositing together). Despite this, these experiments show that both reductive dispersion
and EPD will work on these B-CNT and Raman D/G ratios (Figure 9.1.C) and imply that the nanotubes’

nanostructure remain very similar before (0.100 £0.019) and after (0.106 +0.014) EPD.

XPS atomic breakdowns of these samples (Figure 9.1.D) re-iterate the successful Na removal by
washing of the films, but also indicate that the initial boron doping of the CNT was not as successful
as initially thought. This is due to the starting B-CNT material not measuring a significant boron signal
to be counted in the atomic makeup of the sample. Additionally, the low C-B (0%) and B-C (2.9 +4.1
%) bonding proportions found in the C1s and Bls deconvolutions (Figure 9.1.E-F) must lead to the

conclusion that boron doping has not occurred.

While these experiments have shown the materials being investigated hard to manipulate under even
chemically extreme conditions, this leaves the field open to further exploration which can be taken in
many different directions. Nanotubes can be doped with many different heteroatoms®”:?>8 for a range
of applications, so the ability to easily deposit them from solution in thin films with no damage to the
dopant level or nanostructure, demonstrated in this work, will be a useful and worthwhile area for

future study.
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Figure 9.1. Analysis of B-doped CNT reductive dispersion EPD. Schematic for the formation of B-CNT
shows the starting SWCNT [A]i combined in ethanol with boron oxide and sonicated [A]ii. The solvent
was then evaporated, and the boron coated CNT were heated at 1100 °C in a tube furnace under an
argon atmosphere [Aliii. The resulting material was reductively dispersed and EPD was carried out
which shows a similar deposition rate [B] to work presented in chapter 4. Raman D/G ratios of the
nanotubes before and after deposition [C] are statistically identical showing retention of

nanostructure. (Continued on next page) 177
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However, XPS atomic analysis [D] showed very little boron present in the pre-EPD B-CNT and C1s [E]
and B1s [F] of the same sample confirm minimal B-C bonding implying that the initial doping has been

unsuccessful.

9.2 IMPURE HBN AS SOURCES FOR OXIDATION REACTIVITY: BNF

Chapters 6 and 7 showed the difficulty of modifying boron nitride platelets by acid oxidation. The BNP
used had a high purity and stabilised eclipse stacked hBN nanostructure with low surface area to
volume ratios and few reactive terminating edges. These made the attempted reactions using
common acid oxidation methods unsuccessful. However, the demand for a thermally conductive,
electrically insulating hBN material, that is functionalised by polar hydroxyl groups, remains for

259 and catalysis.?° A potential

applications in EPD (as explored in this work) as well as composites
route towards this goal of functionalised hBN is the use of an alternative, less pure (and thereby more

reactive) starting material such as boron nitride fibers (BNF).

Similar to analogous carbon fiber manufacture, the most common methods for BNF production follow
a methodology in which a principally BN containing polymer (eg. poly-aminoborazinyl)?®! is
synthesised and then spun into a fiber. This fiber is then pyrolyzed under inert conditions to remove
heteroatoms and fuse the remaining BN into a hBN lattice.2®> More recently, an alternate approach by
J. Lin et al.?®® heated melamine and boric acid in an aqueous solvent which was then frozen and freeze-
dried to produce ultra-fine BN containing precursor fibers that were pyrolyzed to make h-BN
nanofibers. The resulting material made from these methods is comprised of both amorphous and
hexagonal BN and so does not achieve the same thermal or mechanical properties of pure hBN2% but
increases the potential for chemical reactivity. To explore this possibility, preliminary experimentation

was conducted to investigate BNF as an alternative to BNP.

BNF for this investigation were manufactured (Figure 9.2.A) by dissolving melamine and boric acid (1:3
molar ratio respectively) in water at 85 °C which was then rapidly frozen (typically by liquid nitrogen).

This ice was then freeze dried to reveal M.2B (melamine di-borate complex)?® fibers which were
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pyrolyzed at 1300 °C under argon to produce the hBN. Analysis showed that an increase of melamine
concentration in the initial solution over 0.1 mol L™ (12.6 g L'?) results in BNF fibers forming a porous
and self-supporting 3D network of interconnected M.2B fibers in the shape of the container in which
they were initially frozen (Figure 9.2.B). SEM analysis of M.2B fibers was problematic as charging
caused damage to the material (see section 3.2) but images obtained showed ribbon shaped solid

crystals which became hollow and porous when pyrolyzed (Figure 9.2.C) as well as reducing in size.

Ai i iii
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Figure 9.2. Summary of produced BNF. Diagram shows the process used to manufacture BNF by
dissolving melamine and boric acid [A]i in water (1:3 ratio) and then rapidly cooling this solution
(typically with liquid nitrogen) into an ice [Alii which is then freeze dried to leave a M.2B crystal
network [Aliii that can be pyrolyzed at 1400 °C under an argon atmosphere to form hBN fibers [Aliv.
When the melamine/boric acid concentration is high enough, the resulting material forms a
homogenous self-supporting structure, taking the shape of the container in which they were frozen
[Bil and are comprised of enmeshed flat ribbon-like fibers [B]ii made from solid M.2B crystal [B]jii.

After pyrolysis, the BNF retain their shape but shrink in size [C]i and become porous [Ciii].

The nanostructure of these pyrolyzed BNF was confirmed with TEM imaging (Figure 9.3.A-B) where
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2D hBN platelets fused together by aBN can be observed across the BNF. The average size of these
constituent hBN platelets was measured at 10.5 +6.9 nm from TEM (42 measurements), although this
conflicted with the value (55.3 nm) calculated from the Shearer equation using the BNFs XRD spectra.
The mixed aBN and hBN BNF structure of the material is also present in the Raman spectra (Figure
9.3.C) as the sharp Exs hBN peak at 1367 cm™ is barely visible above the broad aBN signal centred on
the same coordinate, which increases (implying a relative increase in aBN) when the BNF material is

exposed to the acid oxidation reagents used for BNP in chapters 6 and7.
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Figure 9.3. Summary of investigations into BNF. TEM images of the fiber cross section [A] and edge
[B] show that the BNF structure is comprised of 2D hBN platelets (of average size 10.5 +6.9 nm) fused
together. Raman spectra [C] of BNF showed that these platelets are fused together with amorphous
BN which proportionally increased after acid etching. FTIR analysis [D] showed a significant increase
in O-H (3400 cm™) content after both H,SOs and H,SO4/HNO3 acid etching but this caused the
destruction of the BNF macrostructure as seen in SEM [E]. An application of these BNF as fillers for
thermally conducting composites is demonstrated by thermal conductivity measurements of samples

set in epoxy [F].
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BNF oxidation was conducted in the same manner as attempted for BNP (section 6.4.1) and the IR
spectra (Figure 9.3.D) of these initial samples are promising due to the large increase in O-H signal
found in the H,SO4 and H,S0O4/HNOs treated samples implying successful hydroxylation. However, this
potential functionalisation success is tempered by a low reaction yield (80%wmass drop compared to
starting BNF) and the loss of the BN fibrous structure. SEM images (Figure 9..E) show that the product
is a rough paste with no obvious order to it. Future researchers will therefore need to design
experiments to understand and control the extent of damage that these oxidation conditions inflict

upon the BNF material.

Finally, the potential for the self-supporting 3D BNF structures was demonstrated by comparison of
epoxy infiltrated composites (Figure 9.3.F). The thermal conductivity of neat epoxy (120.8 +1.2 W K1)
was improved by the incorporation of loose BN fibers (129.4 +0.8 W K), but when this same polymer
was infiltrated into the 3D BNF (as H. Fang et a/.2%® have similarly done with BN foams) it produced an

even higher thermal conductivity of 132.5 +0.8 W K.

This foray into macro-materials’ properties clearly shows the breadth of possibilities and potential for
BNF research and projects building on the acid etching techniques and BN dispersions developed in

this thesis.
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11 APPENDIX

Figure 11.1. Qualitative images of the exfoliated BNP solutions immediately after testing by UV-
Vis [A] for concentration and 100 hours (4 days) after this [B] showing little change in the Probe

and Bath sonicated samples but the near complete sedimentation of the shear mixed sample.
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Figure 11.2. Graph showing the relationship between the total charge transfer (calculated from the

current/time curves) and the concentration of the starting dispersions for the EPD of DMAc

suspended ‘oxidised’ BNP samples. As can be seen there is no linear trend as would be expected.
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Figure 11.3. Additional EDS atomic map of 003 BNP starting material that has been deposited by EPD

onto Cu foil. The oxygen map (red) clearly shows small, localised areas of O density similar to the

exfoliated and acid sonicated sample displayed in Figure 7.9
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If you trust in yourself...
and believe in your dreams...

and follow your star...

You'll still get beaten by people who spent their time working

)
hard and learning things and weren't so lazy.

— Terry Pratchett

The Wee Free Men


https://www.goodreads.com/work/quotes/62580

