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Abstract

Synthesis and Functionalization of Carbon and Boron Nitride Nanomaterials
and Their Applications

Kristopher John Erickson
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Alex Zettl, Co-Chair
Professor Paul Alivisatos, Co-Chair

Carbon and boron-nitride based nanomaterials possess many exciting properties
making them suitable for numerous applications spanning from electronics to advanced
composites. However, these materials when synthesized often differ significantly from
the idealized crystals usually considered theoretically. A thorough understanding of the
structure of the materials as synthesized and how the resultant materials can be utilized
for specific application purposes is required such that these applications can be
effectively realized. To this end, the synthesis and characterization of carbon and boron-
nitride based nanomaterials is undertaken with specific application purposes in mind.

As a potential scalable synthetic route for graphene, graphene oxide (GO) and
reduced graphene oxide are synthesized and characterized using atomic resolution
electron microscopy. This elucidates their underlying structures revealing that the
reduced form of GO does not resemble pristine graphene. The long-standing debate over
the structure of GO is successfully ended with this study given the direct observation of
the atomic structure of this material.

To develop advanced composite materials, the functionalization of carbon and
boron nitride nanotubes is undertaken. The characterization of their functionalization and
incorporation within composite materials, specifically within a Kevlar polymer matrix, is
presented to allow for the development of composites with significantly enhanced
mechanical properties.

Given a significant body of theoretical work paired with a single previous
synthetic success, the synthesis of boron nitride nanoribbons is outlined. The first
scalable synthesis of boron nitride nanoribbons is demonstrated resulting in long,
consistent width, narrow, few-layer boron nitride nanoribbons which could be ideal for
addressing these theoretical considerations.

To establish a method for the synthesis of thin hexagonal-boron nitride (h-BN),
the design of a specialized CVD system is described. The material resulting from this
system is analyzed with methods including atomic resolution electron microscopy with
the results informing future approaches for the synthesis of h-BN.

Finally, high surface area boron nitride materials should be promising for
hydrogen storage applications, especially if templated with a microporous scaffold. To
this end, the first synthesis of a high surface area, microporous boron-nitride material is
accomplished and the resultant surface areas of these materials are reported.
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Chapter 1: Graphene Oxide and Reduced Graphene Oxide

1.1 Motivation for Interest in Graphene

Graphene is material of significant interest to both the scientific and industrial
communities as its properties have been proposed to yield exciting physics and numerous
potential applications. Graphene is a single sheet of graphite, the most
thermodynamically stable form of pure carbon, where sz bonding exists between two
carbon atoms 142 pm apart, forming its unit cell (Figure 1-1a). This unit cell, repeated in
two dimensions with unit cell vectors a; and a, of length 246 pm, forms a “honeycomb”
structure (Figure 1-1b) with each carbon bonded to three other carbons with both
localized o... bonds and delocalized ® bonds forming from the remaining p; orbitals of the
carbon atoms. This delocalized bonding of the p; orbitals is largely responsible for the
elegant band structure of graphene indicating a zero-bandgap semi-conductor with
massless relativistic carriers at the Dirac point. Weak interlayer interaction arises between
stacked graphene sheets, and layers will form with an interlayer distance of 335 pm,
stacking in an AB formation (Figure 1-1c¢) to form multi-layer graphite.

a,=a,=246 pm

3 Graphite 0.34nm

142pm 0.34nm

Graphene

R

Figure 1-1. a. The unit cell of graphene consists of two carbon atoms spaced 142 pm apart. Unit vectors
a; and @, translate in a plane to create the “honeycomb” lattice of graphene. b. When one layer is
exfoliated off of bulk graphite, graphene forms. c. The stacking of bulk graphite is ABA in the C direction
where adjacent layers are offset from one another with a consistent interlayer spacing of 0.34 nm.

Some of the most impressive, and potentially useful, properties of graphene
include its ballistic transport with an exceptionally high carrier mobility of up to 200,000
cm?/(V-s),! at carrier concentrations of 10" 1/cm®? a half integer quantum hall effect,’
high transparency within the visible range, exceptional thermal conductivity of 5,000
W/(m-K)," a very high surface area of 2,620 m*/g as well as a Young’s modulus around
1.0 TPa.’ These impressive characteristics pose it well for use in numerous applications.
Envisioned uses include use as a field effect transistor, for memory applications, as a
sensor, as a transparent electrode for photovoltaics or electronics, as a supercapacitor or
battery electrode, and for composite enhancement.® The myriad applications as well as
the exciting fundamental physics investigations possible with graphene make it a material
of the utmost interest for researchers. Indeed it has become a material under intense
investigation within many scientific disciplines.



1.2 Synthesis of Graphene

To realize the proposed applications for graphene, high quality graphene must be
synthesized in a bulk, scalable fashion. The original synthesis of graphene was done
using the “scotch tape” method (Figure 1-2a),” whereby individual sheets of graphene
were exfoliated from bulk graphite simply by repeatedly attaching and pulling apart
scotch tape with graphite in between, followed by firmly placing the tape onto a silicon
wafer. Although brilliantly simple, this method produced very few single sheets of
graphene which were randomly spaced upon a silicon wafer and were also surrounded by
multilayer graphene flakes. This approach is not scalable and lithography paired with
microscopy is necessary for device fabrication of such graphene samples. However, the
quality of the graphene achieved through this route is still unmatched (in terms of its high
mobility and low numbers of defects),' and fundamental physics studies requiring
graphene often still utilize this route for graphene synthesis.
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Figure 1-2. Cartoons indicating methods for the production of graphene include a. “Scotch tape” method
whereby individual sheets of graphene are mechanically exfoliated from bulk graphite via the repeated
peeling apart of tape with graphite attached. b. Solvent based exfoliation whereby bulk graphite is
exfoliated into solution via ultrasonication. ¢. CVD growth of graphene via the decomposition of a carbon
source upon a transition metal substrate (often copper) after which the substrate is etched away. d.
Synthesis via graphene oxide (GO) whereby graphite is oxidized in the bulk to graphite oxide and the
exfoliated in solution via sonication after which the material can be deposited on a substrate and then
reduced back to graphene.



A more scalable route to graphene was envisioned whereby exfoliation could be
induced within a stabilizing solvent.” It was believed that high quality graphene could
simply be exfoliated within a solvent and then incorporated within any desired
architecture (onto 2D substrates or within 3D composite materials). This approach would
achieve material in the bulk and would thus be scalable in an industrial setting. Although
relatively high concentrations of graphene could be achieved (~0.01 mg/mL) in solvents
such as N-methyl-pyrrolidone, there were many drawbacks. The quality of the resulting
graphene sheets was greatly under question, single sheet material was still very difficult
to obtain, and conductivities were much lower than expected.7 However, alternative
methods for direct exfoliation within a solvent system are still being investigated,8 and
could eventually yield bulk solutions of pristine graphene.

The turning point in graphene research with an eye for application was with the
bulk 2D synthesis involving the decomposition of carbonaceous feedstock onto a
catalytic substrate under standard chemical vapor deposition (CVD) growth conditions.
Initial syntheses on Ni foils showed promise as high quality films of potentially arbitrary
size of graphene could be grown on commercial Ni foils by the decomposition of
methane at 1,000 °C under Ar flow.? However, these films were rarely single sheets of
graphene, and although promising mobilities of these films could be achieved, tailoring
this synthesis to yield thinner material seemed difficult. The breakthrough came as the
catalytic substrate was changed to Cu® whereby continuous graphene films almost
entirely composed of a single graphene layer could be synthesized on a bulk substrate.
This approach to graphene synthesis has been widely utilized within the graphene
research community showing to potentially be scalable for commercial production™
while displaying high mobilities of up to 37,000 cm?/(V-s).*?

However, this promising synthesis is geometrically limited in the sense that it is
grown on a substrate and can never be scaled to produce kilogram quantities of graphene
(in fact, to synthesize a single kilogram of graphene via this method, 1.3 km? of catalytic
substrate would be required!). Given this, a method for the bulk production of graphene
is highly desired especially when considering it for applications within the fields of
batteries, supercapacitors, and composites, all of which require kilogram quantities of
material for commercially viable products.

Considering this, approaches have been made to synthesize graphene via
graphene oxide (GO). Essentially, a bulk quantity of graphite can be oxidized in solution
to result in graphite oxide. This material can then be exfoliated in a variety of solvents,
including water, via moderate sonication or prolonged stirring to yield single sheets of
GO. At this point, the GO material can be incorporated within another material (for
instance, for composite reinforcement), be deposited in the bulk onto a substrate (for
instance, for battery or supercapacitors electrode materials), or be deposited as single
sheets on a substrate (for instance, for transparent electrodes). Following the
incorporation into various architectures, the GO can be reduced to form a material
potentially resembling graphene. The scalability and versatility the GO approach poses
this synthesis as the most promising route to graphene for many application purposes.



1.3 Debate over the Structure of Graphene Oxide

Considering the structure of GO, although the parent graphite material if
exfoliated to a single sheet would very well resemble graphene, the two requisite steps
for synthesizing graphene via GO, with the initial oxidation and subsequent reduction,
may make the reduced form of GO differ substantially from graphene. Therefore, the
reaction pathways for GO and reduced GO must be well understood as these reactions
will determine the final structure of reduced GO and how well it resembles graphene.
The initial oxidation is most often done with the in situ formation of Mn,O7 formed via
KMnO4 within an acidic medium (often H2804).13 Usage of this powerful of an oxidant is
necessary given the inert nature of graphite (being the highest of common materials on
the galvanic series), but can result in over-oxidation (carbons more than singly oxidized)
of the graphitic material (Figure 1-3). Indeed, CO, formation is common during graphite
oxidation via this route'® meaning that single, double, triple and quadruple oxidation of
carbon atoms within the basal plane of the parent graphene does occur. However, the
extent to which this over-oxidation occurs is not well understood and has been under
significant debate for the greater part of a century (Figure 4)."® The actual functionalities
within GO are part of this debate and hydroxyls, epoxies, carbonyls, and carboxylic acid
functionalities are the main functionalities believed to exist within GO."
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Figure 1-3. Reaction scheme for the synthesis of graphene via GO. First, oxidation of graphene is
accomplished via in situ Mn,O; formation with a number of possible functionalities resulting, including
epoxies, hydroxyls, carbonyls, carboxylic acids. Full oxidation of carbon atoms results in removal of the
carbon from the basal plane in the form of CO,. GO is then chemically reduced via hydrazine through a
few known reactions schemes and results in the removal of most of the GO functionalities. However, this
reduction will depend on the initial functionalities of the GO material and full removal of functionalities is
not achieved after chemical reduction. A high temperature anneal in an inert environment is then done to
further remove remaining functionalities. However, the extent to which functionalities are fully removed
and the resulting structure of reduced, annealed GO is not well understood.



a. Holst Hoffman, 1936 b. Scholz, Boehm, 1969

c. Szabo, 2006

Figure 1-4. Representative structures of a few structural theories for GO and the years of the theory. a.
The “Holst Hoffman” structure™® proposed that (1,2) epoxies were the only functionalities on GO. b. The
“Scholz, Boehm” structure'’ proposed that quinones and hydroxyls were the only functionalities which
formed in lines of functionality with adjoining lines of double bonded regions. . The “Szabo” structure’®
proposed that (1,3) ethers, hydroxyls and carbonyls were the major functionalities of GO. d. The “Lerf”
structure™® proposed that (1,2) epoxies and hydroxyls were the main functionalities with carbonyls existing
on the edges of the GO sheets. This theory was also the first to proposed regions that retained aromaticity.

Following the initial oxidation, reduction of GO is accomplished in two steps
(Figure 1-3). First, a chemical reduction is done via reaction with hydrazine, forming
reduced graphene oxide (rGO). Hydrazine is understood to reduce some of the common
functionalities expected on GO, but many reaction routes for the assumed reduction of
functionalities is not well understood.*® Hydrazine reduction has also been seen to
incorporate in C-N bonds (via XPS analysis).*® Following this chemical reduction,
further reduction is accomplished by an inert environment, high temperature anneal to
form reduced, annealed graphene oxide (raGO). This step further removes functionalities
and helps to restore the structure to the most thermodynamically stable form of a purely
graphitic structure.

The material at this point has undergone a harsh oxidation followed by a
potentially incomplete reduction. If oxidation occurs past single oxidation of carbon
atoms which form hydroxyls or epoxies, then carbon-carbon bonds are broken. This
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bond breakage will not be restored during chemical reduction and the moderate annealing
employed. Although higher temperature annealing should restore much of the material to
a graphitic state, any carbon lost during oxidation will never be replaced through simple
reduction and annealing. Also, the higher temperatures necessary for a more restored
graphitic structure make the argument for an economically viable route to graphene more
tenuous. Therefore, the structure of GO and the resultant raGO must be determined such
that the practicality of its use as a route to graphene can be assessed.

1.4 Spectroscopic Methods for GO Structural Determination

Many spectroscopic methods have been utilized to better understand the structure
of GO and raGO."® Among them, X-Ray Photoelectron Spectroscopy (XPS) and Fourier
Transform Infrared Spectroscopy (FTIR) are useful techniques for determining types of
bonds within GO.

1.4.1 XPS Analysis

With XPS spectroscopy, an X-Ray source, in the keV range, is focused onto a
sample which undergoes core-shell ionization (Figure 1-5a). Given the energy of the
photon, the kinetic energy of the emitted electron and the detector work function, the
binding energy of the core electron can be determined (Figure 1-5b). This technique
gives very good atom type determination as well as chemical bonding nature given the
variation of binding due to various bonding types. Some limitations of XPS are that it is
a surface limited analysis technique (probing the top ~10 nm of material) as well as
requiring ultra-high vacuum conditions.

When analyzing GO, rGO and raGO, XPS data seems to indicate complete
removal of the functionalities found within GO (Figure 1-5c). Indeed, the initial signal
found in the 287 eV range which indicate the significant presence of oxidative
functionalities (mainly singly oxidized, but some higher oxidation states as well),’? are
almost fully removed upon initial reduction and also with the raGO material. Although
noise may mask residual signals within this data, a stark contrast between the initial
significant signal from oxidative functionalities in GO and the lack of this signal for rGO
and raGO seems to indicate that removal of the functionalities within GO is very
successful using these conditions.
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Figure 5 a. Cartoon representation for the process occurring during XPS analysis whereby a high energy
photon (and X-Ray) ionizes a core electron from an atom. b. Equation for determining the binding energy
(Expinding) of the electron within the original atom, being equal to the X-Ray energy (Epnoton) minus the
measure kinetic energy of the ejected electron (Eqinetic) minus the work function of the detector (¢gjng) C. C-
1s XPS spectrum of GO (green line), rGO (red line), and raGO (blue line). The labeling above indicates
the type of bond expected to give signal in the corresponding range with C-C at 284.5 eV, C-N at 286 eV,
C-0 at 286.5 eV, C=0 at 288 eV, and C(O)O (carboxylic acid functionality) at 289 eV.2 It should be
noted that the rGO and raGO spectra exhibit very little signal in all ranges other than the C-C range.

1.4.2 FTIR Analysis

An assessment of the effectiveness of reduction and annealing at the removal of
functionalities from GO is made when considering the FTIR spectra of GO and raGO
(Figure 1-6). Hydroxyl, epoxy and carbonyl functionalities are significant features with
the GO spectrum but seem to be almost completely removed after reduction and
annealing, making the raGO spectrum closely resemble the FTIR spectrum of bulk
graphite. It should be clarified that the aromatic C=C peak seen in GO at 1590 cm™ is
expected to diminish almost completely as the IR active vibration which exists for simple
aromatic groups changes symmetry becoming Raman active (IR inactive) with C=C
bonds in an extended aromatic material like graphite.
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Figure 1-6. FTIR spectrum of GO (green), raGO (red), and graphite (blue). Initially, significant signal
from the expected functionalities of GO is present with a broad O-H stretch at 3430 cm™, carbonyl stretch
at 1730 cm™, aromatic C=C at 1590 cm™', C-OH stretch at 1230 cm™’, and C-O-C stretch at 1100 cm™.%°
Following reduction and annealing, raGO lacks any of these functionalities, even losing signal from the
aromatic C=C bonds given the change of symmetry to a Raman active mode when in a graphitic bonding
structure.

1.4.3 Raman Spectroscopy Analysis

Assessing FTIR and XPS spectroscopy by themselves seems to indicate that full
removal may occur in GO and the potential for GO to be fully restored to a graphitic
structure following reduction and annealing could be argued for. However, other
spectroscopy seems to indicate otherwise. Raman is useful for assessing graphitic
materials given the many Raman active modes within the typical analysis range (Figure
1-7). Focusing on the 1100-1800 cm™ range, two major features will occur with graphitic
materials. The G-band occurs for all graphitic materials coming from an in-plane
oscillation of the graphitic honeycomb structure (Figure 1-7a). However, the D-band is
defect induced and will only be active when disruption of the crystalline lattice occurs
within a graphitic material. This can be a defect from lost carbon from the basal plane or
from functionalities that disrupt the sp? bonding between carbon atoms in a perfect
graphene crystal. Therefore, D-band signal can be a good spectroscopic tool for
determining the crystallinity of a graphitic material. In the case of GO, significant D-
band signal is expected given the prevalence of functionalities within the GO structure.
However, if complete removal of functionalities and a restoration of the GO structure
occurs during reduction and subsequent annealing, this signal should be completely
absent in the raGO Raman spectrum. Quite to the contrary, rGO and raGO are seen to
have almost identical D-band signal compared to GO, whereas a high quality graphene
sample will have no D-band signal. This is commonly the case with materials derived
from GO,™ and is the first spectroscopic method presented here indicating that the
structure of raGO and graphene may significantly differ.
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Figure 1-7. a. Cartoons of graphitic Raman modes in the 1100-1800 cm™ range. The cones represent the
Dirac cone features of the band structure of graphene at the K and K’ points. The G-band, at 1582 cm™ for
a 514 nm excitation, is a doubly degenerate phonon mode with E,, symmetry. The D-band, at 1350 cm’!
for a 514 nm excitation, is only active when a defect scatters the excited electron from one Dirac cone to
another, mediated back by an iTO phonon excitation. b. Raman spectra of GO (blue), rGO (red), and raGO
(green). V\{ithin this range, the D-band is noticed for all samples at ~1350 cm™ and the G-band as well at
~1580 cm™.

1.4.4 Assessment of Spectroscopic Analyses

Another indication of a lack of return of GO to graphene upon reduction and
annealing comes from looking at the conductivity of GO and raGO compared to the
conductivity of graphene. The significant oxygen functionalities imparted during the
oxidation of GO results in significantly reduced conductivity in GO resulting in
conductivities in the range of 107 S/cm.?t Upon reduction, significant conductivity is
restored and samples have conductivities of up to 300 S/cm.?* However, this is still far
from reported values for the conductivity of pristine graphene at around 5,000 S/cm.?t

Between the Raman analysis and the commonly found lack of raGO conductivity
compared to pristine graphene, it is evident that some difference between raGO and
graphene likely exists. This raises the question: can oxidized graphene indeed be
effectively converted back to graphene, and if not, what can it be converted to? Central to
this question are the detailed atomic structures of GO and raGO, which, despite
their importance, remain largely unknown.™
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1.5  Aberration Corrected Transmission Electron Microscopy Investigation of
GO and raGO

Usage of aberration corrected microscopy techniques could be very valuable in
elucidating the GO structure. Aberration corrected microscopy is a powerful technique
which applies to any microscopy technique by correcting for two major aberrations which
arise when focusing either a beam of photons or electrons. Chromatic aberrations occur
when the incoming beam has an energy spread with the higher energy portion of the
beam refracting at a larger angle (Figure 1-8a). Spherical aberrations arise whenever
focusing a beam as an imperfect lens will spread the focal point of the focused beam
(Figure 1-8a). Both of these aberrations can be corrected for by adding additional lenses
and chromatic aberration can be minimized by decreasing the energy spread of the
incoming beam and through corrective lenses.

The utility of this technique is very apparent when comparing micrographs of
graphene with a non-aberration corrected JEOL 2010 microscope (Figure 1-8b) and an
aberration corrected microscope (Figure 1-8c). Without aberration correction, only
adsorbates and residual polymer from the transfer can be seen on top of graphene, but the
underlying graphene sheet is almost invisible given its significant electron transparency
and lack of features resolvable at the resolution possible without aberration corrected.
This is starkly contrasted with the atomic resolution micrograph of graphene possible
with an aberration corrected transmission electron microscope (TEAM 0.5, at the
National Center for Electron Microscopy at the Lawrence Berkeley National Laboratory),
where each individual atom of graphene can be resolved revealing the honeycomb
structure of graphene. This technique for producing atomic resolution micrographs of
graphitic materials will be very powerful when analyzing GO and raGO in terms of being
able to greatly contribute to the debate over their otherwise not well understood
structures. This technique is especially useful considering the unperturbed nature of the
sample when analyzed while suspended on a TEM grid, compared to techniques
requiring a substrate like STM and AFM.

10



Chromatic Aberration

Spherical Aberration

Uncorrected

Corrected

Figre 1-8. a. Cartoons indicating the spreading of a focused beam due to chromatic aberration (top) given
an energy spread of an incoming beam or due to spherical aberration (bottom) owing to the imperfect
nature of any lens (especially electromagnetic lens for electron optics). b. TEM micrograph of a graphene
film using a non-aberration corrected TEM, JOEL 2010 (courtesy of Nasim Alem). The graphene film is
the featureless material in the middle of the micrograph, being surrounded by adsorbates and residual
polymer for the transfer technique. ¢. TEM micrograph of graphene using an aberration corrected TEM
(TEAM 0.5) within which each atom of graphene can be resolved forming a honeycomb-like structure
(courtesy of Rolf Erni).? d. Photograph of the TEAM 0.5 microscope used for “c.” and for the high
resolution micrographs of graphene, GO and raGO following which is housed at the National Center for
Electron Microscopy (NCEM) at the Lawrence Berkeley National Laboratory in Berkeley, CA. (image
courtesy of NCEM)

1.5.1 GO and raGO Synthesis

For the presented aberration corrected TEM graphene, GO, and raGO study,® GO
was produced via a modified Hummers’ method.”* All chemicals were used from Sigma-
Aldrich as received. Reverse osmosis de-ionized water was used throughout the
experiment. Briefly, 0.5 g of graphite powder (200 mesh) was added to a mixture of 0.5
g of NaNOs and 23 mL of H,SO4 (98%) in an ice bath. Following the addition of the
graphite, 3 g of KMnO4 was slowly added. The solution was brought to 35 °C and stirred
for one hour until a thick paste formed. To the paste, 40 mL of water was slowly added
under stirring. This solution was brought to 90 °C and stirred for 30 min. After the
addition of 100 mL of water, 3 mL of H,O; (30%) was slowly added under vigorous
stirring. The color of the solution turned from a dark brown to a bright yellow.
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The resulting material was centrifuged to precipitate most of the material. This
precipitate was placed under dialysis for 1 day, with many changes of the surrounding
water. To aid exfoliation, the solution was mildly sonicated at low power for 10 minutes.
Following moderate centrifugation to remove large particles, the supernatant was diluted
4:1 with MeOH, to aid in TEM grid preparation. This material was stable in solution for
at least 6 months.

The GO in MeOH/H,O0 solution was drop cast onto lacey carbon grids (400 mesh)
and allowed to air dry. For raGO samples, grids were placed in a loosely covered beaker
with an open reservoir of hydrazine (N,H4) for 12 hours. Following modest vacuum
annealing (100 °C, 150 Tor, in N, atmosphere), grids were moved to a clean quartz tube
and placed in a CVD furnace. Under constantly flowing N, (200 ccm), the tube was
heated at 105 °C/hr to 550 °C and held at this temperature for one hour. The tube was
allowed to slowly cool to room temperature over the course of 4 hours. Initial
microscopy with a HRTEM (JEOL 2010) at 100kV confirmed the layer number for
suspended specimens via electron diffraction (Figure 1-9).% %

Figure 1-9. a. Diffraction indicating a monolayer of graphene. A line profile (red line), with the number
of counts shown below the diffraction pattern, shows the (1-210) type reflections to be lower in intensity
than the (0-110) type reflections. Assuming no significant sample tilt, this indicates a single sheet of
graphene.?® b. Diffraction indicating a monolayer of GO. A similar line profile (red line), shows the (1-
210) type reflections to be lower in intensity than the (0-110) type reflections. Assuming no significant
sample tilt, this indicates a single sheet of GO. c. Diffraction indicating a monolayer of raGO. A similar
line profile (red line), shows the (1-210) type reflections to be lower in intensity than the (0-110) type
reflections. Assuming no significant sample tilt, this indicates a single sheet of raGO.
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1.5.2 Microscopy Conditions and Analysis Details

Atomic resolution micrographs were obtained with the TEAM 0.5 TEM (a
monochromated aberration-corrected instrument operated at 80 keV). TEAM 0.5
imaging was performed in a high vacuum environment (<10~ mbar), and the electron
monochromator was adjusted to enable an energy spread of the electron beam of less
than 0.2 eV. The aberration corrector was fine tuned to obtain a third-order spherical
aberration of -14 um, which in consideration of the positive fifth-order aberration of 5.2
mm yielded an optimal phase contrast for a slight positive defocus of +8 nm down to the
information limit of 0.08 nm at 80 kV. The resulting electron dose is approximately
2.8%10° electrons/(sec*nm?). Details of the microscope configuration can be found
elsewhere.”” % Grids were briefly (8 min.) placed on a hot plate at 140°C to facilitate
ambient hydrocarbon desorption.

Throughout this study, the simulations of the TEM images were done with the
program MacTempasX Version 2 simulating the structures proposed in each of the
corresponding figures. The simulation parameters were entered to match the
experimental microscope conditions. Furthermore, for the proposed potential atomic
structures in Figures 2 and 3, the atomic representations were created using the program
ACD/ChemSketch (Freeware), version 11.02. After creating a structure for the proposed
structures, the 3D Optimization feature was utilized which calculates a lowest energy
structure based on bond stretching, angle and rotation as well as Van der Waals
interactions. The 3D Viewer feature was used to create the 3-dimensional representations
found in the figures. Finally, images used in the following study were analyzed using the
program ImageJ, version 1.40g. Images were filtered with the FFT Bandpass Filter
function with a high bandpass filter of 80 pixels and a low bandpass filter of 2 pixels,
with one pixel equaling 0.24 A, for enhanced visualization.

1.5.3 Graphene, GO, and raGO Atomic Resolution Microscopy Study

Figure 10 shows high resolution TEM micrographs of suspended monolayer
sheets of graphene, GO, and raGO, respectively. Images were processed with an FFT
bandpass filter for greater clarity. As is well known,?® graphene consists of an extended,
two dimensional sp® bonded carbon “honeycomb” lattice. After heating and additional
electron beam exposure, hydrocarbon adsorbates, often seen during TEM irnaging,29
desorb, leaving a pristine graphene sheet (Figure 1-10a).
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Figure 1-10. Aberration corrected TEM micrographs of the following materials. Scale bar, denoting 2
nanometers, is valid for all micrographs. a. Single suspended sheet of graphene. On the bottom, graphitic
area indicated in yellow. b. Single suspended sheet of GO. On the bottom, holes are indicated in blue,
graphitic areas in yellow, and high contrast, disordered regions, indicating oxygen functionalities, in red. C.
Suspended monolayer of raGO. On the right, holes indicated in blue, graphitic regions in yellow, and areas
with remaining functionalities in red.

Following oxidation of the parent graphene, the resulting GO material (Figure 1-
10b) is found to be highly inhomogeneous with respect to structure. Three major features
are present: holes (indicated in blue), graphitic regions (indicated in yellow, as they were
for Figure 1-10a), and high contrast disordered regions (indicated in red), indicating areas
of high oxidation, with approximate area percentages of 2%, 16%, and 82%, respectively.
Holes form in GO as CO and CO; are released during the aggressive oxidation and sheet
exfoliation, found here to be usually less than 5 nm*. Although some high resolution
electron microscopy studies have not reported holes in GO samples,30 a high resolution
aberration corrected electron microscopy study of the reduced form of GO has observed
similar holes.* Graphitic regions, covering between 1 and 6 nm?, indicate incomplete
oxidation of the basal plane with the preserved honeycomb structure and 1.4 A atomic
spacing of graphene. The disordered, high contrast oxidized regions of the basal plane
form a continuous network throughout the GO sheet. Monolayer raGO (Figure 1-10c¢) is
similarly structurally inhomogeneous with holes (blue), graphitic regions (yellow), and
disordered areas with high contrast (red). The observed holes comprise approximately
5% of the area. An increase in the area of holes compared to GO is expected as CO and
CO, form during annealing.* The anticipated significant increase in graphitic area
observed, up to approximately 70% of the area, indicates a substantial restoration of the
original sp® bonding character lost during the oxidation, by the reduction of oxygen
functionalities. However, extensive disordered high contrast regions still exist, likely
from nitrogen and oxygen functionalities which persist even after reduction and
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annealing.33 Uninterrupted translational order, as observed with pristine graphene, is not
seen, being disrupted by the holes and the remaining functionalities.

This raGO material under study is substantially different from graphene as
indicated by Figure 1-10. Although significantly restored graphitic nature is imparted
upon reduction, the remaining functionalities and holes in raGO drastically differentiate it
from graphene. Attempts at synthesizing limitedly oxidized graphene oxide or at
introducing a carbon feedstock for the “healing” of raGO show promise for potentially
addressing these observed differences between raGO and graphene, possibly resulting in
minimal defects and reincorporation of carbon into the basal plane when missing from
the synthesized raGO material 21 3%

1.5.3.1 Detailed GO Analysis

The structure of GO can be better elucidated by a closer look at the electron
micrographs of GO. The main body of Figure 1-11 shows another representative TEM
image of GO, suitable for detailed examination. A high contrast region is selected in
Figure 1-11a. With this sample, adsorbates are understood to be limitedly present, and if
present, to only be adsorbed onto the oxidized regions of GO. Grid heating prior to TEM
imaging largely desorbs such weakly, physically bonded species. Furthermore, electron
beam engosure induces desorption and motion of such weakly, physically bonded
species,” resulting in minimally observed adsorbates in the similarly prepared and
imaged graphene and raGO samples (Figure 1-10a and 1-10c). Finally, time-dependent
changes in the overall area of the high contrast regions would be expected during TEM
imaging if they were caused by large numbers of adsorbates as some of these adsorbates
would desorb under electron
beam exposure. However, the increased Van der Waals interaction between adsorbates
and oxidative functionalities compared to their interaction with graphitic regions means
that any remaining adsorbates would be adsorbed to the oxidized regions of GO. High
contrast regions are thus primarily from oxidized carbons and limitedly from adsorbates,
which indicate an underlying oxidized region. The high amount of contrast variation
indicates a high density of oxygen functionalities, with each carbon likely being oxidized
with no order between functionalities.
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Figure 1-11. Aberration corrected TEM micrograph of a single sheet of suspended GO. The scale bar is 2
nanometers. Expansion a. shows, from left to right, a 1 nm” enlarged oxidized region of the material, then
a proposed possible atomic structure of this region with carbon atoms in gray and oxygen atoms in red, and
finally the average of a simulated TEM image of the proposed structure and a simulated TEM image of
another structure where the position of oxidative functionalities has been changed. Expansion b. focuses
on the white spot on the graphitic region. This spot moved along the graphitic region, but stayed stationary
for 3 frames (6 seconds) at a hydroxyl position (left portion of expansion b.) and for 7 frames (14 seconds)
at a (1,2) epoxy position (right portion of expansion b.). The ball-and-stick figures below the micrographs
represent the proposed atomic structure for such functionalities. The simulated TEM image for the
suggested structure agrees well with the TEM data. Expansion C. shows a 1 nm” graphitic portion from the
exit plane wave reconstruction of a focal series of GO and the atomic structure of this region.

In the high contrast regions, oxygen atoms are present in a much higher density
and greater numbers will be mobilized by the electron beam. After studying the times
series, although cases of functionalities being stable for multiple seconds can be found,
most functionalities seem to be mobile of the timescale of a second. Given this,
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significant changes in the bonding can occur over the course of each captured frame, and
each micrograph could represent multiple bonding configurations between the carbon
basal plane and oxidative functionalities. Figure 1-11a shows such a region with a high
degree of oxidative functionalities. A possible representative local atomic structure for
this oxidized region is proposed, but of course the complicated contrast within this region
makes any specific definition of a structure for this region impractical. Simulations of
TEM images were made from this proposed structure and another structure where the
location of the oxidative functionalities was changed, the average of which is compared
to the obtained micrograph.

Figure 1-11b highlights a mostly graphitic region with isolated anomalous bright
spots. The anomalies are dynamic on the timescale of a second, likely indicating isolated
mobile oxygen functionalities. The anomalies of Figure 1-11b are consistent with
simulations of TEM images for an oxygen resting at a hydroxyl position (left), or an
oxygen resting at an (1,2) epoxy position (right). Multiple instances of such isolated
functionalities are observed in GO. Although it is possible that the observed adatoms
were carbon adatoms, the likelihood of mobilizing a carbon bound to the graphitic sheet
or even from a nearby hole is unlikely given the multiple bonds required to be broken
(with a graphene C-C bond energy of 4.9 eV)37 compared to those required to be broken
to mobilize an oxygen from common functionalities expected in GO: 2.1 eV for (1,2)
epoxies and 0.7 eV for hydroxyls.38 The mobility of these functionalities is a
consequence of the incident 80keV electron bombardment, which transfers a maximum
of 11.8 eV to an oxygen atom,> well over epoxy and hydroxyl bond energies and well
over the hopping barrier, being much lower.*® Electron beam induced bond breakage
occurs, mobilizing atoms which rest at stable positions nearby on the basal plane. The
energy for the ejection of an atom from the sheet is much greater.** For GO, we observe
minimal loss of high contrast and stable hole size indicating relatively little overall beam-
induced oxygen- or carbon-ejection, respectively.

Figure 1-11c highlights a graphitic region of GO. The sharpened blowup was
obtained from the exit plane wave reconstructed from a 12-member focal series using the
following reconstruction parameters: Electron energy: 80 keV, Spherical aberration Cs,=
-0.014, Focus step: -0.73 nm, Focal range: +11.97 nm ... +3.94 nm, Sampling: 0.0233
nm/pixel, Focus spread: 1.2 nm, MTF at Nyquist frequency: 0.25, Semi-convergence
angle: 0.1 mrad, Reconstruction limit: 0.11 nm, Two-fold astigmatism A;: 1 nm
(+37degree), Axial coma By: 116 nm (+30degree). The highly graphitic nature of this
region is striking. Some bond strain does occur at the interface of oxidized and
unoxidized regions, but the interior of the graphitic regions, when lacking oxygen
functionalities, are found to be largely unaffected by this strain. The different graphitic
regions can be thought of as flakes of nearly pure graphene separated by highly oxidized
and thus structurally modified regions. The graphitic domains are mis-tilted in the
azimuthal direction with respect to each other. This combined with bond strain at the
interface of the graphitic and oxidized regions results in the observed blurring of
diffraction spots compared to graphene (Figure 1-9).42
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1.5.3.1 Detailed raGO Analysis

The structure of raGO can be better elucidated by a closer look at the electron
micrographs of raGO. Figure 1-12 shows a representative image, similar to that
presented in Figure 1-10c. A significant portion of raGO is indeed graphitic, but
certainly raGO cannot be properly characterized as constituting “graphene”. The
examined raGO material was found to be overall highly sensitive to electron beam
induced degradation to the point that meaningful exit plane wave reconstruction was not
possible. This indicates a higher instability of raGO, as compared to graphene, or even to
GO (I found, however, a significantly higher stability for bilayer raGO, as compared to
monolayer raGO, as discussed below).

Figure 1-12. Aberration corrected TEM micrograph of a monolayer of raGO. The scale bar is 1
nanometer. Expansion a. shows, from left to right, an enlarged region of the micrograph, then a proposed
possible structure for the region where oxygen (indicated in red) and nitrogen (blue) remain as
functionalities on the sheets, and finally a simulated TEM image for this proposed structure. Expansion b.
shows the structure of a graphitic region.

18



Nevertheless, the high amount of restored graphitic area in raGO supports the
supposition that the parent GO contains mostly hydroxyl and epoxy functionalities. Only
these oxidative functionalities (other than high energy peroxide functionalities) would
result in fully restored graphitic character once reduced, as other functionalities would
induce C-C bond breakage.** Figure 1-12a highlights regions of raGO with high contrast
spots, likely representing remaining functional groups. These are understood to be either
oxygen functionalities from the initial oxidation or nitrogen functionalities from the
hydrazine reduction.® Although specific determination of a structure cannot be made, a
likely structure for this region is proposed in Figure 1-12a. A simulated TEM image for
the proposed structure is included for comparison. Figure 1-12b highlights a fully
restored graphitic region of raGO.

1.5.3.1 GO and raGO Dynamics under Imaging Conditions

It is instructive to examine in some detail the relative temporal stability of
graphene, GO, and raGO when exposed to the agitation of the imaging TEM electron
beam. Under the imaging conditions, graphene is exceptionally stable, suffering only
occasional knock-on damage.** Figure 1-13 contrasts time series images of GO, raGO,
and a bi-layer of raGO. GO was seen to be stable under the beam with each of the
discussed regions not changing in area percentage during the obtained time series (75
seconds) (Figure 1-13a). This indicates that although atoms may become mobile within
the GO plane under electron beam irradiation, significant atom ejection does not occur,
which would result in changes to these percentages, indicating degradation of the
material. As discussed previously, mobile oxygen functionalities result in the shift of
boundaries between the graphitic and oxidized regions as functionalities move along the
basal plane. The effective motion of functionalities does not result in an averaging of
these functionalities across the GO sheet, indicating mainly sp? or sp* bonding character
for the most stable regions, as expected from geometrical constraints and aromaticity. It
was noticed in the acquired videos that small holes (<I nm” in area) which were present
during the beginning of the obtained time series seemed to be closed over the course of
the time series. This observation supports the notion that if a carbonaceous feedstock (in
this case mobilized carbon or carbon from the limited adsorbates) is present, carbon loss
from the basal plane, which occurs during the synthesis of GO, could possibly be
reincorporated into the sheet under the proper experimental conditions.

The dynamics of raGO under the electron beam indicate significant degradation
over relatively short time periods (Figure 1-13b). Degradation revolves around highly
active regions with limited connectivity to the main raGO sheet, making them more
easily accelerated under the electron. Bi-layer raGO (Figure 1-13c) shows increased
stability under the electron beam, though it, too, degrades more quickly than GO or
graphene.
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Figure 1-13. Aberration corrected micrographs of a. GO, b. raGO, and c. a bi-layer of raGO from acquired
time series. Scale bar, indicating 2 nanometers, is valid for all micrographs. Frames show the two
materialsat the indicated number of seconds. GO is seen to be overall stable with its regions changing
morphology, but not overall area. raGO is seen to degrade significantly over the course of the obtained
time series. The bi-layer of raGO is seen to have significantly enhanced stability compared to a single layer
of raGO, but still suffers from significant electron beam induced degradation compared to even a single
sheet of GO.
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1.6 Structural Insights from Investigation of GO and raGO

By contrasting the previously presented images of GO and raGO, a further
understanding of the functionalities of GO can be obtained. First, out of the various
oxygen functionalities that have been proposed to exist in GO," the main functionalities
are hydroxyls and (1,2) epoxies, and carbonyls form mainly around the holes in the sheet.
This is evidenced by the observed stability of hydroxyls and (1,2) epoxies and the
significantly restored graphitic nature of raGO, the restoration being possible only when
these functionalities are dominant. Also, since bond breakage associated with carbonyl
formation likely accommodates hole formation and expansion,43 and given XPS and
FTIR evidence for these functionalities (Figures 1-5 and 1-6), carbonyls likely form at the
edges of the observed holes within the GO sheet.

Our experiments greatly elucidate the important and previously controversial
structure of GO. Previous attempts at experimentally determining this structure involved
analyzing chemical reactivity, XPS, Raman, NMR, IR, conductivity, TGA, diffraction
and absorption,™ were relevant only to macro to microscopic regions of GO. Theoretical
calculations have conversely been limited to considering regions less than 100 atoms,™
sometimes less than 10 atoms,>® in extent, and then generalizing a larger structure. Since
regions larger than 100 atoms exist with only sp2 or Sp3 bonding nature, these theoretical
considerations are seen to poorly describe GO. Likewise, when bulk properties are
generalized down to determine the most likely atomically defined structure, many
nuances are overlooked. For instance, XPS results indicating carbonyls within GO have
been attributed to these groups being along the microscopic edges of GO. The
observation of holes, likely with edge carbonyls, every few nanometers redefines how
these results should be interpreted.

Our observations and deductions about the structure of GO can be summarized as
follows: 1. Graphitic regions up to 8 nm” remain. 2. Oxidized regions exhibit no order
with regards to oxidation, have minimal sp” bonding character, and form a continuous
network across the GO sheet. 3. Holes are present, usually under 5 nm*. 4. Hydroxyls
and (1,2) epoxies are the dominant functionalities. Carbonyls likely exist along the edges
of the holes. 5. Largely unstrained sp® bonds exist between carbons within the core of
graphitic regions. 6. Lines of graphitic or oxidized regions do not form and no
superstructures are formed.

Given these deductions, theories of the structure of GO can be evaluated.
Proposals for ordered functional groups or long range order, for instance lines of aromatic
regions™ or lines of oxidized regions™ %0 are unsubstantiated. Predictions of densely
oxidized regions with hydroxyls and (1,2) epoxies as the primary functionalities and
carbonyls along the edges are supported,'® ' *% 4% whereas prediction of (1,3)
epoxies,46 carbonyls as dominant functionalities,15 other functionalities,17 numerous
isolated functionalities,'” or just epoxies16 are not supported. Theories disregarding
significant aromaticity™® are likewise not supported. Theoretical considerations of less
than 10 carbons in GO are discarded owing to the high degree of structural
inhomogeneity. Also, the proposed mechanism of “unzipping” GO sheets caused by
sequential epoxies40 is not observed. Adjacent functionalities with positions indicative of
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epoxies are observed, but continuation of this defect line is not; thus the proposed
microscopic cleavage of GO sheets via this mechanism is doubtful.

Given all these considerations, the structure proposed by Lerf™® is supported,
albeit with modifications. The sizes of graphitic and oxidized regions are much larger
than those proposed by Lerf and with this studied GO material, holes are found
throughout the sheet. These changes are represented in our proposed model for GO
(Figure 14). The main differentiating feature of this model compared to the Lerf model is
the large areas of the three different regions founds within GO. This is understood to be
expected for GO given the nature of the oxidation employed. The extremely harsh
oxidant necessary for oxidation of an otherwise highly inert material (graphite) results in
initial oxidation which disrupts the local aromaticity of the basal plane which increases
the reactivity of adjacent carbons towards oxidation. Essentially, once this local
aromaticity is removed, oxidation can continue more readily in the surrounding region
creating the observed regions of oxidation. Likewise, if the graphitic nature remains
intact within a region, this portion of the GO sheet has diminished reactivity towards the
oxidant as the aromaticity stabilizes it compared to already oxidized portions. Finally,
following single oxidation of carbon atoms, the enhanced reactivity of these
functionalized carbons will result in further oxidation and potentially full oxidation to
CO; resulting in the observed holes within GO.

Figure 1-4. Structural model for GO proposed given the findings of the previously described study. It
should be noted that the regions within this model potentially are much larger than indicated (up to many
nm” in area for aromatic regions, oxidized regions and for holes). The major differences with this model
compared to a previously proposed model*® are the large extended regions which exist: graphitic portions,
oxidized portions, and holes as well as the existence of holes within the GO sheet around which carbonyl
functionalities likely exist.
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1.7 Prospects for GO and raGO

Although it has been established that raGO poorly resembles graphene, it is still a
material of significant interest, especially in terms of its applicability within a wide range
of disciplines. It is apparent that raGO is by no means a perfect 2D crystal like graphene
and the ballistic transport observed for graphene will be almost impossible to mimic with
raGO, however it is a material with very high conductivity, making it suitable for a
number of applications. Owing to the ease with which is can be processes, it is still of
interest as a potential material for transparent electrodes,”” for both solar cell and touch
screen applications. Indeed, the increased surface area of GO and raGO makes it of
particular interest for use as a chemical sensor, and in fact further increasing the surface
area by steam etching the material has shown promise for the development of a high
sensitivity sensor.*®

The scalability of GO and raGO material also gives it a significant advantage over
higher quality graphene syntheses like the common CVD synthesis in terms of it
applicability. Significant advancements in supercapacitor’ and battery50 technologies
have been made owing to the higher surface area of GO-based graphene material,
coupled with its sufficient conductivity and its bulk producability. Finally, numerous
applications within the field of advanced composites have been studied,” being possible
owing to the superior mechanical properties that still exist even with the disordered GO
and raGO structure and due to the ability to produce bulk quantities of this material. In
all, although the structure of raGO is far from that of graphene, the limitations on its
resultant properties given this structure are minimal depending upon the application
envisioned. Therefore, until a bulk synthesis of a more structurally ideal graphene
material is possible, GO-based graphene materials show significant promise in terms of
its applicability, and given the enhanced surface area of this highly defective crystal, it
could be an ideal form of this material for certain applications.
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Chapter 2: Functionalized Carbon and Boron Nitride
Nanotubes for Composite Materials

2.1 Motivation for Nanotube Composite Materials

Carbonaceous and boron nitride based nanomaterials have many impressive
properties which could enhance composite materials if incorporated within them.>® The
nanotube geometry of these materials is of particular value when considering potential
composite enhancement as the rigidity of a 1D material allows for a more evenly
distributed filler compared to 2D fillers, presuming sufficient dispersion of the filler
within the matrix material. Likewise, compared to 0D nanomaterials, 1D nanotubes are
also able to better impart mechanical, electrical, and thermal enhancement given a
potential for a percolation network to form within the matrix as well as allowing for
properties of the filler to enhance a matrix material under the influence of strain (in the
case of mechanical reinforcement).

We will begin by assessing the prospect of using carbon nanotubes (CNTs) as a
filler material for enhancement of composite properties. The carbonaceous version of the
this 1D nanomaterial has the benefit of being commercially available at a competitive
cost as opposed to the scarcity of boron nitride nanotubes (BNNTSs), even within the
BNNT research community. This is largely due to the bulk of research on CNTs, which
motivated significant advancement in synthetic methods for CNTs, as opposed to BNNTSs
which have lacked such a widespread attempt at optimizing synthetic methods. Carbon
nanotubes have many impressive properties which can be partially imparted upon a host
matrix or be utilized in another manner while within a composite. Among these include
superior thermal and electrical conductivities as well as superphobici‘[y.53 Composites can
therefore benefit from enhanced electrical conductivity® and thermal conductivity®, as
well as finding applications within the field of filtration, utilizing its superphobicity.”®
Although CNTs can be used within a wide variety of host matrices including metallic
host materials,”” the bulk of CNT composite research revolves around the enhancement
of polymeric composite materials,” which will be the focus here.
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2.2 Mechanical Reinforcement using CNTs

A useful CNT property is the superior mechanical properties of CNTs, including a
high Young’s Modulus (YM, or tensile modulus being the uniaxial stress versus an
applied strain), on the order of 0.9 TPa,”® and high tensile strength, on the order of 150
GPa.”® When compared to other high strength and modulus materials, carbon nanotubes
are seen to be among the most mechanically robust materials (Table 2-1), owing to the
exceptional strength of the sp? C-C bonding within the material. Therefore, a natural
application of CNTs is for mechanical reinforcement of polymeric materials, which often
require superior mechanical properties and will have ever-increasing application if the
mechanical properties can continue to be optimized.

Material Tensile Strength  Young’s Modulus
GPa GPa
Tungsten 15 411
Silicon (monocrystalline) 7.0 188
Tool Steel 5.2 200
Kevlar 2.7 180
UHMWPE 8.0 222
Carbon Fiber 5.6 530
Carbon Nanotube 150 900
Boron Nitride Nanotube 33 1200
Graphene 130 1000
Diamond 60 1200

Table 2-1. Mechanical properties of mechanically robust elements, polymers and alloys, and carbonaceous
and boron-nitride based materials.> **®2

However, a single property of CNTs discussed above makes the incorporation of
CNTs within a host matrix with the aim of enhancing composite properties very difficult.
This is the superphobicity of CNTs and other sp*> carbon and boron nitride based
nanomaterials, meaning that these materials combine both super-hydrophobicity and
super-oleophobicity, having a felicity for very few materials. The dominant felicity these
materials have are with other sp? bonded carbon and boron nitride materials, i.e.
themselves. Unfortunately for the application of composite formation, this means that
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attempts to synthesize composites will be greatly hindered by an inherent lack of
interaction between the filler material (CNTs) and host matrix (polymer) as well as the
polymer solvent system.

This lack of intermolecular interaction is even more detrimental when considering
the mechanism by which a fiber material is able to reinforce a host matrix. The most
general equation for strength enhancement of a fiber within a host matrix is,

Oc = (af - am)Vf + oy, Equation 2-1%

Where the strength of the composite (o) will be equal to the difference between the fiber
strength (o) and the matrix strength (o) times the volume fraction of the fiber (V) added
to the matrix strength.

This simple proportional enhancement is complicated when considering the
strength of the interaction between the fiber and the host matrix yielding,

oc = (t-1/D — 0,)V; + oy Equation 2-2%

With the strength of the fiber-matrix interface (t) moderated by the ratio of fiber length
(I to fiber diameter (D) determining the portion of reinforcement imparted upon the
matrix material. Although CNTs have a very high aspect ratio of a few orders of
magnitude, the non-interacting nature of a pristine CNT within a host matrix will result in
a many orders of magnitude smaller interaction strength between the fiber and matrix
compared to the actual strength of the CNT.

This discussion outlines the major considerations when attempting to reinforce a
polymeric matrix with CNTs. One significant considering is whether CNTs are
thoroughly dispersed within the polymeric matrix. Unmodified, carbon nanotubes will
agglomerate given their lack of intermolecular interactions with most materials. Any
potential reinforcement will be sacrificed as only the volume of CNTs homogenously
dispersed within the matrix will result in mechanical reinforcement similar to that
indicated by Equation 2-2. Conversely, if agglomerates of CNTs indeed do exist within
the host matrix, the mechanical properties of the composite can be diminished as these
voids can be a nucleation point for fracture. Indeed, work done with crudely mixing
CNTs within an epoxy material greatly diminished the strength of the epoxy (Figure 2-1).
Even when then CNT surface is functionalized to enhance solubility within the matrix,
addition of CNTs can still result in a lower strength (Figure 2-1).
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Fracture Strength vs. wt% MWCNT
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Figure 2-1. Plot of fracture strength versus wt% with associated error bars of multi-walled CNTs
(MWCNT) homogenized within an epoxy matrix. The blue bars represent composites where MWCNTs
were functionalized to enhance dispersion within the host matrix. The one purple bar represents a sample
where the MWCNTs were not functionalized. Only the 0.10 wt% sample was mechanical robust enough
for testing. Other non-functionalized MWCNT samples failed before testing was possible. Of the
functionalized MWCNT composite samples, the 10 wt% sample also failed before testing was possible.
Results from and courtesy of Prof. Rob Ritchie and Joe Lemberg under a collaborative effort whereupon
synthesis was done in the Zettl labs and mechanical testing within the Ritchie labs.

The other major consideration which must be made is the interfacial stress that
can be transferred from the host matrix to the fiber filler, T from Equation 2-2. Not only
must the CNT fibers be well dispersed within the matrix, the matrix must bond with the
CNT such that stress can be transferred while the composite is under stress. If this
interaction is limited to weak Van-der-Waals type interactions, pull-out of the fiber will
easily occur and the enhancement to the strength will be minimal. However, if covalent
bonding with the host matrix is possible, or if sufficiently strong intermolecular
interaction is achieved, then the stress transferred may be sufficient to allow for a
reinforcement of the matrix.

27



2.3 General Route for the Covalent Attachment of Moieties onto MWCNTSs

Great consideration must be made to maximize both dispersion of CNTs within
the polymeric solvent system and resultant composite material as well as maximizing the
interaction between CNTs and the host polymer at the interface of these materials. The
best approach for achieving both dispersion and maximizing the fiber-matrix interaction
is to covalently functionalize the CNT. It should be noted at this point that only
MWCNT can be functionalized in the manner to be described as SWCNTs will
completely degrade under the reaction conditions heretofore specified and generally
SWCNT have proven more difficult to functionalize.

First, a chemical handle is created off the MWCNT such that subsequently a
variety of further chemical groups can be attached. These chemical groups can then be
chosen such that the interaction with a chosen host polymer can be maximized. A
general method for dictating the exposed chemical nature of a MWCNT is outlined in
Scheme 2-1.

HNO,, conc SOCl,, 70 °C

130°C, 24 hrs

carbonyl, and carboxylic acid functionalities. Further oxidation converts all functionalities to carboxylic
acid groups, which can then be converted to acid chloride functionalities via SOCI, treatment. Finally,
amide formation is achieved in the proper solvent given the “R” group desired to be exposed off the
functionalized MWCNT.

Briefly, MWNTs (1 g) were added to concentrated nitric acid (70%, 1 L) and
sonicated for 15 min to disperse the material. The suspended MWCNT solution was
refluxed at 130 °C for 12 hr. The suspension was allowed to cool and then filtered using
a membrane filtration apparatus in conjunction with a polycarbonate filter (0.2 um pore
size), and washed thoroughly with DI water (6 L). MWCNTs were then dispersed into
DI water (1 L), to which KMnO4 (3 g) was added under vigorous stirring. After cooling
to 5 °C, the solution was acidified with the addition of HCIO,. After acidification, the
solution was allowed to warm to room temperature and quenched with excess citric acid
monohydrate (60 g), accompanied by a color change from deep purple to clear. The
MWCNT were then filtered as previously described and washed with excess DI water (6
L). At this point, carboxylic acid functionalities are present on the MWCNT, which can
be readily dispersed under mild sonication in water.

For acid chloride functionalities, the carboxylic acid functionalized MWCNT
were dried under vacuum for 24 hrs. Thionyl chloride (400 mL) was used as the solvent
and reactant, being added to the functionalized MWCNT and sonicated (15 min) to
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disperse the MWCNTs. This suspersion was heated to 70 °C in a N, atmosphere and
vigorously stirred for 24 hrs. This converts the carboxylic acid functionality to an acid
chloride functionality. SOCI, was then carefully removed by rotary evaporation
equipped with a liquid N, trap and dried to completion using a Schlenk apparatus (~6
hrs.).

Finally, attachment of an amine terminated arbitrary alkyl-chain is accomplished
by choosing the solvent system proper for solubilizing the chosen amine. This dry
solvent with 5 mmol of the desired amine is used to disperse the acid chloride
functionalized MWCNTs using sonication (15 min.), with 5 fold weight excess of the
amine compared to the MWCNTs. The solution is warmed to ~50 °C (depending on the
solvent system chosen) and vigorously stirred for 24 hrs with intermittent sonication to
enhance dispersion during the reaction. The functionalized MWCNT are then filtered
using the previously described filtration apparatus, but instead using an anodized
aluminum filter (0.2 pm pore size) and typically rinsed with 1 L of the utilized solvent
followed by 1 L of ethanol.

Using this approach, most any “R” alkyl group can be attached which is selected
with consideration of the eventual host polymer. Indeed, sequential attachment of
moieties can also be achieved by iterations of the amide formation via the acid chloride
and amine reaction outlined in this scheme. Furthermore, this approach produces large
numbers of functionalities upon the outer wall of the MWCNTs such that the exposed
chemical nature of the MWCNT becomes well defined by the functional group
attached.®

2.4 MWCNTSs Incorporated with Kevlar Composites

Using the general approach for MWCNT functionalization outlined above, being
necessary for proper composite formation, we look at the potential enhancement of an
already mechanically robust polymer, Kevlar. Kevlar is a well-known polymer with
exceptional stiffness and strength (Table 2-1), and the uses of Kevlar all revolve around
these superior mechanical properties. Further enhancement of the mechanical properties
of Kevlar would make it more useful in its current applications and perhaps allow for
further applications to be considered. Kevlar is synthesized through a condensation
polymerization route common for poly-amides with terephthaloyl chloride (TPC)
condensing with p-phenylenediamine (PDA) to form a poly-aramide. The strength of the
Kevlar fiber comes from the strong interaction between polymeric chains with strong
hydrogen bonding and pi-pi stacking occurring between adjacent chains (Figure 2-2). In
fact, Kevlar forms a liquid crystal in a proper solvent such as concentrated sulfuric acid.
If this interaction can be mimicked off the sidewalls of a MWCNT, then the strong
intermolecular interactions found in Kevlar can allow for an interface with strong
interactions. Ideally then, MWCNT incorporation within the Kevlar matrix will result in
a high aspect ratio filler with strong interaction with the host matrix yielding a composite
material with mechanical properties superior to that of the basic Kevlar polymer.
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Figure 2-2. Two chains of Kevlar which display the pi-pi interaction between phenyl groups (groups of 4
wide blue lines) and the hydrogen bonding occurring between different portions of the amide groups (single
blue lines).

2.4.1 Sequential Attachment of Kevlar Monomeric Units

Such that advanced composites of MWCNTs within a Kevlar matrix could
eventually be synthesized, the thorough characterization of MWCNT functionalized with
monomeric units of Kevlar and their incorporation within basic Kevlar polymeric
systems was undertaken.®® To demonstrate the ability to attach arbitrary numbers of
monomer units, sequential functionalization of MWCNTs with TPC and PDA was done,
with 1.5 monomeric units being attached (PDA-TPC-PDA) to the outer walls of
MWCNTs.

| ) — N
g @ ' H/ \ / \H
Scheme 2-2. Acid chloride functionalized MWCNTS (Scheme 2-1) are iteratively functionalized with
PDA, then TPC, then PDA to obtain MWCNTs with 1.5 monomeric units of Kevlar covalently attached to

the sidewalls of the MWCNT.

30



As indicated in Scheme 2-2, PDA-functionalized MWNTs (PDA-MWNTs) were
synthesized by creating a solution of p-phenylenediamine(PDA) (0.50 g, 4.62 mmol) in
N-methyl-2-pyrrolidone (NMP) (anhydrous) (200 mL) with acid chloride functionalized
MWCNTs (COCI-MWCNT) (see Scheme 2-1) (0.100 g). The solution was sonicated (15
min) to allow the complete dispersion of the MWNTs in the PDA solution. The
suspension was heated to 50 °C to promote optimum dispersion and exfoliation of the
COCI-MWCNTs within the solution and to promote the coupling of PDA at the surface
of the COCI-MWCNTs via amide formation. The appearance of the suspended material
at this stage resembled a rich black oil-like material, giving preliminary indication to a
favorable dispersion and reaction of the COCI-MWNTs in the suspension. The
suspension was allowed stir for 12 hr, throughout which intermittent sonication (5 min at
2 hr intervals) was performed in order to ensure optimum dispersion of materials. PDA-
MWNTs were then recovered by filtration (as described above) and were washed
thoroughly with NMP (500 mL), ethanol (500 mL), and methanol (500 mL) to ensure
complete removal of excess PDA.

For the modification of PDA-MWNTs with TPC to form TPC-PDA-MWNTs, a
solution of TPC (0.938 g, 4.62 mmol) in NMP (anhydrous) was added to PDA-MWNTs
(0.100 g) which had been dried using a Schlenk line (6hr). The PDA-MWNTs were
sonicated (15 min) into suspension, and the material heated to 50 °C under magnetic
stirring for 12 hr to facilitate the covalent coupling of TPC to PDA-amino groups at the
surface of the PDA-MWNTs (intermittent sonication, 5 min, every 2 hr). The TPC-PDA-
MWNT material was filtered (as described above) and was thoroughly washed with NMP
(anhydrous) (1.5 L) to allow removal of unreacted TPC.

For final attachment of PDA, the TPC-PDA-MWNTs were immediately
transferred to a round-bottomed flask by sonicating the material off the Teflon filter
membrane using NMP (30 mL). Modification of TPC-PDA-MWNTs with PDA to form
PDA-TPC-PDA-MWNTs was done by creating a solution of PDA (0.50 g, 4.62 mmol) in
NMP (anhydrous) (200 mL), which was added to TPC-PDA-MWNTs (0.100 g). The
material was sonicated (10 min) to ensure adequate dispersion of the MWNTs and
resembled a rich black suspension as before. The suspension was heated to 50 °C and
allowed to stir for 12 h, with intermittent sonication (5 min, every 2 h). The PDA-TPC-
PDA-MWNTs were filtered and washed with NMP (500 mL), ethanol (500 mL), and
methanol (500 mL) to ensure complete removal of excess PDA. As material which has
been allow to form a cake on top of a filter membrane has the potential to trap unreacted
materials, the material was redispersed in methanol (1 L) and filtered once more followed
by washing with methanol (1 L). PDA-TPC-PDA-MWNTs were recovered from the
filter and dried on a Schlenk line (6 hr) before use.

2.4.2 FTIR Analysis of Kevlar Attachment to MWCNTs

Characterization of the sequential attachment of these moieties can be done by
using IR spectroscopy (Figure 2-3). Initially, pristine MWCNTs are very IR inactive in
the range shown, but the spectrum for PDA-MWCNTs clearly indicates the covalent
attachment of the PDA molecule. The broad band at 1631 cm™ with a shoulder at 1640
cm’ is from a combination of the N-H bend of the free amino group and the amide C=0
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absorption. The broad band at 1570 cm™ is attributed to the amide IT N-H absorption,
while the band at 1508 cm™ indicates the C=C absorption of the aromatic ring. The
appearance of these bands and the fact that N-H bands are present due to both amine and
amide groups give firm evidence for the covalent attachment of PDA molecules at the
surface of the MWNTs.

Transmittance
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Figure 2-3. FTIR spectra of a. pristine MWCNT b. PDA-MWCNTs c. TPC-PDA-MWCNTs and d. PDA-
TPC-PDA-MWCNTs.

Following subsequent coupling of TPC to PDA terminal amino groups via amide
formation, TPC-MWNTs were characterized. The appearance of intense bands at 1790
and 1724 cm™ are indicative of the C=0 of an acid chloride in both free and hydrogen
bound states (Figure 2-3¢). Bands at 1650 and 1632 cm™ are due to the amide I C=0
stretch and the amide II N-H bend, respectively. The aromatic C=C stretching band is
found at 1412 cm™, whereas two equivalent bands at 1237 and 1205 cm™ are indicative
of the two forms of p-disubstituted benzene rings which collectively support the assertion
of the covalent modification of PDA-MWNTs with TPC to form TPC-PDA-MWNTs.

Further coupling of PDA to the terminal acid chloride groups of the TPC-PDA-
MWNTs was performed. In contrast to the spectrum of the TPC-PDA-MWNTs
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(Figure 2-2c¢), where the C=O0 stretch of the acid chloride groups appear as intense bands,
in the case of PDA-TPC-PDA-MWNTs (Figure 2-2d), these bands are absent and have
been replaced by the sharp amide I C=0 absorption at 1643 cm™ with a shoulder at 1631
cm’” of the amide II N-H absorption. The N-H bend of the terminal amino group of the
PDA molecule is seen at 1547 cm™, whereas the sharp absorption of the aromatic C=C
stretching is seen at 1514 cm™. Bands at 1404 and 1385 cm™ are due to the aromatic C-H
bend, whereas a band at 1320 cm™ is due to the phenyl C-N stretch. Notably, the amide I
band has increased in intensity as might be expected because of both the presence of
additional amide functional groups and the increased vibrational freedom of molecules
subsequently bound to the surface of MWNTs. This effect is well-known in the case of
ligands bound to the substrates and nanoparticles, where groups a to the surface are often
weak or indistinguishable, whereas  groups are typically well-defined.®®

2.4.3 Creation of Kevlar-MWCNT Composites

Composites can be made of the Kevlar-monomer functionalized MWCNTs to
exhibit the favorable interaction with the functionalized MWCNTs and the host matrix,
Kevlar. Briefly, preparation of Kevlar/pristine-MWNT (p-MWCNT) and Kevlar/ PDA-
TPC-PDA-MWNT were done as follows. The polycondensation between TPC and PDA
to form Kevlar, was carried out in the presence of MWNTs to result in 1 wt % MWNT-
impregnated Kevlar composites. For comparative purposes, composites of Kevlar with
pristine as-received MWNTs (p-MWNTs), denoted Kevlar/p-MWNTs, and Kevlar with
PDA-TPC-PDA-MWNTs (PTP-MWNTs), denoted Kevlar/PTP-MWNTs, were prepared.

PDA (5.28 g, 49 mmol) was dissolved in NMP (50 mL), and the solution cooled
to 3 °C under magnetic stirring. MWNTs (either p-MWNTs or PTP-MWNTs, 0.100 g)
were added to the stirring solution and sonicated (10 min) to ensure dispersion of the
material. A solution of TPC (9.92 g, 49 mmol) in NMP was added to the stirring
MWNTSs/PDA solution. This resulted in the immediate formation of the polymer Kevlar,
evidenced by the formation of a paste-like opaque yellow-green material. The material
was filtered using membrane filtration equipment, and was washed by NMP (500 mL)
and methanol (500 mL) to ensure removal of the reaction byproduct, HCI. The resultant
material was vacuum-dried using Schlenk apparatus (6 h) and yielded ~10 g of MWNT
impregnated-Kevlar.

2.4.4 Analysis of Kevlar-MWCNT Composites

Since PTP-MWNTs possess surface chemistry identical to that of the Kevlar host
matrix, it was expected that the PTP-MWNTs would be well integrated within the Kevlar
composite. Alternatively, p-MWNTs, possessing little or no surface functionality, are
expected to aggregate among themselves and form insoluble nanotube regions within the
Kevlar matrix.
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Figure 2-4. Optical images of a. p-MWCNT/Kevlar and b. PTP-MWCNT/Kevlar as well as SEM
Micrographs of ¢,e. p-MWCNT/Kevlar and d,f. PTP-MWCNT/Kevlar.

Optical images of the composites indicated distinct differences between the
materials (Figure 2-4a,b). Kevlar is opaque yellow in color, whereas the composites of p-
MWNTs/Kevlar and PTP-MWNTs/Kevlar were gray and olive-green in color,
respectively. The fact that the materials were markedly different in appearance gave
some preliminary indication that the MWNTSs had been distributed differently within the
polymer matrix. Optical images of the p-MWNTs/Kevlar and PTP-MWNTs/Kevlar
composites at 500X magnification show macroscopic aggregates of MWNTs in the case
of the p-MWNTs (black regions in Figure 2-4a), which were absent in the case of the
PTP-MWNTs (Figure 2-4b).

SEM images of the materials deposited onto a piece of silicon wafer indicated that
large aggregates of MWNTs existed on top of large Kevlar regions in the case of the
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p-MWNTs (Figure 2-4c). While in the case of the PTP-MWCNTs, individual MWNTs
were observed to be embedded within the Kevlar matrix, and were not found as
aggregates within the material (Figure 2-4d). The entire morphology of the samples was
notably different as can be seen from the SEM images. I speculate that in the case of the
p-MWNTs, Kevlar was formed independently from the MWNTs that were present. In
the case of the PTP-MWNTs, PTP-MWNTs were found to be embedded within the
Kevlar matrix that exhibits markedly different grain size and morphology because of the
size regime of the MWNTs that the PPTA had formed around. Images e and f in Figure
2-4 show the materials at higher magnification, which clearly shows the p-MWNT
aggregates in the case of the p-MWNTs/Kevlar (e) and individual PTP-MWNTs
protruding from within sheets of the Kevlar material (f). We hypothesize that in the latter
case, this is possible because of the intrinsic interaction between the materials on account
of their identical surface chemistry.

Wavenumbers (cm)
Figure 2-5. Raman spectra with optical insets of a. a Kevlar region within the p-MWNTs/Kevlar
composite, b. an aggregate of p-MWNTs within the p-MWNTs/Kevlar composite, C. a representative area
of the PTP-MWNT/Kevlar composite.
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Raman mapping of the composite materials was also used to spectroscopically
identify the regions in the MWNTs/Kevlar composites using a laser with A= 514.5 nm.
In the case of the p-MWNT/Kevlar composite, Figure 2-5a shows the Raman bands
corresponding to a region of Kevlar material, as indicated by the optical image in the
inset. The bands labeled I-VI correspond exactly with values reported in the literature for
Kevlar.”’ Figure 2-5b shows the bands corresponding to an aggregate of p-MWNTs
within the Kevlar matrix, as shown in the inset. Clearly evident is the appearance of a
band at 1583 cm™, which is identified at the G-band characteristic of MWNTs. Such
regions were indistinguishable in the case of the PTP-MWNTs/Kevlar material, whose
spectrum was dominated by the Kevlar bands, Figure 2-5c. It is indeed gratifying that
bands due to MWNTs are not observed in this latter case, corresponding with good
integration and dispersion of MWNTs within the PPTA matrix.

These results well establish the case that with unmodified MWCNTs, dispersion
within a Kevlar matrix host is not accomplished during polymer formation whereas with
MWCNTs which have been covalently modified with monomeric units of host polymer,
individual MWCNTs can been found well dispersed within the host matrix. The high
degree of functionalization obtained through this approach seems to change the surface
chemistry of the MWCNT such that facile dispersion within the host matrix is possible.
Further attempts to directly covalently attach MWCNTs to the host Kevlar matrix can
easily be envisioned, but even without covalent attachment to Kevlar polymeric chains,
the strong intermolecular interactions present within Kevlar will still be present between
a non-covalently bound PTP-MWCNT and the surrounding Kevlar material.
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Figure 2-6. Vials containing a. unmodified-MWNTs, b. Kevlar trimer ¢. Kevlar trimer-MWNTs and d.
cross-linked Kevlar trimer-MWNTs, all in DMF.

The potential for incorporation within a Kevlar matrix is further indicated with the
following qualitative solubility experiment. Although pristine MWCNT (Figure 2-6a)
are not soluble within DMF, a trimer of Kevlar (Figure 2-6b), which is soluble in DMF,
upon covalent bonding to functionalized MWCNTs will draw the Kevlar trimer-MWCNT
into DMF solution (Figure 2-6¢). However, upon addition of TPC to the solution, the
Kevlar trimer-MWCNT become cross linked and insoluble in DMF (Figure 2-6d). This
qualitatively shows the cross-linking which occurs when very small Kevlar chains are
made, likely linking MWCNTs together through their covalent functionalities and
drawing them out of solution due to the highly cross-linked material that is formed. This
furthers the argument that Kevlar functionalized MWCNTs will directly bond to a Kevlar
matrix when added in situ during polymerization.

2.4.5 Kevlar-MWCNT Study Assessment

With the study undertaken, the important feature of a well dispersed fiber within
the host matrix were demonstrated, and the other important parameter of having high
interfacial stress transfer between the fiber and matrix should certainly be greatly
enhanced through either direct covalent attachment of the MWCNT to polymeric chains
or through strong intermolecular interactions between the polymer and identical
monomeric units covalently attached to the MWCNT.
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This study was a new type of approach to MWCNT-polymer composites as
previous studies often times would involve crude mixing of unmodified-MWCNTs with
the solvent system and host polymer or attempt to enhance interaction between the
MWCNTs and the polymer but fail to fully take into consideration the aims of
functionalization and combine this with proper characterization.

2.5  MWCNT Nanoparticle Hybrids

Another promising use for functionalized MWCNTs is to covalently attach metal
nanoparticles (NPs) for a complex nano-hybrid of nanoparticle-decorated-MWCNTs.
These hybrids show great promise for use as efficient catalytic systems® where loss of
high surface area catalytic nanoparticles is diminished when used in a continuous flow
reactor system. They can also be of interest for hydrogen storage materials given the
spillover mechanism which can be facilitated when Pt or Pd can atomize molecular H, on
the particle surface which then “spills-over” onto a material that otherwise would only
weakly bind H, but not atomic hydrogen, like CNTs or BNNTs.%

For these systems to be effective, covalent attachment of the metal nanoparticle
must be achieved such that simple rinsing does not remove the nanoparticles in the case
of catalysis or the nanoparticle is within range for the spillover mechanism to occur in the
case of the hydrogen storage material. Looking back to Scheme 2-1, it can be understood
that a properly chosen “R” group could potentially allow for covalent attachment of a
nanoparticle to a nanotube. It is well known that noble metals bind strongly to thiol
groups, and indeed long alkyl-chain thiol ligands are common for stabilizing nobel metal
nanoparticles.”® Therefore, if the “R” group were a long chain thiol, then a nanoparticle
could covalently attach to the MWCNT.

The final consideration is that colloidal techniques for synthesizing nanoparticles,
a ligand must stabilize the nanoparticle from further aggregation.”* However, if the
attached ligand is too strongly bound, then displacement of the ligand necessary for
synthesis with the functionality attached to the MWCNT may not be possible. Syntheses
of nanoparticles with a weakly bound ligand are not common as stronger ligands are
much more favorable, given the long-term stability of nanoparticles with more strongly
bound ligands, however 4-dimethylaminopyridine (DMAP) has been shown to be a
ligand which properly stabilizes noble metal NPs, but is very weakly attached such that
displacement by the functionality off the MWCNT could occur.”

2.5.1 DMAP Pd NPs Attached to MWCNTs

To obtain nanoparticles sufficient for attachment to a MWCNT, DMAP stabilized
Palladium nanoparticles (DMAP-PdANP) were synthesized using previously reported
procedures.72 Acid chloride functionalized MWCNTs (Figure 2-7) are reacted with
mercapto-dodecylamine (mDDA) by dispersing COCI-MWCNTs (1 g) in dry
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dichloromethane (1 L) with mDDA (4 g) under sonication (15 min.). This solution was
vigorously stirred for 24 hrs with intermittent sonication. This solution was then filtered
using an anodized aluminum filter (0.2 um), rinsed with dichloromethane (1 L) and
ethanol (1 L). mDDA-functionalized MWCNTs (1 mg) were then dispersed in water (1
mL) to which was added excess DMAP-PdNPs (5 uL aqueous solution). This solution
was allowed to settle for 2 days without disruption. The solution turns from a brownish
color (from the DMAP-PdNPs) to a much more clear solution over the course of a few
hours. This solution is then diluted with water and centrifuged to crash out the nanotube
material. After collecting the pellet and allowing it to dry, the material is dispersed in
IPA through mechanical shaking. This solution is spotted onto a TEM grid for analysis.
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(mDDA) and subsequently reacted with DMAP-PdNPs to form a MWCNT-PANP hybrid material.
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Figure 2-8. TEM micrographs of a. DMAP-PdNPs which was deposited onto a carbon support TEM grid.
b. MWCNT-PANP hybrid material with PANPs decorating the MWCNT.

Indeed, covalent attachment of the PANPs is accomplished as evidence from the
TEM micrograph (Figure 2-8b). The density of nanoparticles on the MWCNT is very
high and highly uniform upon the MWCNT surface. These particles should be covalently
attached considering the chemistry employed and given the centrifugation done to rinse
off any unattached nanoparticles.

This approach is promising as a variety of nanoparticles (including semi-
conducting nanoparticles) can be attached through this general approach. Furthermore,
this approach can be utilized for attaching nanoparticles to BNNTSs as well.”®

2.6 Covalent Modification of BNNTSs for the Development of Advanced
Aerospace Composites

The type of covalent functionalization of nanotubes presented for MWCNT can
also be utilized for the covalent modification of BNNTs. BNNTs have been modified
with amine functionalities within the Zettl group74 which given a chemical handle upon
which further moieties can be attached eventually resulting in interesting hybrid materials
very similar to the MWCNT-Pd NP hybrids discussed.” The amine functionalization was
affected through an ammonia plasma treatment which amine functionalized boron atoms
on the outer walls of multi-walled BNNTs. However, this technique is geometry limited
as the ammonia plasma is most effective on the regions of BNNTs directly exposed to the
plasma which is being accelerated towards the charged holder upon which the BNNTs
are placed. Furthermore, when powders of BNNTSs are used in this manner, any bundles
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of BNNTSs would not be as effectively functionalized as the plasma will not exfoliate
these bundles apart during the process.

A method for the homogeneous functionalization of all exterior BNNT surfaces of
a given sample is desired. This has been accomplished previously by the Golberg group
through the solution process, hydrogen peroxide treatment of BNNTs.”® Further
attachment of moieties can again allow for interesting hybrid materials or usage of
BNNTs for the incorporation into advanced composites. This is especially exciting for
the development of advanced aerospace composites. BNNTSs possess many ideal
properties for acrospace composite enhancement including piezoelectricity,”” "
phenomenal temperature stability,79 excellent radiation shielding, owing the large neutron
scattering cross-section of '°B,% as well as superior mechanical properties similar to
CNTs.®" All of these properties combined means that high strength, high temperature
stability, piezoelectric responsive composites with good radiation shielding could be
made, a dream material for researchers of advanced aerospace composites. One current
polymer of interest for aerospace composites are the poly-imides, specifically (b-
CN)APB/ODPA,82 which, if properly enhanced with BNNTs, could result in a composite
with all the above-mentioned properties.

2.6.1 Attachment of Arbitrary Moieties to BNNTs

To realize advanced aerospace composites using BNNTSs, work was done on the
functionalization of BNNTSs towards the eventual goal of incorporation within polyimide
composites. Initially, BNNTSs (3 mg) were first dispersed in IPA via sonication and
filtered. Hydrogen peroxide (30 % v/v, 20 mL) was used to remove the filter cake and
was briefly sonicated in a vial to disperse the BNNT material within the solution. This
solution was then added to an acid digestion bomb (Parr, 125 mL capacity), properly
sealed and inserted into an oven at 120 °C for less than 12 hrs. Longer reaction times
will oxidize the material beyond the point which is desired. The bomb was carefully
removed from the oven (carefully as it is very hot, not because it is a “bomb” as they are
designed to controllably “explode” if need be and will have already done so if pressure
build-up was past its design limitations. This being said, a quick calculation of the
pressure build up given H,O, degradation to water and O, as well as the pressure built
given water above its atmospheric pressure boiling point is recommended if using 1.
different volumes of peroxide 2. different concentration of peroxide, or 3. a different size
bomb) and allowed to cool to room temperature. Following cooling, the solution was
retrieved and filtered using a polycarbonate filter (0.2 pm pore size), and rinsed with DI
water (200 mL). This material can then be dispersed readily in water (Figure 2-9).
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Figure 2-9. Process for functionalizing BNNTSs with arbitrary functionalities. Once a chemical handle
(-OH) is attached to the outer wall of multi-walled BNNTs, further moieties can be attached such that the
exterior of the BNNT has the chemical nature of the desired functionality. The images show the BNNTs
functionalized as indicated after brief sonication in the solvents indicated, exhibiting their high solubility in
solution which they would otherwise be insoluble in.

After this chemical handle has been attached to the outer wall of the multi-walled
BNNTs, attachment of additional moieties can be achieved by reaction with the hydroxyl
functionality. For amine functionalized BNNTs (Figure 2-9), an ester is formed through
the H,SOy4 catalyzed reaction of hydroxyl-BNNTSs and 6-aminohexanoic acid in
methanol. For thiol functionalized BNNTs (Figure 2-9), an ester is formed through the
HCI catalyzed reaction of hydroxyl-BNNTSs and 3-mercaptopropionic acid in water. For
long alkyl-chain functionalized BNNTs (Figure 2-9), an ester is formed through the
H,SOy4 catalyzed reaction of hydroxyl-BNNTs and dodecanoic acid in isopropanol. With
all of these functionalization routes, the resulting BNNT material was highly soluble in
the appropriate solvent system following functionalization indicating a highly
functionalized material.
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2.6.2 Attachment of Polyimide Polymer to BNNTSs

A specific functionalization route for incorporating BNNTs within a polyimide
matrix, specifically a polyimide of great interest for advanced aerospace composites, (b-
CN)APB/ODPA,® is shown in Figure 2-10. Although this approach for developing
advanced BNNT enhanced aerospace composites is exciting, actual composite creation
was not practical owing to the scarcity of BNNTs and the relatively large quantities of
BNNTSs necessary for composite formation. However, this proof of concept for the
functionalization of BNNTSs and the possibility of incorporating them into aerospace
composites is an exciting notion that should be investigated when large quantities of
BNNTSs become more readily available.

DMF

2

Figure 2-10. Process for the incorporation of BNNTs into the polyimide (b—CN)APB/ODPA.8
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Chapter 3: Boron Nitride Nanoribbons

Since the discovery of CNTs,® the scientific community has witnessed greatly
expanded interest in one- and two-dimensional allotropes of carbon, including graphene,”
8 and graphene nanoribbons (GNRs)*® (Figure 3-1). Although graphene and GNRs
share a common sp?-bonded carbon framework,?* the different boundary conditions lead
to unique properties. With sp?>-bonded boron nitride, which shares structural analogs with
carbon (Figure 3-1), a similar discovery progression can be mapped from BNNTs™ to
few-layer hexagonal boron nitride (h-BN) sheets™ to a recent mounting interest in boron
nitride nanoribbons (BNNRs).1% Significantly different properties also exist between
these BN-based materials. For example, BNNRs are theorized to possess a wide range of
electronic, optical, and magnetic properties arising from various edge structures and
terminations resulting in an extensive body of theoretical work.”" 9 94 9698116 ey
exciting properties have been theorized when hybrid nanoribbons structures combining
boron nitride and carbonaceous phases are considered.’?® 1" 1712 These properties are
of great fundamental interest and they also have implications for applications within

various fields including low dimensional electronics, spintronics and optoelectronics.
94,96, 98-116

91, 93,
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Carbon Nanomaterials Boron Nitride Nanomaterials

CNT BNNT

Figure 3-1. (Left) One and two dimensional carbon nanomaterials including a CNT, graphene, and
a GNR. Carbon atoms are displayed in grey. (Right) One and two dimensional boron nitride
structural analogues including a BNNT, single sheet h-BN, and a BNNR. Boron atoms are
displayed in blue and nitrogen atoms are displayed in yellow. Though local bonding configurations
are nearly identical for the materials in each column, boundary conditions of the selected overall
geometries result in unique distinct edge states and unique characteristics. For nanotubes, the
circumference defines a boundary condition, whereas for a large nanosheet, the circumferential
boundary conditions are lifted and edge states have minimal affect. For nanoribbons, the width
defines new boundary conditions and edge states can significantly affect many material properties.
Images made using Accelrys Materials Studio 4.3.
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3.1  First Synthesis of BNNRs

Numerous routes to GNRs are now well established,gg"88 and some of these
approaches, such as the plasma etching of nanotubes imbedded within a polymer,127 have
been explored for the syntheses of BNNRs.* However, unlike the case for GNRs,*®
the facile, scalable synthesis of high quality BNNRs remains a significant challenge and
only one alternative synthesis of BNNRs” has attempted to answer the call of the
significant body of theoretical BNNR research. The approach for this synthesis was to
spin BNNTs onto a substrate, embed them within a polymer, peel them off the substrate
and then plasma etch the bottom side of the peeled polymer. The effect was to plasma-
etch portions of the BNNTs embedded within the polymer, yielding BNNRs following
removal of the surrounding polymer, very similar to one of the first GNR synthetic
methods.® Although this was indeed the first synthetic method for BNNR production,
many aspects of this synthesis were not ideal. The synthesis requiring a substrate will
always be limited in terms of its scalability. Also, the polymer required for synthesis
makes separation and cleaning of the ribbons difficult. Indeed, conductivity
measurement of these ribbons done in situ during TEM analysis likely had conductivity
resulting from all the residual carbon owing to the required polymer step of the
synthesis.'*® Finally, few layer ribbons with quality edges were difficult to produce via
this method as plasma etching is not preferable in any certain geometry for a given
precursor BNNT and apparently etches through many walls of the precursor BNNT.

3.2 First Scalable Method for High Quality BNNRs

Given these limitation of the BNNRs produced via the plasma etch method, other
approaches to BNNR formation were considered, especially taking into consideration the
various approaches for GNR synthesis available. A particularly effective route to high
quality GNRs involves potassium-intercalation-induced longitudinal splitting of CNTs.®
This is the approach taken here for the synthesis of BNNRs.

K Intercalated
BNNT BNNT BNNR

il Quench HZO
Sonlcate in IPA
to disperse

Figure 3-2. Schematic of the splitting process of a BNNT to form a BNNR. Boron atoms are in blue,
nitrogen atoms in yellow, and potassium atoms in pink. The pristine BNNT (Left) begins to locally unzip
owing to potassium intercalation induced pressure buildup and reactivity with features of the BNNT
(Middle) which results in further splitting of the nanotube in the longitudinal direction to form few layer
nanoribbons (Right) which are quenched with water and can be readily dispersed in isopropanol. Images
made using Accelrys Materials Studio 4.3.

Seal in Vacuo
with K metal

)

300 °C for 72 hours ,.i'"_,
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Figure 3-2 shows pictorially the mechanism for splitting BNNTSs through alkali
metal intercalation. Using this approach, we find that potassium vapor treatment of
BNNTs yields narrow (between 20-50 nm), long (at least 1 pm in length), few sheet
(usually between 2-10 layer) pristine BNNRs with very uniform widths as well as
minimal defects within the ribbon plane and along their edges. The synthesis process is
bulk, facile, and easily scalable. Approximately 1% of treated BNNTs exhibit splitting,
comparable to a common bulk route to GNRs,™" and separation should be possible
through established GNR purification techniques.®® **" Our process allows for BNNRs
that can be stabilized in a solvent and then dispersed onto various substrates to allow for
further characterization and potential device fabrication."”®

3.2.1 Precursor BNNTSs

BNNTs from different synthetic methods afforded themselves differently to
potassium vapor treatment. Some BNNTs are noticed to have closed ends (Figure 3-3b),
and splitting was more difficult with these tubes presumably as a closed end would hinder
potassium intercalation between tube walls. If these tubes were subjected to aggressive
sonication, ends could be opened by effectively ripping apart tubes to form smaller tubes,
but significant damage to nanotube walls was also caused by this process, and splitting of
this material was likewise difficult. BNNTSs synthesized through the vertical induction
furnace method using metal oxides (specifically Mg and Sn) as catalysts with solid boron
and ammonia as B and N sources, respectively, were ideal for usage as very high
crystallinity, predominantly open ended BNNTs are formed (both Figure 3-3a, Golberg
lab material, and Figure 3-3d, Zettl lab material). Another material which potassium
vapor treatment has been attempted on is BNNT material synthesized by collaborators in
a NASA lab (Figure 3-3¢).'® This novel synthetic technique utilizes a high power laser in
a high pressure N, environment to react pure boron powder with elemental nitrogen.

This method produces very small diameter BNNT of long lengths, but the increased
interaction between these small diameters of BNNTSs (similar to bundling of SWCNTs)
make analysis of the ends of these BNNTs very difficult.
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Figure 3-3. TEM micrographs of a. BNNTs synthesized from collaborators in the Golberg labs.*® Inset
shows an opened end commonly found for these BNNTs. b. BNNTSs synthesized (by Mark Lorente, Zettl
labs) through a CVD furnace method using NH;, boron powder, and MgO, very similar to a method
developed in the Golberg labs.™*! c. BNNTSs synthesized by collaborators from NASA research via a laser
system under high pressure N, with boron powder.*? Inset shows how determination of whether the ends
of these tubes are open is difficult given the highly interacting nature of these small diameter BNNTs. d.
BNNTs synthesized (by Michael Rousseas, Zettl labs) through a high temperature induction furnace
method using NHj3, boron powder, and SnO.

= 3

The precursor BNNTs (Figure 3-3d) utilized for this study were synthesized
through a process similar to a previously reported route.’®® A mixture of solid boron,
magnesium oxide and tin oxide powders were placed in a graphite crucible which was
heated under a nitrogen atmosphere in a vertical induction furnace to 1500 °C. Nitrogen
carrier gas brought the powder into a graphite vessel where it reacted with ammonia to
form a white, spongy material rich in BNNTs.
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3.2.2 BNNR Synthetic Route

BNNT materials (3 mg, Figure 3-3d) were taken as synthesized, and placed into
the bottom of a % inch quartz tube sealed on one end. A notch in the tube was made to
separate the BNNTSs from the potassium metal (30 mg), which was freshly cut in a fume
hood, rinsed with dry diethyl ether to clean off mineral oil, and then placed into the
quartz tube (CAUTION: Potassium and sealing of the potassium-loaded ampoule should
be handled with utmost care, due to the highly reactive nature of potassium metal. Users
should wear safety glasses and a face shield, and all operations should be done in a fume
hood when handling this reagent). The quartz tube was then taken to 10 Torr by
evacuating with a turbo pump and the quartz tube was sealed with a H,/O, torch. The
created ampoule was then placed in an oven at 300 °C for 72 hours. Higher temperatures
resulted in significant reduction of the quartz and sometimes resulted in broken
ampoules. Lower temperatures resulted in lower yields of BNNRs. Residual
carbonaceous materials, presumably from remaining mineral oil and from atmospheric
adsorbates, graphitized on the surface of the BN material during the treatment making it
grayish. This residual carbon was therefore calcined off at 600 °C in air for 30 minutes
such that only BN material remained. Both the BNNT and BNNR material could be
readily dispersed in isopropanol under mild sonication and then dried onto any surface.
For our purposes, the material was dispersed in IPA and spotted onto Au mesh lacey
carbon TEM grids and allowed to dry for further analysis. TEM analysis was done on a
JEOL 2010 microscope operated at 100 kV.

3.2.3 BNNR TEM Analysis and Discussion

BNNTs used for the BNNR synthesis were of variable diameters ranging from 6
nm to 70 nm (see Figure 4-4a). Figure 3-4a displays a TEM micrograph of a typical
BNNT precursor. The tube displays characteristic higher contrast walls with a lower
contrast inner core.** The periodic darkened regions along the length of the nanotube
are common for high quality BNNTs."* Diffraction of the BNNT (F igure 3-4a inset)
displays spots that are elongated perpendicularly to the tube axis, owing to the curvature
of the nanotube, and demonstrates high intra-wall crystallinity.133
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Figure 3-4. TEM micrographs of the following: a. Common BNNT precursor. Scale bar is 50 nm. Inset is
diffraction of the BNNT. Diffraction peaks elongate perpendicularly to the tube axis, indicating a
cylindrical geometry. b. A few layer BNNR that has a pristine, straight edge along the bottom and is
scrolled at the top. Carbonaceous adsorbates are noticeable on the ribbon surface. Scale bar is 10 nm. c.
Another few layer BNNR that has unzipped off its parent tube on the right. Arrow marks the zoomed in
region found in the inset, which highlights a singular triangular defect found along the ribbon

edge. Scale bars are 10 nm. d. A lone BNNR about 5 layers thick. Scale bar is 10 nm. Inset shows
diffraction of BNNR which lacks elongation of diffraction peaks indicating a flat geometry.

Figure 3-4b displays a TEM micrograph of a BNNR likely two layers thick with a
pristine, linear edge and nearly defect free surface. This ribbon scrolls up along the top
and some carbonaceous adsorbates are noticeable on the ribbon surface. Figure 3-4c
displays a TEM micrograph of a BNNR 40 nm in width which has been partially split off
of'its parent tube. This ribbon also appears to be two layers thick and scrolls up when
near the parent tube, straightening out further from the tube. This ribbon also has
minimal defects within the plane and along its edge, but the inset of Figure 3-4¢
highlights a singular defect found along the edge. Triangular defects like this are
commonly observed when boron nitride materials are subjected to electron beam
irradiation and normally a defect of this geometry is zigzag along its edge."** Assuming
this orientation, the general ribbon edge here would be zigzag. This is likely since
BNNTs often form with all their walls being mostly of armchair or mostly of zigzag
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orientation,"* yielding ribbons with edges defined by the tube chirality. The periodic
contrast seen along the observed edge in the micrographs of Figure 3-4 should not be
mistaken for the ribbon edge where bond termination occurs. It instead represents a fold
where the edge of the ribbon folds back onto the plane of the ribbon.™*® Such edge
folding or partial scrolling is common in graphitic materials,*> **® including GNRs,? and
it is also observed for boron nitride materials.*® However, the linear nature of the
observed edge likely indicates a similarly straight edge where bond termination does
occur.

Brief sonication in isopropanol separates many ribbons from their parent tubes,
and a lone ribbon of about 5 layers is seen in Figure 3-4d. Diffraction of the BNNR
(Figure 3-4d inset) is markedly different from the diffraction of a BNNT. Specifically,
the curvature induced elongation of diffraction spots, seen for nanotubes, is absent for the
ribbon, indicating its flat geometry. This diffraction pattern further indicates that the
highly crystalline nature of the parent BNNTs is conserved during BNNR formation. It
also reveals the edge orientation to be aapproximately armchair in this ribbon. Although
BNNRs, similar to the parent BNNTs,* are expected to often have successive layers of a
similar orientation, our diffraction studies also show a second set of spots resulting from
either another preferred orientation of some layers or folding of the ribbon along the
edge.

a.

Figure 3-5. TEM micrographs of: a. A long BNNR, having a consistent width along the length of the
ribbon and straight edges. It spans across the image draping on top of lacey carbon to the left and over an
unzipped BNNT to the right. Three arrows point to the ribbon to aid identification. b. A BNNR over 1
micron in length, pointed to by the arrows. The middle arrow points to a twist in the BNNR. Scale bars are

both 300 nm.

Figure 3-5 shows more BNNRs that are well-separated from their parent tubes,
one being at least 1 um in length. Ribbons tend to drape along the lacey carbon and
BNNTSs making the full length of the ribbons difficult to determine. The flexibility of the
BNNRs is evident as a ribbon changes slightly in direction while draping along the lacey
carbon support in Figure 3-5a. Figure 3-5b shows another ribbon with a full twist
(labeled by the middle arrow). Such geometries are not possible for rigid BNNTSs.
Ribbons are seen to have consistent widths along their entire lengths, only changing in
apparent width when accommodating geometries like the twist seen in Figure 3-5b.
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Figure 3-6. TEM micrographs of: a. A few layer BNNR splitting off its parent ribbon. The arrow marks
the zoomed in region found in (b). Scale bar is 50 nm. b. Zoomed in region where the few layer
nanoribbon is seen coming off its parent nanotube. Scale bar is 5 nm. ¢. Two BNNTSs next to each other
exhibiting splitting with their associated BNNRs coming off the sides as indicated by the arrows. Scale bar
is 50 nm.

Figure 3-5a,b displays details of a ribbon in the process of splitting off its parent
tube, clearly displaying how a few outer walls peel off of the nanotube to form the
nanoribbon, which then separates away from the parent tube. Again, straight edges and a
consistent width are observed for this ribbon. Although the intermediate stage of splitting
is highlighted here, most BNNRs are seen to be fully separated from their parent BNNT
following the gentle sonication used to disperse them in solution. Figure 3-5¢ shows
neighboring BNNTs with BNNRs actively splitting off of them.

3.2.4 Alternative BNNT precursors

Other BNNT sources were investigated to determine their response to potassium
vapor treatment (Figure 3-7). BNNTSs synthesized through the laser heating of elemental
boron powder in high pressure N> do exhibit splitting into BNNRs (Figure 3-7b).
However, the very “sticky” nature of the BNNTSs, which exhibit strong intermolecular
interactions with each other and are difficult to observe individually, makes assessment
of the success of potassium vapor treatment difficult.
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Figure 3-7. TEM micrographs of a. BNNRs from the NASA BNNTS (Figure 3-3¢) and b. zoom in of a
BNNR from the NASA BNNTSs c. BNNRs from the Golberg BNNTSs (Figure 3-3a), d. zoom in of a BNNR
from the Golberg BNNTSs and e. a BN platelet formed from Golberg BNNTs.

BNNTs synthesized by the Golberg labs (Figure 3-3a)*® also exhibited splitting to
form BNNRs (Figure 3-7c,d). These larger diameter BNNTs do not agglomerate, so
assessment of precursor BNNT ends is possible and confirms that most BNNT ends are
open and likely suitable for potassium vapor treatment. Indeed, BNNRs do form (Figure
3-7¢,d), however, given the understood mechanism of both potassium intercalation
induced pressure build-up and the reactivity of potassium with sp® bonded lines of boron
atoms found at the junction of facets within a BNNT (see later section), these BNNTs do
not seem as effective at BNNR formation. The reason for this is that Golberg BNNTs
have a highly faceted structure along the length of the BNNT. Some BNNTs display a
continuous periodic structure like that found for BNNTSs synthesized within the Zettl labs
(Figure 3-4a), but more often small facets will form randomly along the length of the
BNNT. Given this, these facets become “liberated” under potassium vapor treatment,
often forming BN platelets (Figure 3-7¢) which are much more commonly observed
features of potassium vapor treated Golberg BNNTSs than actual BNNRs. Although these
BN platelets may be of interest given the quality edges they usual exhibit, they are not
strictly BNNRs and are more dissimilar to the theoretical studies done thus far on
BNNRs.

3.2.5 Alternative BNNR Synthetic Routes

Alternative methods for the synthesis of BNNRs were undertaken in close
collaboration with the Rice group headed by James Tour. A method developed by
Bostjan Genorio involves dissolving a sodium-potassium alloy in 1,2-dimethoxyethane,
in which precursor BNNTSs are dispersed. Allowing this reaction to occur over 5 days
followed by quenching with methanol results in quality BNNRs (Figure 3-8). This
method is promising as it is both more easily scaled (given the solution chemistry
employed) as well as seems to provide for better yields of BNNRs.
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1. Na/Kalloy,
1,2-dimethoxyethane,
R.T., 5 days

—_—

2. MeOH, R.T., 10 min

Figure 3-8 TEM micrograph of a BNNR formed through the alkali solubilized method for BNNT splitting,
being pictorially represented in the lower schematic, where precursor BNNTs (left) are reacted with a Na/K
alloy dissolved in dry 1,2-dimethoxyethane to form BNNRs (right) following a quench step in methanol.

3.2.6 Separations of BNNRs from Parent BNNTSs

If separation of the synthesized BNNRs from the parent BNNTs can be achieved,
increases to yields (which have been minimal for the alternative techniques attempted)
will be unnecessary as any reasonable fraction of BNNRs which are formed from BNNTs
can be separated to yield a material which has a very high proportion of BNNRs.
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3.2.6.1 Separation via PmPV Wrapping

One of the most common and useful syntheses for GNRs utilizes the polymer
poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV), whereby a
material having relatively few GNRs compared to precursor MWCNTs can be solubilized
through the aid of a wrapping polymer and then ultracentrifuged.**” Owing to the density
difference between a polymer wrapped GNR and a polymer wrapped MWCNT,
ultracentrifugation is able to sediment the MWCNTSs much quicker than the GNRs. This
results in a solution of almost pure GNRs which can be utilized for a variety of
procedures following removal of the polymer (Figure 3-9).

Figure 3-9 TEM micrographs of a GNRs produced via the Hongjie Dai method™’ for mildly oxidizing
MWCNTs, surfactant wrapping and unzipping through sonication and finally ultracentrifugation for
separation of GNRs from precursor MWCNTs. a. A single layer GNR with residual polymeric wrapping
molecule. Holes are noticed as the sample is heated in air to 425 °C for 15 min. resulting in degradation of
the GNR. b. A GNR (upper right) protruding off a parent MWCNT (bottom left) with residual polymer at
the junction of these.

Undergoing a similar procedure, BNNR separation from the parent BNNTs was
attempted. Solutions of PmPV (7.5 mg) in 1,2-dichloroethane (DCE, 10 mL) were made
in which potassium treated BNNTSs (3 mg) were dispersed via mild bath sonication (Crest
Sonicator, Model CP230D, power level 3, 60 minutes). Immediately following
sonication, solutions were super-centrifuged at 19,000 RPM in a Sorvall Supercentrifuge
for 4 hours. The supernatant was carefully removed and filtered using an anodized
alumina filter (0.2 um pore size) and rinsed with DCE (200 mL). The filtered material
was dispersed in IPA via mild sonication and spotted onto a lacey carbon TEM grid. For
copper or gold mesh lacey carbon TEM grids, heating was done in air at 425 °C for 15
minutes to remove residual polymer to allow for better imaging, resulting in solution with
the ratio of BNNRs to BNNTSs being slightly enhanced from the original material (Figure
3-9), although purification was not as successful as hoped (still only ~5% BNNRs). This
approach varies slightly from the one employed for GNR separation for a few distinct
reasons. BNNTSs and BNNRs agglomerate quickly in solution, and if a solution of
sonicated potassium treated BNNTs is allowed to rest for more than a few hours,
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agglomeration begins making preferential sedimentation of BNNTs compared to BNNRs
impossible. This being said, immediate centrifugation following sonication is necessary.
Furthermore, the sedimentation force required for pelletizing BNNT material solubilized
by PmPV in DCE is less than that necessary for pelletizing CNT material. Given this,
centrifugation speeds can be slower, however centrifugation at ultracentrifuge speeds
would still be ideal, but not yet studied. A final note that although the yield seems
similar, separations of Golberg synthesized BNNTSs following potassium treatment versus
Zettl lab induction furnace synthesized BNNTSs following potassium treatment were very
different. The ones synthesized in the Zettl labs were much more successfully separated,
yet the overall availability of the Zettl BNNT material was very low compared to the
Golberg synthesized BNNT material, making proper separation studies difficult.

2% i & y/4
Figure 3-10. TEM mfcrographs of BNNRs separated from Golberg method BNNTs a,b. via PmPV
wrapping and centrifugation. Many parent BNNTs still remain (b).

3.2.6.2 Separation via Superacid Solubilization

A method utilized for separating BNNRs from the parent BNNTs was through the
superacid solubilization and subsequent centrifugation of the potassium treated BNNT
material. Super acid solubilization of graphitic and boron nitride based nanomaterials has
proven largely successful,*® with the solubilization of hBN nanosheets being specifically
investigated in methanesulfonic acid (MSA).” This MSA solubilization was investigated
for the solubilization of potassium treated BNNTSs such that subsequent centrifugation
could result in separation of the BNNRs from the parent BNNTSs. Potassium treated
BNNTs (3 mg) were initially dispersed within IPA and sonicated until no large chunks
remained. This materials was filtered using a polycarbonate filter, and the filtered
material was transferred into a glass centrifuge tube (“oil centrifuge tube”) and allowed to
air dry. To this tube, MSA (20 mL) was carefully added. This tube was capped and
parafilmed before sonicating at lower power (power level 3, 90 minutes) at which point a
noticeable color change occurs indicating solubilization of the boron nitride
nanomaterials.”® The centrifuged tube was then properly balanced and centrifuged at
moderate speed (7,000 RPM) for 4 hours. Unfortunately due to the reactive nature of this
superacid, higher speed centrifugation is difficult to safely experimentally undertake.

The supernatant is carefully and slowly decanted into a large reservoir of water (300 mL,
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which is contained in a much larger beaker (1 L) such that any splashing from superacid
addition to water is not hazardous), which is then filtered through a Teflon filter (0.2 um
pore size). The filter cake is redispersed in water (300 mL) and refiltered as above. This
material is dispersed in IPA and spotted onto TEM grids for analysis. Separations
through this route did seem possible (Figure 3-11), but the lower centrifuge speeds
required makes proper separation more difficult.

Figure 3-11 TEM micrographs of BNNRs separated from Golberg method BNNTs via methanesulfonic
acid solubilization and subsequent centrifugation showing a BNNR and a few remaining parent BNNTs.

Separation using solutions with chlorosulfonic acid (CSA) were also undertaken.
However, CSA is a much stronger superacid, so the experimental design must be changed
to account for this and resulted in poorer separations. Briefly, if CSA is used in the
manner described above for MSA, much more care must be taken at each and every step.
CSA must be stored and handled in the glove box given its violent reactivity with water.
Atmospheric moisture will only degrade the quality of CSA, but any contact with liquid
water will result in violent spitting and spraying of a super acid (not desirable!!!!). Given
this, preparations of solutions must be done in a glove box. Then sonication must be
closely monitored as the tube falling into the sonicator would be disastrous (however
retrieving the tube if it were to fall into the sonicator is NOT recommended unless you
are absolutely certain that there should be no leaks in the tube cap seal, therefore, much
parafilm should be used to help make that seal tight!!). Centrifugation can then be done
with a glass centrifuge tube (CSA will react even more quickly with any polymeric
centrifuge tube). Decanting must be carefully undertaken in many respects. A large
beaker of low density ice (not cubes, but the ice chunks common for ice makers is
suitable) must be prepared. Then a glass pipette can be used to carefully withdraw a mL
at a time of the CSA/BNNT/BNNR material. The pipette must then be quickly inserted
to the BOTTOM of the ice (with a good 5 inches of ice above the tip where CSA will be
released) and then moderately quickly the CSA solution should be dispensed. Care must
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be taken to not get any solution onto the pipette tip (from melted ice or from touching the
rising liquid solution) as any droplets on the pipette tip will result in spitting of the CSA
solution when subsequent aliquots of the supernatant are withdrawn. Finally, any and all
materials that have come into contact with CSA will violently spit when exposed to
water, so be very careful with the discarding of pipette tips, centrifuge tubes or any other
material that come into contact with CSA. Also, these materials must be deluged with
water to bring washing solutions of them to a moderately safe pH. The ice solutions can
then be allowed to melt and then filtered as above. However, given all the precautions of
this approach coupled with the initial lack of results means that this approach for
separating BNNRs from BNNTs is likely not worth further investigation.

3.2.6.3 Separation via Oxidation of BNNT/BNNRs

An approach to separate BNNRs from the parent BNNTs undertaken was through
the oxidative functionalization of potassium treated BNNT material followed by
solubilization and subsequent centrifugation. The method employed was based off an
approach developed by the Golberg labs.” Potassium treated BNNT materials (3 mg) is
first dispersed in IPA via sonication and filtered. A process identical to that described in
Chapter 2 for the oxidation of pristine BNNTSs was then done. After reaction with H,O,
at elevated temperature, the solution is retrieved and filtered using a polycarbonate filter
(0.2 um pore size). The filter cake is then sonicated in IPA or NMP (90 minutes, power
level 3) and then supercentrifuged as above for the PmPV samples. The supernatant is
retrieved and then spotted onto lacey carbon TEM grids. Separations using this approach
were not as promising as hoped and the material would have to be restored back to its un-
oxidized state which may prove difficult (see Chapter 1).

A final approach for separation which was conceived and initially investigated
was size selective filtration of materials. Following sonication, dispersed solutions of
BNNTs and BNNRs could be placed in a dialysis membrane will a very large pore size.
The flexibility and smaller overall size of BNNRs could allow for them to preferably
travel through the dialysis membrane pores. Although this was initially investigated,
experimental procedures were not optimized and work would have to be done to optimize
this process.

3.2.7 Understanding the Mechanism of Splitting and the Resultant BNNRs

Potassium intercalation between walls of a nanotube is crucial for the splitting
process with the previously reported GNRs synthesis88 and is considered essential in our
case of BNNR formation. However, unlike the case of graphitic materials where there
exists a large body of research on intercalation compounds,*®® studies on the intercalation
of h-BN are limited."** **! Alkali metals are among the few experimentally reported
intercalants of h-BN,*% 2 and the equilibrium interplanar spacing for potassium
intercalated h-BN has been calculated to be 5.8 A.*** For a nanotube, this significant
increase in wall spacing from 3.4 A would result in significant bond strain
circumferentially around the tube. The mechanism of splitting proposed to occur during
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potassium intercalation of CNTs likely also occurs for BNNTSs, whereupon intercalated
potassium islands grow from an initial starting point of intercalation.®® This island
growth continues until enough circumferential strain results in bond breakage. Finally,
potassium bonds to the bare ribbon edge and the hindrance arising from these moieties
induces further splitting longitudinally.®® If the potassium intercalation induced splitting
of BNNTs occurred randomly within the tube, the edges of the resultant ribbons would be
expected to be only moderately straight. The extremely linear, high quality edges
observed for our BNNRs indicate that some further order to the splitting process occurs.
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Figure 3-12. a. Representation of the two different helices present in many BNNTSs with the continuous
helix representing the cylindrical portion of the tube and the segmented helix representing the faceted
hexagonal planes with the two adding together on the right to form a double helix structure,"® similar to
that seen in the TEM micrograph of the BNNT to the far right, which has this double helix formation
overlayed on the far right to aid in understanding of the structure. b. Representation of two planes of
hexagonal boron nitride meeting and adjoining at a facet (planes above the atomistic representation help in
indicating where within the structure of a. these formations exist). Red arrow points to the line of boron
atoms which would be highly acidic under this strained configuration. Below, the BNNR that could be
produced if potassium were to react with the line of boron atoms as discussed above following a water or
ethanol quench. In this BNNR, hydrogens are attached to both edges of the BNNR, given the understood
edge functionalities for the quenching solutions used. This BNNR perfectly matches a theoretically
considered BNNR.%
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To understand the mechanism of splitting, a further look at the bonding structure
of BNNTs is instructive (Figure 3-11a). A significantly larger interplanar interaction
exists between walls of a BNNT compared to CNT walls as polar boron-nitrogen in-plane
bonds result in AA’ stacking between planes to allow heteroatoms from adjacent walls to
align.’® This often results in all walls of a BNNT being of nearly the same chirality,
unlike the random chiralities found in CNTs, which maximizes the overlap between
boron and nitrogen atoms in adjacent walls.*** However, the commensurate stacking
cannot continue around the full circumference of a tube given the changing diameter of
concentric tube walls. A thorough TEM diffraction study™ revealed that this geometric
constraint often results in tubes that are formed in a double helical fashion. One helix
consists of walls which are AA’ stacked and flat, with facets along the helix. A second
helix completes the tube which has consecutive walls that are mismatched and not AA’
stacked. The crystalline helix causes characteristic diffraction peaks of a faceted,
polygonal structure whereas the lower crystallinity helix causes diffraction peaks
characteristic of a cylindrical structure. Finally, within the highly crystalline faceted
helix, lines of strained Sp3 bonds connect each facet, on the order of 6 facets around the
tube, wll:gl these lines running parallel to the longitudinal axis of the tube (Figure 3-
11a,b).

We propose that due to the observed highly linear edges of our BNNRs,
potassium likely preferentially intercalates near these higher energy lines of sp3 bonds
connecting facets and eventually begins splitting along these lines (Figure 3-11b).
Splitting then propagates down the tube following these lines of weaker bonds, also
inducing splitting through the mismatched structure regions. This splitting along
predefined lines within the BNNTSs explains the high quality, linear edges that are seen on
the BNNRs. Also, boron atoms along these lines would be highly acidic with enhanced
reactivity towards electropositive potassium, allowing for easier splitting along the lines.
Furthermore, a larger interplanar spacing exists along these lines of sp* bonds likely
allowing for more facile intercalation into these regions. Finally, intercalation likely
facilitates exfoliation of unzipped walls as it disturbs the interplanar interaction between
the BNNT walls. Splitting under these conditions could produce BNNRs that exactly
match theoretically considered BNNRs (Figure 3-11b).% Splitting through this process
should not introduce defects within the ribbon plane, as we have observed with our
BNNRs. As with most nanomaterials, each particular BNNT varies significantly from
the next in terms of overall structure and geometry. Therefore, although this mechanism
is proposed, it is understood that the splitting to form each ribbon is highly dependent
upon the particular characteristics of the parent tube and much more complex mechanics
may occur to allow for each individual ribbon to form.

Since BNNTs will often form in either zigzag or armchair orientation, ™ the
longitudinal splitting of BNNTSs seen in this study may result in a high proportion of
ribbons with zigzag and armchair edges (Figure 3-4) as opposed to other edge
orientations. This is especially exciting given the significant body of theoretical work
done on BNNRs recguiring edges with minimal defects and usually of zigzag
orientation.” % %% predicted properties for BNNRs include metallic or semi-
conducting electronic states, which can be magnetically polarized,> 9% 9% 94 96.98,99.120 5
well as edges displaying ferromagnetism or antiferromagnetism,”® %.98.99 311 of which are
dependant upon edge geometry and termination. Given this significant dependence upon
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BNNR edges for imbuing particular electronic and magnetic properties, the high
likelihood of synthesizing ribbons with zigzag edges may make them particularly suitable
for addressing theoretical predictions and realizing proposed applications. It is also
worthwhile to consider the possibility of functionalizing the edges of these BNNRs.
GNR edges synthesized via this route are potassium terminated during synthesis and
hydrogen terminated upon exposure to water or ethanol.®® BNNRs synthesized through
this route could be similarly terminated, and many of the predicted BNNR properties
necessitate hydrogen terminated edges.94' %-98.100 By rthermore, the reactive potassium
terminated edge could easily be replaced with species other than hydrogen. Different
chemicals could be used for quenching to impart other terminations. In addition,
hydrogen could be replaced after quenching by either utilizing established boron nitride
functionalization routes™** **° or by devising new routes unique to the highly reactive
nanoribbon edge.
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Chapter 4: Hexagonal Boron Nitride

The significant interest in graphene has heralded in a mounting interest in other
2D-crystals,'*® especially hexagonal-boron nitride (h-BN), which is a material very
closely resembling graphene. Instead of a two carbon atom unit cell, the h-BN unit cell
consists of a boron and nitrogen atom, making it isoelectronic with graphene such that
similar sp® bonding exists in this material, which also forms a 2D hexagonal lattice
resembling a honeycomb. Subtle differences exist between the bonding structure of h-
BN and graphene, as indicated in Table 4-1.

Hexagonal

Graphene Boron

Nitride

Bond Length (d) 142 pm 145 pm

In plane lattice
Spacing (a) 246 pm 250 pm
Interlayer

Distance (c) 335 pm 333 pm
Bond Order 1.33 ~1.22

Table 4-1. Small differences exist between the graphene and hexagonal boron nitride bonding structure.

One of the most significant differences in Table 4-1 is the difference in bond
order between these two materials. This arises as the two extra electrons on the nitrogen
atom after forming the initial sz bonds are not perfectly shared in a m bond, like in
graphene, but instead partially remain on the nitrogen atom, given is higher
electronegativity than boron . The electronegativity difference between these two atoms
also polarizes the sp” bonds such that a partial negative charge exists on the nitrogen
atom and a partial negative on the boron. This polar bond, and also different orbital
ionization energies of boron and nitrogen 2p orbitals, results in h-BN having a large band
gap (~5.9 eV)*’ compared to the zero-gap which graphene exhibits.
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4.1  Applications of h-BN

Many various applications of h-BN can be envisioned. Given its single atom
thickness, h-BN is of interest as a thin dielectric (indeed, the thinnest possible
dielectric).**® h-BN has also been seen to be an ideal substrate for graphene (enhancing
the mobility of graphene significantly over a similar device where graphene is deposited
onto a silica substrate).> * There is also interest in its usage as a very high quality factor
mechanical resonator, potentially having a Q-factor larger than already promising
graphene resonators," given the lack of energy dissipation with its large band gap.
There is also significant interest in creating hybrid structures whereby a single atomic
sheet consists of graphitic portions and h-BN portions bonded together in various
geometries.loe’ 107,117-126. 151 Pyrther interest along these lines includes interest in the
synthesis of a as stoichiometric BCN material with, for example, a BNC, unit cell, which
could result in materials with band gaps intermediate between hexagonal boron nitride
and graphene,' which will be discussed more in-depth later on. h-BN also has
significantly higher stability in oxidative environments, so interest in h-BN layers for
passivation has been significant for many years.™

4.2 Syntheses of h-BN

To realize the potential applications of h-BN, thin h-BN layers (ideally from sub-
monolayer upwards to multi-layer materials) must be synthesized. Indeed, a significant
body of work exists at this point with syntheses of single sheet h-BN being accomplished
on single-crystal transition metal substrates.”® 147 118 Mgt often these studies use the
molecule borazine (B3;N3;Hg, the boron nitride equivalent of benzene) as the boron and
nitride source,*® 7 ¥**18 byt sometimes other boron and nitrogen sources are used. 84188
Certain requisite aspects of these syntheses are not desirable in terms of producing a
material suitable for the above-mentioned applications. For non-academic purposes, the
material produced is not suitable given that the syntheses requires ultra-high vacuum
(UHV) conditions such that very low doses of borazine can be used (only 40 Langmuirs;
1 L =107 torr*s, or the dosage necessary to give a monolayer of a perfectly sticking
adsorbate) and the growth substrate must be a single crystal. These studies all utilize a
single crystalline substrate, given the preferential growth of h-BN on particular
crystalline faces, but in order to be utilized for its proposed applications, the synthesized
h-BN must be liberated from the catalytic growth surface. This is common practice for
graphene syntheses where the copper substrate for graphene is dissolved away to liberate
the graphene layer. However, for single crystal substrates which have commonly been
used for h-BN synthesis, this idea comes across as absurd as single crystalline substrates
are prohibitively expensive to simply dissolve away (even in the best funded research
labs!). Given this, it is of great interest to design a synthetic technique for the synthesis
of few layer (down to sub-monolayer) h-BN in a way which could be commercially
viable: without a single crystalline substrate and not under UHV conditions.
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4.2.1 Current non-UHV Approaches

To develop a scalable method for the synthesis of few layer h-BN, the graphene
synthetic advances are informative to consider. Indeed, quality graphene can now be
synthesized in such a manner through the non-UHV CVD decomposition of
carbonaceous precursors onto a transition metal foil.*° Using this approach, inexpensive
metal foils could act as the catalytic surface where boron and nitrogen precursors could
decompose and growth h-BN crystals under non-UHV conditions. Indeed, work has been
done attempting to synthesize such materials, with some notable successes of thicker h-
BN material*’ 189 190 synthesized through CVD methods on Cu and Ni foils, with a
recent success of sub-monolayer to monolayer growth of h-BN on Cu foil.*

The main difference between the previous CVD h-BN syntheses of thicker
material and the latter success of synthesizing single layer h-BN is in regards to the
precursor molecule. For the previous studies, borazine was either used directly or made
in-situ through the decomposition of ammonia borane (BH3;NHj3) by heating it at ~120
o 147189190 The Jatter synthesis decomposed ammonia borane at ~80 °C yielding amino
borane (BH>NH>), which presumably is stable at the reaction temperatures (although this
molecule is devastatingly understudied), becoming the main precursor material for h-BN
growth in the CVD chamber. It seems that with this alternative precursor, many
difficulties with the h-BN synthesis via borazine are bypassed, as high quality thin h-BN
sheets via borazine using a CVD method have not yet been established. However, usage
of this precursor is as of yet far from optimal. The synthesis employed is completely
non-reproducible as the dosage of this precursor is completely unknown (and the
precursor itself is proposed, but certainly not determined) and achieving the low doses
required for monolayer or sub-monolayer growth proves very challenging. Indeed, CVD
processes utilizing solid precursors is a challenge to begin with, in terms of determining
dosages of the precursor molecule, and when the precursor is actually a decomposition
product of a reagent, this challenge is significantly enhanced.

4.2.2 Considerations for CVD Growth of h-BN

Some of the difficulties with the non-UHV, CVD approach for synthesizing h-BN
should be outlined. The metallic foil being used for the synthesis has high roughness as
purchased, unlike high quality single crystal substrates used in the UHV studies.
Therefore, different reaction rates will occur on the different crystal faces, making
homogenous numbers of layers of h-BN difficult to achieve, and significant roughness
can result in much thicker regions around rougher regions where nucleation is
significantly enhanced. Also, much higher doses of borazine will almost necessarily be
used at non-UHV conditions. It is desired that a simple rough pump could provide
sufficient vacuum for h-BN growth, yet the doses used in UHV studies of 40 L with
multi-layers forming at a few thousand langmuirs, meaning that with a base pressure of 1
mTorr (optimal conditions for a rough pump) and a resultant measurable partial pressure
of borazine near that base pressure, borazine can only be dosed for under a second. This
sort of synthesis would be absurd to attempt given the time required for equilibrium to be
established in a complex CVD system, so notions of how to artificially lower the
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borazine dosage must be considered (although with the CVD setup which will be
described, partial pressures of borazine below the base pressure are possible). One
approach is to introduce H; into the system as H, competitively etches h-BN as it is
growing,164 and it also allows for h-BN to grow over step edges on a crystal surface,'®
which is very important on a rough surface like the metal foils commonly used for CVD
syntheses. Considering all this, H, should be flowed during the synthesis, and a
moderately higher temperature (~ 900 °C instead of ~750 °C) should be used to account
for the decreased reactivity of non-preferred crystal faces which will be exposed on the
metal foil surface.

Carbon contamination is also a major concern when synthesizing h-BN under
non-UHV conditions. Given a moderate base pressure, vapor phase carbon sources can
still exist in quantities sufficient for graphene to grow instead of h-BN given the very
similar reaction conditions used and the fact that graphene will growth preferentially to h-
BN when any carbon contamination exists. Therefore, the reaction system must be kept
relatively free of carbonaceous materials (no decomposition of carbon should be done in
a h-BN CVD systems), a liquid nitrogen trap should always be used when the rough
pump is on (such that back-flow of pump oil does not occur), and the substrate must be
completely void of carbonaceous materials (a UV ozone or O, plasma treatment of the
substrate should be done prior to insertion of the substrate into the CVD system).

Oxygen also plays an important but detrimental role in the CVD synthesis of h-
BN. The foils used with have a native oxide layer which must be reduced prior to BN
precursor introduction, which is effected via hydrogen flow to reduce the metal surface.
Small pressures of oxygen are also likely in the system during growth as a portion of the
base-pressure is assumed to be residual oxygen and mild leaks presumably exist in the
system, but are mostly undetectable given the moderate base-pressure created by the
rough pump. Given this, H, (again) is continuously flowed during the h-BN synthesis.
Also, the effect of O, on the growing h-BN material must be considered as it has been
shown that very small doses of O, will result in the formation of boron-oxygen
compounds which degrade the crystallinity of the h-BN.* In this work,'®* low doses of
ammonia were used to reverse the oxidation of the h-BN layer and exploring this
approach would likely be worthwhile.
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4.3  CVD Design for h-BN Synthesis

To develop a scalable method for the synthesis of few layer h-BN, I designed a
CVD system for the synthesis of thin h-BN films (Figure 4-1) which was created with the
intent of it being versatile such that syntheses of other carbonaceous and boron nitride
based nanomaterials (specifically BCN hybrids as well) would also be possible.
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Figure 4-1. CVD designed for h-BN synthesis as well as for other related carbonaceous and boron nitride
materials. Details in the text.

With this CVD system, a few key features were desired to present which
necessitated many design elements. The system was designed to allow for corrosive
reagents. To account for this, proper mass flow controllers were required as well as a
chemically compatible pump, and the exhaust system was designed to neutralize these
reagents. The system was made such that gaseous, liquid, and/or solid precursors could
be used, resulting in the solid and liquid precursor zones indicated in Figure 4-1 as well
as the numerous gaseous precursor tanks. The liquid precursor section was designed to
accommodate for ambient pressure syntheses, where a bubbler containing a liquid is
subjected to positive pressure carrier gas flow, or vacuum pressure syntheses (down to ~3
mTorr), where a closed container houses the liquid which is evaporated and introduced
into the CVD system through the pressure gradient created by the vapor pressure of the
liquid precursor and the vacuum on the other side of a leak valve. The liquid nitrogen
trap helps the system to remain carbon-free during growths, and the precision leak valve
allows for very low dosages of liquid precursor material (specifically borazine).
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44  CVD h-BN Synthesis

Using the CVD system previously describe (Figure 4-1), the synthesis of thin h-
BN was undertaken. Reaction conditions were unfortunately not optimized during my
doctoral studies, so a general approach will be outlined and specifics about one particular
synthesis will also be specified with its results analyzed.

4.4.1 General Reaction Conditions for CVD h-BN Synthesis

In general, Cu and Ni metal foils (25-250 um thickness, 99.9+% purity) were
annealed prior to usage at 1050 °C for Cu and 1200 °C or 1410 °C for Ni under flowing
H, at atmospheric pressure for 12 hours, to allow for smoothing of the surface. These
foils were soaked in concentrated HCI (for Cu) or 1 M HCI (for Ni) for 20 seconds prior
to use and rinsed thoroughly with DI water. Following this washing, foils were placed in
a UV-ozone generator and ozone treated at 100 °C for 10 minutes. Foils were quickly
placed in a quartz tube and evacuated on in the CVD system after filling the liquid
nitrogen trap. The borazine was attached to the system and solidified with a chloroform
slush. The borazine container was then evacuated upon until a base pressure was
reached. This was done specifically to remove any ammonia that formed from borazine
decomposition as well as any argon which may have been used with the borazine
previously. The borazine is then warmed in a acetonitrile slush or other suitable slush to
determine its vapor pressure according to the empirical formula,*®?

P = 107-714-1609/T Equation 4-1

Where P is the vapor pressure in Torr of borazine and T is the temperature in Kelvin.

The borazine can then be diluted with Ar up to atmospheric pressure to dilute the
incoming borazine stream with inert Ar. Under flowing H, (30 sccm), the CVD oven
was warmed to the annealing temperature of 1050 °C for Cu or 1100 °C for Ni at the
maximum heating rate. After allowing the substrates to anneal for 20 minutes, the CVD
oven was allowed to slowly cool to the reaction temperature of 850-1000 °C. The leak
valve was then used to allow borazine precursor gas into the system at a pressure of 1-15
mTorr (for both borazine and any Ar dilutant). The H, flow rate was changed during the
growth to 0-100 sccm. The growth was done over the course of 2-20 minutes. The
borazine and H, flows were then stopped and the system was allowed to quickly cool to
room temperature. Foils were then adhered to a TEM grid193 using a drop of IPA and
etched in FeCl; (0.1 g/mL) over the course of 6 hours. The TEM grid with the adhered h-
BN layer was then transferred to 100 mL of DI water and allowed to set for 15 minutes.
This process was repeated twice. The grid was then removed from the water surface and
allowed to air dry (Figure 4-2).

68



H H, (0-100 mTorr) ' T*"‘ N NENEE
H é H B B _B_ _B__ B _B
SNFSNT 850-1000°C N= N N7 OTNTOUNT
| [ > . B B B _B__ _B__ .
B _B _ . PSS SN TS TN
H SN TNH Pretreated Ni or Cu foil | | | | \ |
| B B __B. B B B
N7 N7 N7 N7 N7
H Base pressure 3 mTorr | | \ !
2 B B _B._ _B_
Borazine I‘~|‘I N “N” N l\‘.l T
~3 mTorr B B Els ‘ =B =B..
2-20 min " W= N N
BNon1

h-BN on Ni (or Cu) Foil Drop IPA

FeCl; Etch

Figure 4-2. Synthetic approach for h-BN synthesis (above) and transferring the h-BN material to a TEM
grid for analysis (below).

4.4.2 Specific Reaction Conditions for a CVD h-BN Synthesis

Specifically, for the h-BN growth closely examined here, the synthetic conditions
were as follows. Ni foil was heated in the CVD chamber directly to 1100 °C (over 30
minutes) under flowing H; (100 sccm), kept at 1100 °C for 20 minutes and cooled to 900
°C for the growth. The H; flow rate was decreased to 20 sccm and borazine was
introducted into the system (6 mTorr) for 6 minutes. The borazine and H, streams were
then stopped and the chamber was allowed to cool to room temperature quickly (by
opening the CVD oven). The material was then prepared for TEM analysis as described
above.

4.4.3 Analysis of CVD Synthesized h-BN

CVD synthesized h-BN can be characterized before removal of the catalytic
substrate via Raman spectroscopy. Figure 4-3 indicates the highly crystalline nature of
the h-BN material showing the expected peak at 1367 cm™ for 514 nm laser excitation
energy.'"’

The crystallinity of the material can be further verified via electron diffraction as
indicated in Figure 4-4b. Little other signal is observed in this electron diffraction pattern
as the aperture in the imaging plane was defined such that residual nanoparticles from the
synthesis (Figure 4-4a) were not included, and this diffraction indicates that any multi-
layers that were formed were of the same orientation as all other layers. A highly
electron transparent film is seen to cover the quantifoil TEM grid in Figure 4-4a with
some nanoparticles on top of the film. The nanoparticles were from the incomplete
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annealing of the catalytic Ni substrate (a process still being optimized) and the material is
not a single sheet thick, but closer to 3-6 layers, as determined from ripped and scrolled
regions near to the one shown in Figure 4-4.
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Figure 4-3. Raman analysis of h-BN material synthesized through process described in the text using a
514 nm laser. A singular peak centered at 1367 cm™ indicates the highly crystalline nature of the h-BN
material.
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Figure 4-4. a. TEM micrograph of the h-BN material described in the text, which is highly electron

transparent except for the remaining nanoparticles on its surface. b. Electron diffraction pattern of a small
region of (a) indicating the highly crystalline nature of the h-BN material.
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4.4.4 Assessment of CVD h-BN Syntheses

Significant work still needs to be done to optimize the synthesis of CVD h-BN.
Some main concerns include achieving a properly smoothed surface, optimizing the H,
flow rate, determining if annealing is necessary and flow conditions for during it, and
how to get sub-monolayer to monolayer growth.

For a properly smoothed surface, Cu foils can easily be smoothed using the
annealing conditions previously specified, but smoothing of Ni foils seems more
challenging owing to the higher temperatures necessary and the pitting which often forms
when annealing Ni foils under flowing H,. Work optimizing this step is needed and
electropolishing of the Ni foil may be a suitable approach for achieving this.

Given the multiple roles H; plays during CVD h-BN growth, the flow rate and
ratio with the borazine precursor must be optimized. H; flow can also be useful for
competitively etching lower crystallinity boron nitride materials which grow on the
substrate, so studying how H; etches an existent h-BN layer would be very useful. Use of
NHj during the growth may also prove helpful given that oxygen in the system would
result in removal of nitrogen from the h-BN plane.

Finally, annealing of the material could be helpful given that crystalline materials
are more difficult to obtain on the metal foil substrates used. However, great care must
be taken when doing anneals as Ni substrates can dissolved h-BN layers at elevated
temperatures (>900 °C).1"* Assessment of annealing, especially during with H; flow
during the anneal, could be very helpful in understanding how this synthesis can be
optimized.

45  Atomic Resolution Imaging of CVD Synthesized h-BN

Although the samples previously described (Section 4.4) were not monolayer h-
BN samples, thicker samples can also be useful for high resolution microscopy analysis
as the material can be thinned using a combination of electron beam exposure as well as
attaching the material to a heating stage to facilitate controlled decompositions of the
material. For use on a heating stage specifically designed for the TEAM 0.5 at NCEM at
LBNL, h-BN was transferred to a silicon nitride window substrate with holes etched in
the substrate such that high resolution analysis could be done through thin samples. The
substrate was then heated to 800 °C in the TEM and left for an hour. The substrate was
then cooled to 400 °C to allow for proper imaging, as imaging at elevated temperatures
resulted in great instability of the material. Individual regions were then thinned by
keeping the electron beam on the region of interest for ~20 minutes until the region
thinned down to a distinguishable number of layers.
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Figure 4-5. High resolution electron micrographs of a. a bilayer of CVD synthesized h-BN showing the
highly crystalline nature of the material with the expected spacings between the atoms as indicated, and b. a
monolayer of h-BN with a grain boundary between two crystals of h-BN. The angle between these two
crystals is ~22°.

PIPLT e

Figure 4-6. High resolution electron micrograph of a larger region of single sheet CVD grown h-BN.
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Using this technique, thicker h-BN samples could be thinned down to few layers
including monolayers (Figure 4-5 and Figure 4-6). This material then becomes ideal for
analysis and includes features common for h-BN materials under electron beam
irradiation including triangular defects of various sizes (down to single atom vacancies)
with a preferred zigzag edge.®* Previously unseen features include grain boundaries as
the synthesized material is a polycrystalline h-BN sample. These features have not been
previously reported and identification of the local bonding structure within these regions
is of great interest especially considering that carbon contamination could have
incorporated itself within these high energy grain boundaries. Understanding these grain
boundaries is also of great interest as their understanding would greatly inform
approaches to creating hybrid graphene/h-BN materials where these boundaries would be
a dominant feature.

46  CVD Synthesis of Planar BCN Materials

The CVD system I designed was also created for the synthesis of planar BCN
materials. The synthesis of a hybrid carbon, boron and nitrogen hexagonally structured
materials is of great interest to researchers, especially for applications within electronics
as this material should have a bang gap intermediate between that of graphene and h-

BN 15219 Indeed, if the ratio of carbon to boron and nitrogen could be tailored, without
undermining electronic properties of the resultant material, band gaps ranging from 0-5.9
eV could be possible with a material still possessing promising transport properties,
making such materials useful for an indiscriminately large number of applications.
However, recent attempts at synthesizing this sort of material have proven
unsuccessful' as a stoichiometric material where carbon, boron and nitrogen are
homogenously intermixed within the plane is thermodynamically unfavorable as sections
of graphitic material intermixed with sections of boron nitride material is the most
energetically favorable case.®® However, a significant body of previous literature exist
which makes a believable argument for the synthesis of more stoichiometric planar BCN
material.*"?° With all of these studies, the XPS data differed significantly from the XPS
data in the Ajayan work. This data indicates that with the Ajayan results, carbon is
almost solely bonded to carbon, boron to nitrogen, and nitrogen to boron. However, XPS
from these other works indicates a significant amount of bonding between carbon and
boron, carbon and nitrogen, boron and carbon, and nitrogen and carbon which would
indicate mixing of the graphitic and boron nitride regions into perhaps a more
stoichiometric phase.

The question then must be asked of what the major synthetic difference between
these studies was. The answer is apparent when considering the reactants used for the
syntheses. With the Ajayan work, a boron and nitrogen containing compound (ammonia
borane) was decomposed onto a Ni catalytic substrate with methane as the carbon source.
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With the previous works, separate boron and nitrogen sources were used (the precursor
did not have a boron-nitrogen bond), and in fact with some of the more successful
syntheses, a molecule with strong carbon-nitrogen triple bond was used (acetonitrile).
Given this and the tendency of carbon to segregate into discrete graphitic regions and
boron and nitrogen into discrete boron nitride regions, a very strong bond in the precursor
which effectively draws the boron nitride and carbonaceous phases into each other seems
to be the reason that these seemingly similar studies had completely different results.

4.6.1 Planar BCN Synthetic Approach

The synthesis of a stoichiometric BCN material was undertaken which took into
consideration the previous approaches to synthesize BCN materials (Section 4.6). Ni
foils were prepared similarly to those used for the h-BN study. These foils were then
inserted into a quartz tube and attached to the CVD system. A container with acetonitrile
(dry, 99.9%) was attached to the CVD system, the acetonitrile was condensed with liquid
nitrogen and evacuated upon to remove nitrogen (from the glove box preparation of the
acetonitrile container) and vacuum grease for the o-rings. The BCl; tank was opened and
the pressure down-stream from the BCl; regulator was slowly increased until a slight
pressure over vacuum was noticed. It should be noted that BCl; should never sit in the
stainless steel lines, especially if in contact with the mass flow controller (MFC).
Although the MFC attached to the BCls is specially designed for corrosive gases,
prolonged exposure to corrosives will greatly decrease the lifetime of the MFC. The
outlet side of the BCl; regulator should also only be at a slight pressure over vacuum as
that is sufficient for MFC operation, yet minimizing the usage of BCl; is very important
(as will be understood shortly). The liquid nitrogen trap is cooled and the system is
evacuated to vacuum pressure. The bubbler system was then activated such that any
exhaust (specifically in mind the BCIl; exhaust) travels through a mineral oil bubbler and
then a large water quench container (see Figure 4-1).

The CVD oven was then heated to 1100 °C under flowing H, (100 sccm), held at
1100 °C for 30 minutes and then cooled to 1000 °C for the synthesis. H, flow was then
completely stopped and must remain stopped during any BCl; flow (otherwise HCI gas is
formed and the CVD system will be compromised). The BCl; flow was then started (3
sccm) and the leak valve to allow acetonitrile flow was opened until an equivalent
pressure over base pressure of the BCl; flow was achieved (~20 mTorr for each, ~45
mTorr total). These two precursors were flowed for 10 minutes after which both were
stopped and the system was allowed to cool to room temperature.

The BCl; which did not react in the hot zone was then condensed on the liquid
nitrogen trap. After closing the valve on the upstream side of the trap, the liquid nitrogen
trap (still under vacuum) was warmed. After it was warmed, all the BCl; was out of the
CVD system, except for the BCl; which dissolved in the pump oil (which seems to be a
very significant amount). Given this, the pump must be run for an additional 12 hours to
circulate out the BCls. This process can be speed up by shocking the pump with high
flows of Ar to force out BCl; at an accelerated rate. However, this still must be iterated
numerous times before BCls is completely removed from the pump oil, so the 12 hour run
is recommended.
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The material synthesized as specified did not display any Raman signals or was it
mechanically robust enough to transfer to a quantifoil TEM grid for analysis. However,
it did display equal EDS signal for the boron, carbon, and nitrogen Ka lines, indicating
some sort of hybrid BCN material. Although the material was likely carbon poor given
the equivalent EDS signal as the material as envisioned should have had a BC;N
stoichiometry. Significant work still needs to be done to optimize this synthesis,
especially choosing a temperature at which a properly annealed material results.
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Chapter 5: High Surface Area Boron Nitride for H, Storage

Hydrogen as a potential commercial scale energy source has been considered for
many decades % and has seen a renewed interest given the recent heightened concerns
about global warming and the exhaustible supply of oil. Usage of hydrogen as a mobile
fuel source, especially for motor vehicles, is particularly appealing as the by-product
from either the combustion or electrochemical consumption of H; is simply water instead
of CO,, a greenhouse gas, as well as NOy and SOy, the molecules responsible for acid
rain, all of which are common by-products of gasoline combustion. The energy density
(MJ/kg) and volumetric energy density (MJ/L) are inferior compared to gasoline,202 but
this trade-off is somewhat mitigated considering that fuel cell technology likely could be
utilized for H, consumption at upwards of 60% efficiency compared the ICE efficiency
for gasoline at 22%.%%> When considering the source and storage of Ha, the overall
efficiency of the process will be much less, with current electrolysis technology at
upwards of 80% efficient and compression of H, (being the most common current storage
means for vehicular use of Hy) at around 90% for a maximum efficiency of more around
43%. Electrolysis could eventually be a more carbon neutral production method for Ho,
but presently numerous routes for H, production are available, and around 90% of H,
comes from the reforming of fossil fuels.

Technologies for the storage of H; are very important to realize the usage of H; as
a vehicular energy source as the current approach of compression is not feasible for most
vehicular uses. Very high pressures are required to compress H; to densify it sufficiently
such that the storage container takes up a reasonable volume. Common methods
pressurize H; to 300-750 bar, but as can be imagined, vessel creation to accommodate
these pressures is challenging and shape prohibitive, which becomes a big concern when
considering usage in mid-small size vehicles.

The two other perhaps more practical approaches for storage are chemiosorptive
and physiosorptive storage. The first method, chemiosorptive, utilizes compounds which
are hydrogen rich, like ammonia borane,?® which can be decomposed to a compounds
which has released hydrogen. With this approach, high weight percents of hydrogen can
be stored (one of the most crucial metrics for determining a promising hydrogen storage
material) of up to 19.6 wt% in the case of ammonia borane, and required pressures are
very low. However, the thermodynamics of the reverse process are often limiting given
the usual exothermic and entropically favorable release of hydrogen being coupled with
an endothermic, entropically unfavorable storage of hydrogen, making the latter process
thermodynamically impossible. There are cases of endothermic release of H; or a highly
endergonic reaction could be coupled to the storage of hydrogen, but in general these
approaches have many fundamental challenges to overcome.
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5.1  Physiosorptive Storage of H,

Physiosorptive storage is another method for storing hydrogen which involves the
physical bonding of hydrogen to a high surface area adsorptive medium such that at
moderately high pressures (<100 bar), a sufficient amount of H, can be stored. The
thermodynamics of this process are more favorable, but high weight percents of hydrogen
being stored becomes the main challenge. Not only must a material have a very large
surface area for adsorption of hydrogen, but also an optimal enthalpy of adsorption must
occur, being 15-25 kJ/mol (being within the range of a typical hydrogen bond: a very
strong intermolecular interaction) for ambient temperature storage at 30 bar and release at
1.5 bar® (although the assumption of necessitating conditions similar to these for storage
and release may not be completely valid as the temperature likely could be lowered
significantly by degassing the storage container slightly). Some very high surface area
metal organic frameworks (MOFs) and covalent organic frameworks (COFs) have been
developed having surface areas of up to 6240 m*/g in the case of MOFs*®® and 6460 m*/g
in the case of COFs,”% resulting in impressive hydrogen storage capacities of up to 9.0
wt% at 77 K and 40 bar.”” However, optimal bonding energies are not always achieved
with these systems, and alternative materials are of interest for physiosorptive hydrogen
storage.

5.1.1 High Surface Area Carbonaceous Materials

A material potentially suitable for the physiosorptive storage of H; is high surface
area carbon. Using this sort of material for H, storage could potentially be more
commercially viable and has seen some recent successes. However, random pore
geometry high surface area carbonaceous materials show poor hydrogen storage capacity,
with high surface area activated carbon, having a large surface area of 3000 m”/g, only
exhibiting a storage capacity of 1.5 wt%.2%® However, forced liquefaction of pores during
adsorption can occur with smaller pore size microporous materials (< 2 nm pore
diameter) resulting in much higher hydrogen uptakes, ~2-7 wt%, of similar surface area
carbonaceous materials which have been template grown off a small-pore zeolite.?%* !
With this method, a carbonaceous precursor is decomposed onto a microporous zeolite
template. Following annealing of the hybrid material, the zeolite template is dissolved
and removed resulting in an inverse structure of the original zeolite which consists of
pure carbon. This results in a material with a similar pore geometry but of much lower
density (with it consisting of only carbon instead of mainly oxygen, silicon and aluminum
in the case of the zeolite) yielding a much higher surface area (reported in area per mass).
In general a direct correlation usually exists between surface area and hydrogen storage
capacity,’*? but the templating of materials off a microporous framework has shown great
exceptional promise. As of yet templated high surface area materials have mainly been
created with carbonaceous precursors.
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5.2  High Surface Area Boron Nitride as a H, Storage Medium

Boron nitride based materials have been shown to have a much higher hydrogen
uptake given the polar bond existing between boron and nitrogen in these materials
compared to the non-polar carbon-carbon bonding in carbonaceous materials.?*® 214
Indeed, comparing two similar studies where CNT material and BNNT material exhibited
very similar surface areas, there was around a 4-fold increase in storage for BNNTs
compared to CNTs.”*> #® However, the synthesis of very high surface area (> 1,000
m?/g) boron nitride materials with a well-defined microstructure has not yet been done
(although one group has shown significant interest in mesoporous boron nitride
structures, but the usage of a precursor significantly larger than the pore size of the
template makes proper template reconstruction impossible, yielding only moderately high
surface areas).217 A microporous, templated boron nitride material may indeed exhibit
very high storage capacities for hydrogen.

5.2.1 Synthesis of High Surface Area Templated Boron Nitride

Work was done to attempt to use a zeolite template for the growth of microporous
boron nitride materials. Common zeolites for the template growth of microporous
carbonaceous materials are zeolite Y and B’zog, 1 and zeolite Y (CBV 720, Zeolyst
International) was mainly used in this study given its higher surface area and its optimal
pore geometry, considering the boron nitride precursor used throughout the study
(borazine). The method employed for templated boron nitride material utilized the well
understood decomposition of borazine into intermediate polyborazylene (a general term
for a polymerized borazine material) and eventually into h-BN (Scheme 5-1) 218,219
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Scheme 5-1. Decomposition of borazine at lower temperatures into polyborazylene materials and
eventually at elevated temperatures to h-BN with the loss of hydrogen.

The underlying concept was that if borazine could be decomposed onto the zeolite
structure at moderate temperatures and then eventually at elevated temperatures (~1100
°C), then a h-BN-like material could be formed within the pores of the zeolite. The
zeolite could then be dissolved, leaving a microporous, templated boron nitride material
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with a very high surface area similar to the templated carbonaceous materials with
surface areas around 3,000 m?/ g.209 This process is outlined in Figure 5-1.

Borazine, o o 70°C ] ¥ 1s0°C 1100°C 1. HF Etch
— D — — 2. Dry >
Bare Zeolite Zeolite with Zeolite with Zeolite with cross-linked N Templated t
= - S Zeolite with h-BN
borazine within polyborazylene polyborazylene within Lo
i within pores
pores within pores pores

Figure 5-1. Proposed route for synthesizing template high surface area boron nitride material.

To undergo this synthesis, borazine was purchased from Gelest and stored at -4
°C until use. Zeolite Y was degassed to 8 mmHg pressure prior to use (at room
temperature for 3 days) to remove the significant quantities of water and other adsorbates
within the material and was then transferred to a glove box without exposure to air.
Borazine and zeolite Y were then inserted into a Teflon-lined autoclave chambers (Parr,
acid digestion bombs), with the zeolite only being exposed to the glove box environment
for a short a time as possible. The volume of borazine used for each sample was 200 uL,
but the amount of zeolite was varied depending on the sample such that different eventual
theoretical monolayers of h-BN would be formed within the zeolite pores (assuming one
side of and h-BN sheet with a surface area of 2,600 m*/g would adhere to the surface of
the zeolite) ranging from 0.5 of a monolayer (ML) to 6 monolayers (MLs). This meant
that between 500 mg (0.5 ML) and 42 mg (6 ML) of zeolite were used. 6 ML was
chosen as the maximum as visible wetting of the zeolite was observed at this amount,
indicating complete filling of the zeolite pores, whereas 0.5 ML was chosen as any less
would likely not form a structure which would be stable following zeolite removal.

With the two materials inserted, the autoclave was tightened and placed in an
oven at 70 °C for 2 days and then at 150 °C for 2 days. After this, the autoclave was
brought into a glove-bag with a quartz tube also inserted. After exchanging the volume
of the glove-bag three times with N,, the autoclave was opened and the material was
transferred into aluminum boats which were inserted into the quartz tube. The tube was
sealed with parafilm and removed from the glove-bag. The quartz tube was then
transferred to a CVD setup (Figure 4-1), quickly attached after removing the parafilm,
immediately evacuated with a rough pump, and then back-filled with Ar to atmospheric
pressure. Under flowing Ar (20 sccm, 99.9999% purity, equipped with a moisture trap
and oxygen), the furnace was heated to 1100 °C over 12 hours, kept at 1100 °C for 6
hours, and then cooled to room temperature.

The boat with the material was then emptied into a Teflon centrifuge tube (VWR,
Nalgene Oak Ridge Centrifuge Tubes, Teflon FEP) and filled with 5% HF solution (20
mL) for etching of the zeolite (care should always be taken when working with HF
solutions and ensuring that calcium gluconate gel is close at hand should be done before
use). This was left overnight and then centrifuged (3,000 RPM, 30 minutes) to sediment
the remaining material. The supernatant was very carefully pipetted off (with a polymer
pipette tip, not a glass one) and put into an HF waste container (polypropylene or
polyethylene). The tube was then filled with DI water (20 mL), centrifuged as before,
and the supernatant removed and discarded into an HF waste container. This process was
repeated three more times with the supernatant then being discarded to the sink under
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running water. Finally, the tube was filled with isopropanol, centrifuged as before, and
the supernatant was removed. This material was placed onto filter paper and placed in a
vacuum oven at 50 °C for 30 minutes. The material was placed in a tared porisometer
tube, the weight of the material was determined, and then the tube was placed on the
degas side of the porisometer. The tube with material was heated at 100 °C under
vacuum for 24 hours before backfilling with N, and transferring to the analysis side of
the porisometer.

Nitrogen was then used as the analysis gas to determine the BET surface area of
the material. BET surface area measurements are more accurate than Langmuir surface
area measurements as the equations for determining the surface area using the Langmuir
method assume only one monolayer can form on the solid surfaces whereas with the BET
surface area, the equations accommodate for liquid layers to form on top of the first
adsorbed monolayer. This is especially important for microporous materials where
liquefaction of the pores often occurs.

5.2.2 Analysis of High Surface Area Templated Boron Nitride and Synthesis
Concerns

One of the main difficulties with the synthesis of high surface area template boron
nitride was the yield of material, which was very low. Although 200 pL of borazine (160
mg) was used, the expected amount of 148 mg of resulting material was never realized.
This is likely due to a few reasons. Oxidation of the material always existed, as
evidenced by EDS measurements (Figure 5-2). With this spectrum, it is seen than all
zeolite material has been removed (absence of peaks at the Al and Si Ka peaks) and
relatively similar amounts of boron and nitrogen are present. However, a significant
amount of oxygen exists in the material as well. Before complete conversion to an h-BN-
like material, the intermediate borazine based material is very susceptible to oxidation
both by reaction with water and with oxygen. Any exposure during the transfer to the
CVD system or mishandling during the preparation could cause oxidation during these
times. Furthermore, the long times at elevated temperatures for the anneal increases the
likelihood of oxidation during the anneal step. Although precautions were taken to
ensure proper purity of the Ar flowing into the CVD system, any leaks in the CVD
system which allowed for oxygen in the hot-zone would cause oxidation of the material
at these elevated temperatures. Although formation of boron oxide if oxidation occurs
would cause a decreased yield (as observed), oxidiation of this material is not strictly
detrimental as some theory proposes that oxidative functionalities within a h-BN type
material could give ideal hydrogen binding for storage purposes.??’
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Figure 5-2. EDS spectrum of zeolite templated boron nitride material. The Ka peaks for the
corresponding elements are labeled.
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Figure 5-3. Raman spectrum of zeolite templated boron nitride material.
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Another loss of yield could occur if the material has not been properly annealed to
an h-BN-like state. This material would then still be reactive with the aqueous solutions
used for etching and rinsing. Although the annealing process does seem to bring the
material to more highly annealed state, the Raman does not well match that of perfect h-
BN (Figure 5-3), which would have a single peak at 1367 wavenumbers. However, this
is not strictly expected to be the case given the geometric constraints of the material
annealing within a small pore. This Raman data does very closely resemble a
polyborazylene-type material which has been annealed at 1200 °C as it is converted
towards h-BN.**° Therefore, complete conversion to a h-BN-like material may not have
been achieved and the reactivity of the incompletely annealed material to the processing
solution could have caused the decreased yield.

5.2.3 Surface Area Measurements and Assessment

High surface area template boron nitride materials were synthesized in quantities
sufficient (~5 mg) for BET surface area measurement (Table 5-1). However, significant
questions still remain about why the yields are so poor (~3%), and spectroscopic analysis
indicates that the material has significant differences from an ideal material which would
be completely converted to an h-BN-like state with no oxidation.

Sample (ML) BET Surface Area (m2/g)
0.5 310
1 169
2 291
4 185
6 217

Table 5-1. Samples referred to in the text in terms of the theoretical monolayers (ML) of h-BN which
would form on the zeolite surface with the accompanying BET surface areas measured.

Significant work would still need to be done to determine how to optimize the
synthesis to yield a promising material, especially with determining if the material has
been properly annealed and determining where the oxidation occurs during the synthesis.
However, if achieved, this approach is very promising in terms of creating a material
ideal for hydrogen storage.

Further ideas of how to continue to optimize this material for hydrogen storage
include cationic exchange of the zeolite before synthesis with platinum, similar to a study
done with a templated carbon material,”?* which could allow for increased storage
potential owing to the spill-over mechanism of hydrogen adsorption resulting from the
remaining platinum69 following zeolite etching. The oxidation of this material was
briefly discussed, and mild oxidation of templated boron nitride could potentially result
in a material with a binding energy for hydrogen very close to the ideal 15-25 kJ/mol.#°
Further approaches could be taken to enhance the surface area including the co-
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decomposition of carbonaceous materials with the boron nitride precursor material. After
annealing and etching of the template, the carbon could be removed from the structure by
simple heating in an oxidative atmosphere resulting in a higher surface area material.
Also, the research on BCN materials for hydrogen storage is very limited,”? and creating
varied ratios of BN to C within this type of material could yield promising results.
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