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ABSTRACT
The work described here-in focuses on the synthesis and characterization of novel
nanoenergetic materials and is driven by overcoming the disadvantages of traditional
nanoenergetic composites, improving the energetic performance as well as discovering the
science boundary of nanoenergetic materials. Micro-scale and macro-scale structured
energetic composites were synthesized via self-assembly process between Al nanoparticles,
metal oxide nanoparticles and functionalized graphene.
A novel gelation process of reduced graphene oxide was developed and utilized for
self-assembling Al and Bi 2 O 3 into macroscale structures with enhanced energetic
performance and handling safety. The process successfully reduced graphene oxide sheets
into rGO, forming a 3D structure with high porosity, controllable density, size, shape and
chemical composition. The phase separation between Al and Bi 2 O 3 was minimized, and
the energetic reactivity of both nanoparticles was retained. Therefore, the final product
rGO/Al/Bi 2 O 3 exhibited 25% increase in energetic release during equilibrium reaction. A
more than 100% increase in combustion rate was observed due to the unique self-confining
structure. The conductive rGO scaffold offered the product a better safety for handling by
increasing the ignition threshold to electrostatic discharge by 4 orders.
Halogenated graphene was also adopted as the additive for self-assembly with Al
and Bi 2 O 3 nanoparticles for micro-scale energetic composites. A fluorine, oxygen cofunctionalized graphene (FGO) was synthesized via a gas – solid XeF 2 – GO reaction. The
stability of this material upon storage time, temperature and dispersing was examined,
confirming both stable and unstable fluorine groups contained in its structure. After mixing
with Al and Bi 2 O 3 nanoparticles, the FGO/Al/Bi 2 O 3 showed a 60% enhancement in energy
xviii

release and an all-solid-state reaction between Al and Bi 2 O 3 as the fluorine significantly
weakened the alumina shell protecting Al core.
Iodinated reduced graphene oxide (I-rGO) was also prepared to fabricate microscale self-assembled I-rGO/Al/Bi 2 O 3 . The I-rGO was synthesized by graphene oxide paper
and hydroiodic acid, containing both chemically bonded single iodine atoms and
intercalated polyiodide clusters between graphene layers. The loss of iodine contents,
especially polyiodide clusters, from the structure upon heating, solvent effect and
exfoliation was examined. After self-assembly with Al and Bi 2 O 3 nanoparticles, the
released iodine weakened the alumina shell by forming Al-O-I bond on it, reducing the
reaction temperature and enhancing the energy release significantly. The conductive I-rGO
also increased the threshold to electrostatic discharge of final I-rGO/Al/Bi 2 O 3 by 4 orders,
ensuring the safety during handling the material in large quantity.

xix

Chapter 1
Introduction
1.1.

Introduction to nanoenergetic materials
Human beings have been using energetic material for more than one thousand years.

No later than the 9th century, ancient Chinese alchemists discovered black powder, which
was initially expected to be an elixir, but turned out to be a ubiquitous energetic material.
[1] This prototype of energetic material was composed of fuel (charcoal and carbon) and
oxidizer (sulfur and potassium nitrate KNO 3 ). During the energetic reaction of black
powder shown as equation 1.1,
2𝐾𝐾𝐾𝐾𝑂𝑂3 (𝑠𝑠) + 𝑆𝑆(𝑠𝑠) + 3𝐶𝐶(𝑠𝑠) → 𝐾𝐾2 𝑆𝑆 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 3𝐶𝐶𝑂𝑂2 (𝑔𝑔)

(1.1)

The black powder reaction releases a significant theoretical energy of 2217 J/g along with
the formation of a large amount of gas, generating significant heat and pressure.
Along with the discovery of materials and development of science, people learned
much more about energetic materials and the reaction mechanisms of these materials.
Energetic materials are defined as a material that stores a high amount of chemical energy,
which can be released into heat or pressure during its chemical reaction. [2] Energetic
materials are now mostly categorized into three different types, explosives, pyrotechnics,
and propellants. [3] Energetic materials have been widely used in both military, industrial
and civil fields, such as weapons, space, construction and demolition industries, mining,
and fireworks. [2-5] Energetic materials have vastly attracted researchers’ and engineers’
interest in the past decades to improve its energetic performance and broaden its application
in different fields. Researchers have been targeting engineered energetic materials for the
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best combination of higher performance but enhanced insensitivity to external shock and
thermal insults. [2]
Energetic materials can consist of different elements and formulas. [5, 6] One of
the major classes of energetic materials is a heterogeneous mixture of reductive fuel with
organic or inorganic oxidizer, which is known as thermite material. These materials
produce self-propagating exothermic reactions with adiabatic flame temperatures in excess
of 3000 K. [7-9] Various elements can be utilized as the fuel in thermite composites,
including boron [10, 11], silicon [12], magnesium [13], and aluminum [8, 14]. Among all
different fuel elements, aluminum attracted most researchers’ attention because of its high
energy release of 31 kJ / g during oxidation reaction as shown in equation 1.2 [15],
4𝐴𝐴𝐴𝐴(𝑠𝑠) + 3𝑂𝑂2 (𝑔𝑔) → 2𝐴𝐴𝐴𝐴2 𝑂𝑂3 (𝑠𝑠)

𝛥𝛥𝛥𝛥 = −3351.4 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚

(1.2)

Al is also abundant in earth [16] and good stability in atmosphere, when passivated [17].
Different kinds of oxidizers can be coupled with aluminum to trigger the energetic reaction.
The most commonly used oxidizer is metal oxide, such as CuO [18, 19], Fe 2 O 3 [20, 21],
Bi 2 O 3 [22, 23], and MoO 3 [24, 25]. Halogen oxidizers, especially iodine oxide [26, 27]
and fluorine-rich polymers, such as polytetrafluoroethylene (PTFE / Teflon) [28, 29], THV
[30], PVDF [31], can also be adopted as the oxidizer in nanothermite composite.
Researchers have identified multiple parameters that alter the energetic
performance of the synthesized thermite material, including equivalence ratio [19, 32, 33],
bulk packing density [34, 35], morphology and arrangement of fuel and oxidizer [8, 36,
37]. Additionally, researchers found that the size of fuel and oxidizer particles dramatically
changed the energetic behavior of thermite material. [38-40] Thermite material consists of
nano-sized fuel and oxidizer particles, named nanothermites, exhibited significantly
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enhanced energetic performance such as reduced ignition temperature [40, 41], lowered
activation energy [42], and much higher combustion propagation velocity [38, 43], as
shown in Figure 1.1. Compared to traditional thermite consisted of particles in micron or
even larger size, nanothermite exhibited its outstanding reactivity due to its unique surface
effect of nanoparticles. [44] The significantly increased surface-to-volume ratio enables
the reaction to take place in much more interfacial contact area and decreased diffusion
length between constituents, leading to its extremely high reaction speed. [45] Energetic
nanocomposites further enhanced the capability to tune one or more physical, chemical, or
mechanical attributes of nanoenergetic materials and enabled the design and applications
of microscale multifunctional combustion systems [6, 39], including applications in
MEMS [3] and microchips [46].

Figure 1.1 Linear combustion rate of Al/MoO 3 thermite with different particle sizes.
Reprinted from Weismiller et al. [38] with permission of Elsevier.
However, despite the promising attributes of nanosized thermite material, there are
also significant challenges to address prior to their application. For instance, the theoretical

3

exothermic enthalpy change of Al/Bi 2 O 3 nanothermite is 2115 J/g [28], as shown in
equation 1.3,
2𝐴𝐴𝐴𝐴(𝑠𝑠) + 𝐵𝐵𝐵𝐵2 𝑂𝑂3 (𝑠𝑠) → 𝐴𝐴𝐴𝐴2 𝑂𝑂3 (𝑠𝑠) + 2𝐵𝐵𝐵𝐵(𝑠𝑠) 𝛥𝛥𝛥𝛥 = −1101.8 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚

(1.3)

while the real energy release was always found to be much lower, only around 700 ~ 800
J/g measured by DSC-TGA due to some limitations of traditional nanothermite system.
[47] Generally, there are four major disadvantages that prevent the further improvement
and wider application prospects of nanothermite, including phase separation between fuel
and oxidizer nanoparticles, reactive sintering of Al nanoparticles, lack of scalability, and
the spontaneously formed, inert alumina shell on the surface of Al nanoparticles.
Phase separation
The fuels and oxidizer used in thermites need to be well mixed to maximize their
contact area and reaction rate. Traditionally, physical processing methods, such as
ultrasonic mixing and arrested ball milling, produce nanothermites with a random
distribution of oxidizer and fuel particles. [24, 48] The unstructured nature of mixing forms
composites with unreliable and irreproducible combustion behavior. The optimum
interfacial contact is realizable only if all the components are homogeneously mixed
without any phase separation. [49]
Reactive sintering
Due to the phase separation discussed above, reactive sintering is considered to
happen in the agglomerations of Al nanoparticles (NPs). During combustion, which is
considered to be a rapid heating process, a reactive sintering mechanism involving
condensed phase reaction occurs. [50] The fast sintering process results in the loss of
nanoscale features of Al nanoparticles in a comparable time scale to the combustion
reaction, as shown in Figure 1.2. [51] This loss of nanoscale features can significantly
4

decrease the reaction rate between fuel and oxidizer due to the loss of reactive surface area,
explaining why some nanoscale thermite materials don’t show much better performance
than microscale thermite materials in some experiments. [38]

Figure 1.2 Reactive sintering causes neighboring Al nanoparticles to lose their nanosized nature during rapid heating. Reprinted from Chakraborty et al. [51] with permission
from Elsevier.
Lack of scalability
Scaling the nanothermite materials to macroscale safely without a significant loss
of performance remains a challenge due to some practical difficulties. Nanothermites are
generally sensitive to electrostatic discharge (ESD), impact, and friction, which
complicates the scalable production of nanothermite materials to commercially relevant
quantities. [52, 53] Traditional methods of creating macroscale structures involves forming
nanothermites into pellets under high pressure, which is dangerous and results in reduced
reaction kinetics. [23, 34, 40, 54] Chemical synthesis routes to form nanothermite materials
in microstructures or macrostructures have required chemical surfactants such as PVP [55,
56] or will cause severe phase separation between fuel and oxidizer [57], both of which
may reduce the energy release severely.
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The spontaneously formed, inert alumina shell
Al nanoparticle is pyrophoric in ambient atmosphere. It has an amorphous inert
Al 2 O 3 passivation shell on the surface which protects the Al core from reacting with air.
This normally 2-4 nm-thick Al 2 O 3 shell, as shown in TEM pictures in Figure 1.3 [58],
prevents the direct contact between active Al core and the external oxidizer. For micron
size Al nanoparticles, the alumina shell may account for very low percentage of the total
weight. However, for Al nanoparticles around or smaller than 100 nm, the Al 2 O 3 shell may
take more than 20% of total weight, which is a considerable large part of the particle. In
normal nanothermites consist of Al nanoparticles and metal oxides, this layer of alumina
shell, however, does not participate in the reaction release. This feature, on the positive
side, provides a safe handling during synthesis; while on the negative side, sets a barrier to
the direct rapid reaction and the heat sink during increasing temperature when energetic
reaction needs to be realized.

Figure 1.3 TEM picture of Al nanoparticles with a roughly 2.5-nm-thick alumina shell.
Reprinted from Gesner et al. [58] with permission from Elsevier.
The existence of Al 2 O 3 also makes the mechanism of nanothermite reaction
complex. To initiate the reaction between Al and oxidizer, diffusion of Al core or oxidizer
6

ion must happen through the alumina shell, or the shell is decomposed, phase changed or
broken and direct contact between Al and oxidizer is enabled. In rapid-heating reaction,
which is considered to be the real condition in nanothermite combustion, some changes
must occur on the Al 2 O 3 shell. Generally, there are two different proposed mechanisms for
the combustion of nanothermites. Some researchers hypothesize the Al diffusion outward
of the alumina shell, along with the occurrence of defection and phase change of alumina
shell [59-61], while some other researchers agree with the melt-dispersion reaction
mechanism in which the rapid increase of temperature led to the melting of Al that
generates enough pressure to completely shatter the alumina shell and disperse small Al
clusters. [62-64] The two mechanisms are depicted in Figure 1.4. There is currently no
conclusion for combustion mechanisms of Al-based nanothermite, but it is certain that the
presence of alumina shell decreases the reactivity of Al NPs and limits the energetic
performance.

Figure 1.4 Schematic representations of the two major combustion mechanisms during
the oxidation. Reprinted from Levitas et al. [65] with permission from AIP publication.
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To overcome the disadvantages of conventional nanothermite system mentioned
above, researchers have tried multiple synthesis methods and various composites to
improve the performance of nanothermite material. However, these solutions mostly
targeted one of those four problems and not capable to solve multiple of them at the same
time. For example, surfactants, which can improve the dispersion of nanoparticles in
solvents, such as PVP [55, 56], octadecyl-amine [66] and DNA [67] were applied to assist
the dispersion of nanoparticles and reduce the phase separation. These extra molecules also
prevented the direct surface contact between fuel and oxidizer nanoparticles and thus
reduce the reaction rate. Fluoropolymers [29, 30] and iodine oxides / hydroxides [68] were
considered to be promising oxidizers as halogen can etch the inert alumina shell prior to
the main reaction with the Al core, leading to more complete energetic reactions. However,
these materials still require solutions for phase separation and electrostatic sensitivity due
to its poor electrical conductivity. Therefore, a need exists for synthesis mechanisms to
realize ordered, safe, scalable and energetic Al-based nanoenergetic material.

1.2.

Introduction to graphene and graphene oxide
Graphene, a flat monolayer of carbon atoms, has attracted significant attention in

materials science since its discovery in 2004. [69, 70] Its unique two-dimensional
honeycomb lattice [71] and perfect all sp2-hybridized layered carbon structure [72] result
in its distinctive physical and chemical characteristics, including an extremely high
electrical conductivity along the direction of the lattice [73-75] and unique quantum Hall
effect [76], mechanical properties such as its ultimate Young’s modulus (stiffness) of 1
TPa and tensile strength of 130 GPa [77], and optical properties such as its unexpectedly
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high opacity [78]. More importantly, the properties of graphene can be engineered by
functionalizing graphene sheets with different chemical species depending on the synthesis
method [79]. Additionally, the considerably high specific surface area of graphene [80, 81]
and functionalized graphene [82] allows it to easily form composites with numerous
different materials such as nanoparticles [83, 84] and polymers [85] with a high material
loading. Therefore, these different functionalized graphene and graphene composites can
be used for various applications such as reaction catalysis [86], hydrogen storage [87], fuels
in energetic systems [88, 89] sensors [90], and electrical devices such as transistors,
electrodes, and supercapacitors [91, 92].
Graphene oxide (GO) is a type of functionalized graphene usually synthesized from
the oxidation of graphite powder using strong inorganic oxidizers such as KMnO 4 / H 2 SO 4
and KClO 4 / HNO 3 . [93] The graphite is first intercalated by acid ions, forming graphite
intercalation compounds [94], and is then oxidized by the main oxidation agent, which
supports final exfoliation of thin GO layers in solutions [95]. Compared to graphene, GO
has many more defects and an abundance of oxygen functional groups, leading to higher
surface energy [96], reactivity [97, 98], and much better dispersity in polar or protic
suspension agents [99, 100], which has led to its use in many applications [97] as a
standalone material [101, 102] or composites with other materials [103, 104]. Additionally,
GO is used widely as the precursor for producing reduced graphene oxide (rGO) [105, 106]
and alternative variants of functionalized graphene [107-109]. GO has also been found to
be a good template for self-assembly with polymers and nanoparticles due to its capability
of surface modification, considerably high surface area (>3000 m2/g), high dispersity and
abundant surface charge in dispersions (ζ potential ~ -30 mV in water). [110-112]
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1.3.

Previous work of self-assembled GO/Al/Bi2O3

Figure 1.5 Self-assembly process (left), TEM (a-d) and SEM (e, f) pictures of the of
GO/Al/Bi 2 O 3 . Reprinted with permission from [47]. Copyright 2014 American Chemical
Society.
Earlier research in our group by Rajagopalan Thiruvengadathan et al. revealed that
GO could serve as a template for self-assembly with Al and Bi 2 O 3 nanoparticles. [47] The
self-assembly process was driven by the electrostatic attraction, confirmed by zeta potential
measurements, in which GO showed strong negative charge, while Al and Bi 2 O 3
nanoparticles showed strong positive charge. As shown in Figure 1.5A, an ultra-dense,
highly reactive GO/Al/Bi 2 O 3 structure formed after the self-assembly. An ordered
structure was formed as observed under electron microscope, as shown Figure 1.5 (right).
The phase separation between Al and Bi 2 O 3 nanoparticles was mitigated through the
process to significantly shorten the diffusion length of the nanoparticles during. Therefore,
10

the energetic properties were significantly enhanced compared to traditional randomly
mixed Al/Bi 2 O 3 . The energy release increased by 92%, the peak pressure during
combustion increased by 230%, the pressurization rate increased by 430% and the linear
burning rate increased by 35%. [113] Therefore, self-assembly of energetic composites
with the assistance of functionalized graphene holds significantly potential in dealing with
the problems and improving the energetic performance of nanoenergetic materials.

1.4.

Motivation of the project
The goal of this research is use graphene to synthesize different nanoenergetic

structures from microscale to macroscale. Reaction mechanisms are also investigated to
gain a better understanding on the driving physics of combustion for use in optimized
energetic material design. Chemically functionalizing graphene with different elements
allows surface property engineering to better support self-assembly with Al nanoparticles
and oxidizers. The structure of the target nanoenergetic materials can also be wellcontrolled based on the structure of functionalized graphene and the self-assembly process.
By utilizing functionalized graphene as additive in nanoenergetic material, the main
disadvantages of traditional Al-based nanothermite systems can be overcome, and the
energetic performance of the produced material can be improved.

1.5.

Characterization methods
The advancement of nanomaterials over the past decade has been enabled by

advancements in characterization methods. In this research, multiple characterization
methods were used to evaluate the structure and energetic performance of all nanoenergetic
11

composites prepared with functionalized graphene. Each method used will be briefly
introduced below.
Fourier-Transform

infrared

Spectroscopy

/

Attenuated

Total

Reflectance

(FTIR/ATR)
Fourier-transform infrared spectroscopy (FTIR) is one of the most important
methods to determine the functional groups in materials. The vibrational energy states of
chemical bonds are quantized; therefore, molecules absorb IR radiation at specific
frequencies, which excites the chemical bond. The vibration of chemical bonds can be
estimated by Born-Oppenheimer and harmonic approximations. Treating chemical bond
vibrations as harmonic oscillation he wavenumber of the absorbance can be calculated by
1

k

equation 𝜐𝜐= 2πc �μ

m m

μ = m A+mB
A

B

(1.4),
1

𝑘𝑘

𝑚𝑚 𝑚𝑚

𝜇𝜇 = 𝑚𝑚 𝐴𝐴+𝑚𝑚𝐵𝐵

𝜐𝜐� = 2𝜋𝜋𝜋𝜋 �𝜇𝜇

𝐴𝐴

𝐵𝐵

(1.4)

where k is the spring constant of the bond, c is the speed of light, and μ is the reduced mass
of the two-atom system. Therefore, the absorption frequency of each different chemical
bond in infrared spectroscopy can be determined. Generally, there are two regions
interpreting in a spectrograph, including a functional group region (> 1500 cm-1) and a
fingerprint region (< 1500 cm-1), which can be combined to analyze the structure of the
material. [114]
Attenuated total reflectance (ATR) is a technique that used frequently in
conjunction with infrared spectroscopy, enabling examining the samples directly without
further preparation. It utilizes the total internal reflection of a beam of infrared light at the
surface of the ATR crystal and the sample, resulting in an evanescent wave propagating
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into the sample, as shown in Figure 1.6. The beam is then collected when exiting the crystal
by a detector. ATR has been widely used due to its accessibility, ease of use and nondestructive nature.

Figure 1.6 Schematic representation of an FTIR-ATR system. Reprinted from [115].
In this research, a Thermo Nicolet 4700 FT-IR Spectrometer was used for FTIR
and ATR measurement. Self-standing sheets were measured directly in the instrument,
while powdered materials were deposited on Si wafer for measurement. A germanium
stage was used for ATR measurement.
Raman spectroscopy
Photons interact with molecules when a beam of light shines onto materials,
resulting scattering of light. When the scattering is elastic, it is known as Rayleigh
scattering, giving a scattering light at the same wavelength of the light source. When
inelastic scattering occurs, the transfer of energy between photons and molecules causes
the change of vibration state of molecule, resulting Raman scattering lights, which have
two different wavelengths, named Stokes and anti-Stokes scattering and centered on
Rayleigh scattering, as shown in Figure 1.7. By detecting the Raman shift of the scattered
light, a spectrograph can be obtained for analyzing the structure of the material.
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Usually, the molecules which are non-centrosymmetric are both FTIR and Raman
active. In the molecules which are centrosymmetric, their different vibration modes show
exclusive FTIR or Raman activity. Therefore, Raman and FTIR measurements are usually
combined to better understand the composition and chemical bonds of the target material.
In this research, a Renishaw inVia Raman microscope coupling with a 633 nm laser
source was used for Raman spectroscopy. Samples were placed or deposited on Si wafer
for measurement.

Figure 1.7 Schemes of Raman scattering, ν 0 indicates the laser frequency (a) and an
illustrative diagram of the resulted Raman spectrum (b). Reprinted from Lohumi et al.
[116] with permission from Elsevier.
X-ray diffraction (XRD)
X-ray diffraction (XRD) is useful for understanding the crystal structure of
materials, following the Bragg’s law shown in equation 𝑛𝑛𝑛𝑛=2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (1.5)

(1.5),

where n is a positive integer, λ is the wavelength of the incident wave, d is the interplanar
distance and θ is the glancing angle.
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In this research, XRD measurement was carried out by using a Rigaku Ultima IV
powder X-ray diffractometer operated at 44 kV and 44 mA using a copper X-ray radiation
(ƛ =1.5438 Å). Samples were scanned from 10° to 80° (2θ) with a step size of 0.02° and at
the scanning speed of 2°/min.
Scanning Electron Microscopy – Energy-Dispersive X-ray Spectroscopy (SEM-EDS)
Scanning electron microscopy (SEM) uses electrons instead of photons to observe
the surface of materials. Due to the extremely short de Broglie wavelength of high-speed
electrons, SEM is an invaluable tool to find out the surface morphology of nanomaterials.
An X-ray detector can be coupled with the SEM and obtain the energy-dispersive X-ray
spectroscopy (EDS) of the observed material. The incident electron beam from the SEM
excited electrons within the sample to an excited energy state. Upon relaxing to a reduced
energy state, the sample emits a photon in the X-ray spectrum whose energy level is
characteristic of the electronic energy states of the host atom. The detector gathers the
emission from the excited atoms, showing the elemental composition and even distribution
mapping in the target material.
In this research, a FEI Quanta 600 FEG ESEM coupled with a Bruker Quantax 200
Silicon Drift Detector with Xflash 6 for X-ray energy dispersive spectroscopy was used for
SEM images, elemental analysis and mapping.
Zeta Potential
When nanoparticles are dispersed in suspension media and form colloidal
dispersions, due to the surface effect, an electrical double layer usually formed interfacial
between nanoparticles and the fluid. [117] Zeta potential is the measure of potential at the
slipping plane. In other words, it is the potential difference between the dispersion material
15

and the stationary layer of fluid attached to the material, concluded as Stern model, [118]
shown in Figure 1.8. Zeta potential is usually a good indicator to judge the stability
behavior of a colloid. A high zeta potential number (usually > 30), either positive or
negative, indicates strong surface electrical charge and interaction between particle and the
fluid, leading to a stable dispersion, and vice versa.
In this research, the zeta potential of nanoparticles dispersions is measured by a
Delsa Nano Potential and Submicron Particle Size Analyzer.

Figure 1.8 Diagram of the model of zeta potential and stern potential theory.
Dynamic Light Scattering (DLS)
As discussed in Raman spectrum, Rayleigh scattering occurs when light hits small
particles. In dispersions, nanoparticles move and collide randomly, known as Brownian
motion, causing the phase change of scattering light. In a system with multiple
nanoparticles, the Brownian motion of different particles caused the change of final
intensity of scattering light. The speed of movement depends on the size of the particles,
so does the intensity change of scattering light. By analyzing the light signal dynamically,
the distribution of particle sizes can be found.
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In this research, the zeta potential of nanoparticles dispersions is measured by a
Delsa Nano Potential and Submicron Particle Size Analyzer.

Differential Scanning Calorimetry – Thermogravimetric Analysis (DSC-TGA)
Materials undergo physical and chemical changes when heated. Thermogravimetric
analysis (TGA) reveals the change of material mass when heated to a specific temperature,
indicating the loss of mass due to decomposition. Differential scanning calorimetry (DSC)
measures heat into and out of a material. This information is associated with physical
processes such as phase change, or chemical processes such as exothermal / endothermal
chemical reactions. DSC is one of the most important research tools in the field of energetic
material since it reveals the energy release of the material during energetic reaction.
In this research, the DSC-TGA analysis was carried out by a TA instrument SDT
600. The samples were heated from room temperature to target temperature (800 or
1200 °C) under the protection of Argon at 200 mL·min-1.
Combustion linear propagation speed measurement

Figure 1.9 Top view of the custom-built setup for combustion linear propagation speed
test.
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The rapid and self-standing combustion is a nature of energetic material. Linear
propagation speed is one of the most important indicators of the reactivity of energetic
materials.
In this research, the speed of linear propagation was captured by a Phantom fast
camera. The frame speed was set at 100,000 fps, so the time difference between
neighboring frames was 10 μs.
Electrostatic Discharge (ESD)
Nanoenergetic materials are sensitive to electrical static discharge (ESD).
Therefore, a system was built to measure the safety ESD threshold of the produced material.
In this research, ESD sensitivity test was carried out by using a system from Electro-Tech
Systems (ETS) Inc (Model 931), which is consisted of a 300 – 20,000 pF capacitor bank
charged in a range from 100 V to 26 kV. Samples filled were placed within an electrically
grounded stainless-steel well surrounded by a plastic ring. The discharging tip was placed
about ~1mm above the sample.
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Chapter 2
Self-Assembled rGO/Al/Bi2O3 Macroscale Nanoenergetic Gel
2.1.

Introduction
As discussed in Chapter 1.1, lack of scalability is one of the key problems that

hinders the applications of traditional Al-based nanoenergetic materials. Some physical
methods such as mechanical pressing, [1, 2] and 3D printing [3, 4] have been developed to
pack nanoenergetic material powder into macroscale structures. However, the reactivity of
these produced macroscale structures was found to be significantly decreased compared to
the physically mixed loose nanothermite powder. The Al nanoparticles packed in the
mechanically pressed pellets were found to be less likely to diffuse as individual particles
while sintering during the energetic reaction and losing their nanoscale structure, leading
to a decreased energetic performance such as burning rate. [5] 3D printing is able to prepare
Al/CuO nanothermite mixtures devices on demand while the flame propagation velocity
ranged from only 10 cm/s to 140 m/s, [4, 6] much smaller than the propagation speed over
400 m/s for original nanothermite loose powder. [7] Additionally, safely handling of
nanoenergetic materials remain a problem since traditional scaling-up methods including
pressing and 3D printing did not improve any stability of nanothermite materials.
Considering the extremely high sensitivity of nanothermite to external input including
electrostatic discharge, friction and impact, [8-10] it is very dangerous to pack a large
amount of nanoenergetic materials into large structures, which significantly limits the
application of nanoenergetic material. Therefore, finding a method that can reduce the
sensitivity to external stimuli while retaining the energetic properties of nanoenergetic
material is a focal point to improve nanoenergetic materials.
30

Functionalized graphene is a candidate to solve this problem as an additive in
nanoenergetic composites. The outstanding mechanical strength, thermal and electrical
conductivity can significantly reduce the sensitivity of as-produced nanoenergetic
composites to external stimuli. [11] Moreover, the capability of synthesizing graphene
macroscale aerogels in an ultralight porous structure can produce a macroscale
nanoenergetic structure with very low bulk density, or TMD% (theoretical maximum
density percentage). Unlike mechanically packed nanoenergetic materials,

packing

nanoenergetic particles in a graphene-based macroscale gel does not cause the loss of nano
structures or diffusion abilities during reaction.
In recent years, significant research in three-dimensional (3D) graphene macroscale
aerogel has been accomplished, with various synthesis routes and products developed. Pure
graphene aerogel is one of the lightest materials in the world, giving a density less than 10
mg·cm-3 due to its extremely high porosity. [12, 13] Similar to 2D graphene sheets, 3D
graphene aerogels also exhibited its outstanding characteristics including compressibility
[12], mechanical strength [14], electrical conductivity [15], thermal conductivity [16] and
high specific surface area up to 1300 m2·g-1. [17] Therefore, graphene aerogels have shown
its potential applications as electrodes for electrochemical power sources, [14]
supercapacitors, [18, 19] and absorbent for organic liquids. [13]
In addition to the applications of graphene aerogel itself, the characteristics of
graphene macroscale aerogel made it a promising candidate for being the scaffold for
nanomaterial loading to scale it up to macroscale devices having the advantages and
properties of nanocomposites composed with the graphene aerogel. Various kinds of
hybrid graphene aerogel have been developed and applied in different areas. MoS 2 /
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graphene and SnO 2 / graphene hybrid aerogel can be used in ultrasensitive NO 2 sensor.
[20, 21] Graphene aerogel – metal – organic framework can be utilized as detector for
multiple heavy metal ions. [22] LiS 2 / graphene, SiO 2 graphene and boron / nitrogen doped
graphene aerogel are developed as the cathodes of lithium batteries. [23-26]
The synthesis methods for 3D graphene aerogels can be categorized into two
different types. One is called template-guided methods, such as chemical vapor deposition
(CVD) on the surface of metallic foams to produce macroscale graphene monoliths. [27]
The 3D graphene aerogel produced by CVD showed similar advantages like 2D graphene
sheets produced by CVD, such as ultrahigh surface area, high electrical conductivity, very
few layer numbers and great perfectness. [27, 28] However, the problems behind template
– CVD method to produce 3D macroscale graphene is same as the method for producing
2D graphene sheets, which is the problem of scalability. [29] Also, the produced 3D
graphene structure was generally brittle under low compression. [30] Therefore, most
researchers adopted template-free approaches for scalable synthesis of self-assembled 3D
graphene macroscale aerogel. Chemically derived graphene oxide (GO)-based aerogels are
the most common 3D graphene macrostructures found in literature due to its simple
synthesis process, ease in production of large quantities, as well as the ability to obtain
different morphologies and chemical properties by modifying the condition of synthesis.
[12, 31-36]
The GO-based aerogels are synthesized by solution-based chemical reaction,
during which the exfoliated graphene oxide sheets crosslink with each other either through
π-π interaction after reduction [30] or direct chemical cross-linking. [15, 37] Ultrahigh
heating process over 1000°C is commonly required in the direct chemical cross-linking
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process to produce the final product, strongly limiting the application of this method.
Therefore, researchers showed higher interest in reduction methods to produce graphene
aerogels. Generally, the reduction methods can be classified as hydrothermal /
solvothermal method, and chemical reduction method. Hydrothermal / solvothermal
methods require dispersing GO in solution, sealed in autoclave and reduced in elevated
temperature (150 ~ 200°C) and temperature for a few hours. [30, 38] The process was first
discovered in aqueous solution, and then found applicable as well in certain kinds of
organic solvents such as N,N-dimethylformamide (DMF) [39], ethylene glycol [40] and
propylene carbonate (PC) [18]. Chemical reduction methods employ an extra chemical
reducer, such as amine, [38] vitamin C, NaHSO 3 , Na 2 S, [41] L-ascorbic acid, [14] enabling
a much lower reaction temperature around or below 100°C in GO aqueous solutions for a
shorter reaction time, normally below 10 hours. [12, 14]
Macroscale self-assembled rGO/Al and rGO/Al/MO x (MO x refers to metal oxide)
is considered to be a promising energetic composite to overcome the disadvantages of
traditional nanoenergetic composites. We have recently found that chemically
functionalized graphene can be engineered to facilitate directed self-assembly of dense
nanoenergetic composite pellets with enhanced energy release by avoiding phase
separation and reactive sintering. [42] By contrast, graphene aerogel structure, as discussed
above, offers an ultralight porous scaffold [12] that absorbs mechanical energy [43], is
thermally conductive [44], and is electrically conductive to optimize ESD safety, [11, 15]
facilitate further chemical functionalization, [45] and facilitate 3D printing. [29] Therefore,
macroscale self-assembled rGO/Al and rGO/Al/MO x is an excellent candidate to
synthesize scaled nanoenergetic material with enhanced safety and energetic performance.
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However, when the previously discovered gelation methods were attempted to
synthesize graphene/Al/MO x gel, neither of them provided the desired energetic properties.
Aluminum nanoparticles reacted with water at 95°C, forming Al 2 O 3 within only 4 hours,
as shown in Figure 2.1. Therefore, any process involving water as suspension agent cannot
be adopted as the method to synthesize graphene/Al/Bi 2 O 3 macroscale aerogel.

Figure 2.1 Optical pictures of Al NPs in water after mixing (left) and after heating at
95°C for 4 hours.
Therefore, organic suspension agents were next examined. DMF and PC were used
to synthesize reduced graphene oxide (rGO)/Al and rGO/Al/Bi 2 O 3 . An rGO/Al gel was
synthesized successfully, while rGO/Al/Bi 2 O 3 gel was unsuccessful.

2.2.

Synthesis and characterizations of rGO/Al macroscale gel
GO was synthesized by oxidation reaction of graphite using the modified

Hummer’s method. [42]
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Briefly, 46 mL H 2 SO 4 (Fisher Scientific Hampton, NH) was added slowly into a
beaker with mixture of 1 g graphite nanoplatelets (xGnP H-5, 5 μm average particle size,
XG Science, Lansing, MI) and 1 g NaNO 3 (Sigma-Aldrich, St Louis, MO) inside under
cooling by ice bath and magnetic stirring. After 10 minutes, 6 g of KMnO 4 (Sigma-Aldrich,
St Louis, MO) was added into the beaker and the solution was stirred for 1 h under 35 ℃.
Subsequently, 80 mL of deionized water was added into the beaker dropwise and the water
bath was heated to 90°C and maintained for half an hour. Then, 200 mL deionized water
was added slowly into the reacting agent. After cooling down to ambient temperature, 6
mL H 2 O 2 (Fisher Scientific Hampton, NH) was dropped into the suspension, and the
mixture color changed to pale brown. A washing procedure was then employed to remove
impurities and purify GO product. The centrifuging and dispersing washing step were
carried out until the pH of surfactant reached 6, when all the impurities were removed. The
GO was then dispersed into deionized water at a concentration around 5 mg·mL-1 and
sonicated for 45 minutes to exfoliate the material into flakes. The material was then
centrifuged for another 30 minutes at 4000 rpm to remove the unoxidized graphite. The
supernatant was then transferred into a glass petri dish and heated in oven at 60 ℃ until
the water evaporated. The resulting GO paper was then removed.
To initiate the self-assembly process, a typical amount of 25 mg Al nanoparticle
(80 nm diameter, 2.2 nm alumina shell thickness, 79% active, Novacentrix, Austin, TX)
and 25 mg as-synthesized GO paper were added to 5 mL propylene carbonate and sonicated
to disperse, respectively. The Al and GO suspensions were then mixed and sealed into a
20 mL Teflon-coated autoclave, followed by moving the autoclave into a furnace, heated
to 180 ℃ and maintained for 72 hours. After the solvothermal process, the autoclave was
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cooled in ambient air to room temperature. The organogel produced was then dumped into
a beaker filled with isopropyl alcohol (IPA) (Fisher Scientific Hampton, NH) to undergo
solvent exchange process, replacing the PC in the gel by IPA. Fresh IPA was exchanged
for several times to ensure all the PC trapped in the gel has been removed. Lastly, the
organogel was dried in a vacuum oven.at room temperature until the IPA evaporated. Pure
rGO gel was also synthesized in the same method using GO dispersion only.
SEM and DSC-TGA were utilized to observe the structure and measure the
properties of the synthesized rGO/Al gel.
After the solvothermal process, GO and Al NPs self-assembled into a homogeneous
macrostructure in centimeter scale, as shown in Figure 2.2. Both Al and GO could disperse
well in PC. After solvothermal process, GO was reduced to rGO and a macroscale rGO/Al
gel was formed in the autoclave, as shown in Figure 2.2D. The gel was in the shape of
cylinder with its height and diameter both around 1 cm. However, after vacuum drying, the
porous structure of the formed rGO/Al gel [18] shrank and the size of the dried gel reduced
into only a few millimeters. It resulted from the rapid removal of solvent, causing the soft
gel unable to support its structure, which was also damaged by bubble from boiling solvent.

Figure 2.2 Optical pictures of Al NPs suspension in PC (A), GO dispersion in PC (B),
GO/Al mixture before (C) and after (D) solvothermal process, and after solvent change
and vacuum drying (E).
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Figure 2.3 SEM images of dried pure rGO gel (A, B) and rGO/Al gel (C, D).
The structure of the formed rGO/Al gel was then confirmed by using SEM. The
rGO gel showed a smooth surface in general, as shown in Figure 2.3A. When examining
the cross section of the material, a densely packed layer structure of rGO sheets was
observed in Figure 2.3C, resulting from the severe shrink during vacuum drying process.
However, the porous structure was still preserved after vacuum drying, as shown in Figure
2.3B and Figure 2.3D. The addition of Al NPs into the rGO gel did not change the porous
structure of the product.
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Figure 2.4 TGA (A) and DSC (B) curves of GO, Al NPs and rGO/Al gel.
DSC-TGA analysis was carried out on Al NPs, GO and rGO/Al gel to understand
the change of material during the gelation process, as shown in Figure 2.4. No significant
weight loss was observed for Al NPs from room temperature to 800°C. It showed a
significant endothermic peak in Figure 2.4B at 668°C, indicating the melting of its Al core.
As for GO, it is clear that a large weight loss occurred during the exothermic reaction from
130 to 300°C, indicating the thermal decomposition of the oxygen functional groups in GO.
After the main decomposition, GO gradually lost additional mass, indicating some further
decomposition at higher temperature. rGO also exhibited some mass loss around 200°C,
indicating there was still some oxygen functional groups in the structure after reduction
process. The DSC result, however, was distinct from that of Al and GO. The exothermic
peak at the decomposition temperature was very small compared to GO, indicating the loss
of some functional groups during the gelation process. Some extra exothermal peaks were
found at higher temperature. The major reaction occurred at 675°C, following a small
endothermic peak of Al melting, indicating the occurrence of reaction between rGO and
molten Al. The energy release was 168 J/g. A minor energy release of 29 J/g was also
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found around 520°C, probably attributed to the reaction between diffused Al core and
decomposed oxygen functional groups fragments absorbed on the alumina shell of Al NPs.

Figure 2.5 Scheme of the reaction mechanism of forming rGO/Al binary organogel
during solvothermal process.
Considering the reduction of GO during the solvothermal process, the mechanism
of the reaction can be summarized in Figure 2.5. After mixing GO and Al dispersion, a
homogeneous mixture was formed. During the solvothermal process, the oxygen functional
groups in GO, such as hydroxyl groups, epoxyl groups, and carboxyl groups, were reduced
and rGO formed. The as-formed rGO sheets then formed 3D structures due to π-π
interaction between layers and grew to macroscale.
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Figure 2.6 DSC curve of rGO/Al/Bi gel formed after solvothermal process of
GO/Al/Bi 2 O 3 mixture.
However, some problems were found during the synthesis and characterization of
rGO/Al gel by using solvothermal method. First, the percentage of GO in original GO/Al
mixture must be high enough to form the rGO/Al gel. When the concentration of GO was
2.5 g / mL in GO/Al mixture, as discussed above, the minimum mass percentage of GO
was 50%. When the concentration of GO was increased to 5 g / mL in GO/Al mixture, the
minimum mass percentage slightly increased to 40%. However, further increasing the
concentration of GO did not reduce the GO percentage in GO/Al mixture where a gel could
form after solvothermal process. Another problem was the poor energetic performance of
the as-synthesized rGO/Al structure. The carbon in rGO was applied as the oxidizer, giving
a small energy release of only 197 J/g. More importantly, the rGO/Al gel could not be
ignited by either torch or fuse wire, indicating that the rGO/Al gel could not be defined as
energetic material. Therefore, a secondary oxidizer, such as metal oxide, must be included
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in the structure. A few tentative experiments were carried out, and it was found that the
metal oxide was reduced to simple metal during the solvothermal process. For example,
the DSC result of the solvothermal synthesized rGO/Al/Bi gel from GO/Al/Bi 2 O 3 mixture
is shown in Figure 2.6. No significant exothermal reaction since Bi 2 O 3 was reduced to Bi
during the synthesis. Similarly, CuO was also reduced to Cu, and the reduction of metal
oxide made the final product significantly less energetic.
It is assumed that the reduction of the metal oxide is resulted from the reductive
solvent or some reductive organic species generated during the hydrothermal process. For
example, DMF contains an aldehyde group, which makes DMF itself a considerably strong
organic reducer in elevated temperature. Propylene carbonate itself is not a strong reducer
nor containing strong reductive functional groups such as aldehyde or amine groups.
However, researchers have found that at elevated temperature, the five-membered ring in
propylene carbonate may open, resulting in the occurrence of polymerization or
oligomerization after the ring-opening reaction. [46] The molecular after the ring opened,
which may contain hydroxyl or aldehyde groups or radicals, can be reductive enough to
reduce metal oxide to pure metal under elevated temperature during the solvothermal
process.

2.3.

Synthesis of rGO/Al/Bi2O3 macroscale energetic gel
Therefore, a new synthesis method needs to be developed to obtain the desired

rGO/Al/MO x structure and retain the energetic properties of the synthesized material.
Therefore, the two different categories of methods were combined. In the new method,
organic solvent (propylene carbonate) was used, while an extra chemical reducer
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(ethylenediamine) was added to make sure the gel could form in a lower temperature to
avoid the reduction of MO x .
GO was synthesized following the same method described in chapter 2.2.
Table 2.1 Summarization of the amount of different materials in rGO/Al/Bi 2 O 3 gel.
GO
Equivalence
percentage ratio / ER

GO (mg) / in
PC (mL)

Al (mg) / in PC
(mL)

Bi 2 O 3 (mg) / in PC
(mL)

50 mg / 2.5 mL

9.5 mg / 1.25 mL

40.5 mg / 1.25 mL

30 mg / 1.5 mL

17.1 mg / 0.75 mL

72.9 mg / 0.75 mL

30 mg / 1.5 mL

51.3 mg / 0.75 mL

218.7 mg / 0.75 mL

1.6

30 mg / 1.5 mL

108.3 mg / 0.75
mL

461.7 mg / 0.75 mL

1.4

30 mg / 1.5 mL

97.1 mg / 0.75 mL

472.9 mg / 0.75 mL

1.2

30 mg / 1.5 mL

85.3 mg / 0.75 mL

484.7 mg / 0.75 mL

1.0

30 mg / 1.5 mL

72.9 mg / 0.75 mL

497.1 mg / 0.75 mL

4%

1.4

10 mg / 0.5 mL

40.9 mg / 0.25 mL

199.1 mg / 0.25 mL

3%

1.4

10 mg / 0.5 mL

55.1 mg / 0.25 mL

268.2 mg / 0.25 mL

50%
25%

1.6

10%

5%

The synthesis of macroscale rGO/Al/Bi 2 O 3 was initiated by dispersing all the three
different materials in propylene carbonate (PC). The detailed amount of GO, Al and Bi 2 O 3
in PC is summarized in Table 2.1 and the equivalence ratio is calculated by Equation 2.1.
[𝑛𝑛(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)/𝑛𝑛(𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Φ = [𝑛𝑛(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)/𝑛𝑛(𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)]

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(2.1)

To initiate the self-assembly process, as-produced GO paper, Al nanoparticles and
Bi 2 O 3 nanoparticles (200 nm labelled diameter, Sigma-Aldrich, St Louis, MO) were
separately dispersed into propylene carbonate and sonicated for 4 hours. Equivalence ratio
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was calculated by the ratio of fuel / oxidizer over stoichiometric value. After 4 hours of
sonication, Al and Bi 2 O 3 dispersions were mixed and sonicated for another hour before
the addition of GO dispersion. Afterwards, the dispersions were mixed together by
vortexing for 10 minutes in a vial and rested for 16 hours. Then 40 μL ethylenediamine
was injected to the mixture to initiate gelation, and the vial was moved to a 95 ℃ oven for
8 hours. After the gelling process, the product was cooled in ambient air to room
temperature. The organogel was then placed in a beaker filled with tert-butanol to undergo
solvent exchange. Lastly, the material was freeze dried under vacuum in a freeze dryer to
remove solvent. An extra sample dried under vacuum without being frozen was also
synthesized. Optical pictures taken during the process are shown in Figure 2.7.

Figure 2.7 Optical pictures of GO/Al/Bi 2 O 3 mixture in PC and their standalone
dispersions right after (A) and 16 hours after (B) sonication, and the formed gel after
gelation (C) and during solvent change process (D).
Al/Bi 2 O 3 control sample for reference was made in IPA, following the standard
process reported in prior work. [47] In a typical process, 400 mg Bi 2 O 3 was firstly
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dispersed in 1.2 mL IPA under sonication for 1 hour. Subsequently, calculated amount of
Al NPs (82 mg for Ф = 1.4, 94 mg for Ф = 1.6) was directly scaled and added into the
dispersion and sonicated for an extra 4 hours. The Al/Bi 2 O 3 slurry was then moved to a
bowl-shaped Al foil and dried under vacuum. For the control Al/Bi 2 O 3 sample made in PC,
calculated amount of Al and Bi 2 O 3 (200 mg in total, Ф = 1.4) was weighed and dispersed
in PC under sonication for 4 hours respectively. Then the dispersions were mixed and
sonicated for one more hour. The mixture was then moved to an aluminum foil bowl and
dried under vacuum.
Different measurement methods were applied to understand the structural and
energetic properties of the obtained rGO/Al/Bi 2 O 3 gel, including SEM-EDS, Zeta potential,
DLS, XRD, Raman, BET surface area, DSC-TGA, ESD sensitivity and linear combustion
propagation test.

2.4.

Structural analysis of rGO/Al/Bi2O3

Figure 2.8 Optical Pictures of the formed gels with different GO percentage.
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Our gelation method in PC allows for precise control of GO content (Figure 2.8).
Maintaining a GO concentration of 10 mg / mL in GO/Al/Bi 2 O 3 mixture allowed the
formation of final product from containing GO between different mass percentage, from
3% to 50%. More GO provided better structural strength, while less GO contributed less
dead mass in the final gel. If not specified, the sample discussed here had a GO mass
percentage of 5%.

Figure 2.9 Optical picture of freeze dried rGO(5%)/Al/Bi 2 O 3 gel formed in vial (A) and
glass tube (B, ruler in cm), and vacuum dried gel (C).
The sample size and shape were well-preserved after freeze drying, while the
sample being vacuum dried broke during the drying, as shown in Figure 2.9. The fast
removal of solvent during vacuum drying without structural support cause the collapse of
the gel. Conversely, freeze-drying occurred in a much slower rate and the frozen solvent
helped to support the structure during the removal of solvent. Therefore, most samples
were freeze dried in this research. The synthesis was similar to a molding process in which
the dried gel took the shape of the container. The finished gel was homogeneous in color,
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indicating well dispersed Al and Bi 2 O 3 NPs throughout the structure, indicative of a welldispersed precursor mixture formed before the onset of gelation process (Figure 2.7). The
mass density of the gel varied from 20 to 250 mg / cm3, depending on the percentage of
GO in the reactant. Importantly, phase separation between Al and Bi 2 O 3 NPs was
minimized, overcoming a significant shortcoming of Al/Bi 2 O 3 nanothermite produced by
conventional sonication and drying. [48] Uniform dispersion of particles and their stability
were confirmed by zeta potential tests (Table 2.2) and dynamic light scattering (DLS)
(Figure 2.10), respectively. GO, Al and Bi 2 O 3 dispersions all measured high negative
surface charge with particle sizes indicative of single or few-particle clusters. Achieving a
surface charge of similar polarity for all particles is critical, as agglomeration and settling
of the mixed products was avoided. The 16-hours resting procedure played a key role for
the well-dispersion of nanoparticles. During the resting process, the repulsion force helped
to obtain a homogeneous mixture of exfoliated GO sheets, Al nanoparticles and Bi 2 O 3
nanoparticles. During the gelling process, the dispersed GO sheets got reduced and trapped
the surrounding nanoparticles locally. It was observed that Bi 2 O 3 would agglomerate and
precipitate out if the gelling process was initiated immediately after preparing the
GO/Al/Bi 2 O 3 mixture.
Table 2.2 Zeta potential results for all the precursors in PC.
Material

Zeta Potential

Graphene Oxide

-38.75 ± 2.25 mV

Al NPs

-45.14 ± 3.10 mV

Bi 2 O 3

-20.10 ± 0.53 mV
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A few hours of resting before the addition of EDA was found critical to the success
of the synthesis process. If the EDA was injected into the mixture immediately after the
mixing and 10-minute vortexing of GO/Al/Bi 2 O 3 mixture, a yellow layer of Bi 2 O 3
precipitation was found to occur. No experiment was carried out to determine the structure
of the precipitation, but it is hypothesized that the nitrogen in EDA played a role as a ligand
for Bi in Bi 2 O 3 nanoparticles, [49] leading to the agglomeration and precipitation of Bi 2 O 3
nanoparticles from some concentrated area in the mixture. However, when the mixture was
rested for a few hours, the Brownian movement of the GO nanosheets and Al, Bi 2 O 3
nanoparticles resulted in a homogeneously distribution of all components in the mixture.
Therefore, the Bi 2 O 3 agglomeration did not precipitate after the addition of EDA.
Experiments of samples with different resting time between 4 – 48 hours were carried out.
The mixture with resting time between 8 – 48 hours gave the similar energy release, larger
than the number given by the 4-hour resting sample, as shown in Table 2.3. Considering
the time of experiment, 16 hours was finally chosen as the resting period.

Figure 2.10 DLS results of Al NPs (A) and Bi 2 O 3 (B) in PC.
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Table 2.3 Energy release of dried GO/Al/Bi 2 O 3 mixture in PC with different resting
period.
Resting time

4 hours

8 hours

16 hours

32 hours

48 hours

Energy release

681 J/g

733 J/g

734 J/g

728 J/g

731 J/g

Figure 2.11 SEM images of freeze-dried pure rGO gel (A, B), rGO/Al/Bi2O3 gel before
(C, D) and after (E, F) slow heating to 1200 ℃.
SEM images displaying the microstructure of the aerogel before and after slow
heating to 1200 ℃ in argon (within DSC-TGA) are shown in Figure 2.11. The rGO
prepared without particle loading showed porosity on the order of tens of microns (Figure
2.11A-B), similar to rGO gels prepared with water. [12] The gelation processes occurred
due to the crosslinking and π-π stacking between the reduced GO sheets, producing thinwalled rGO porous scaffolds. [30, 38, 50] rGO structures loaded with nanoscale fuel and
oxidizer particles are shown in Figure 2.11C-D. Smaller Al NPs (~80 nm) and larger Bi 2 O 3
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NPs (~200 nm) could be clearly distinguished individually, wrapped by rGO sheets.
Particle agglomeration and phase separation of the NPs was not observed. The
homogeneous mixing was also confirmed by EDS mapping (Figure 2.12, Table 2.4).

Figure 2.12 EDS mapping of rGO/Al/Bi2O3 macrogel.
Table 2.4 Elemental statistics calculated from EDS of Figure 2.12
Element

Mass percentage

Atom percentage

Carbon

2.63

11.89

Oxygen

8.27

28.12

Aluminum

20.97

42.26

Bismuth

68.13

17.72

Discrete fuel and oxidizer particles are no longer observed after being heated to
1200 ℃. Rather, a porous Al 2 O 3 framework intermixed with graphene sheets was
produced during the reaction (Figure 2.11E-F). Note that some Bi content evaporated
during DSC-TGA heating due to its high vapor pressure when the temperature is above
1000 ℃. [51] EDS mapping (Figure 2.13, Table 2.5) confirms that the atomic percentage
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of bismuth dropped from 17.72% to 0.08% after slow heating while the relative content of
carbon and aluminum were only slightly altered.

Figure 2.13 EDS mapping of rGO/Al/Bi 2 O 3 after slow heating to 1000°C.
Table 2.5 Elemental statistics calculated from EDS of Figure 2.13.
Element

Mass percentage / %

Atom percentage / %

Carbon

6.18

10.12

Oxygen

44.28

54.38

Aluminum

48.64

35.42

Bismuth

0.89

0.08

The occurrence of a high-temperature thermite reaction was confirmed by XRD
results (Figure 2.14), which showed the emergence of α-Al 2 O 3 produced during the AlBi 2 O 3 reaction. The specific surface area of the freeze-dried rGO gel without Al and Bi 2 O 3
NPs, measured by BET, was 32.49 m2/g, which is lower than some values reported [17]
due to the thick rGO sheets form from stacking, as shown in Figure 2.11C. While the
rGO/Al/Bi 2 O 3 aerogel was 34.31 m2/g despite only 5 % GO content (Figure 2.15, Table
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2.6). The increased surface area suggests that large-scale particle agglomeration was
avoided during the gelation process, as confirmed by SEM.

Figure 2.14 XRD pattern of rGO/Al/ Bi 2 O 3 before (A) and after (B) slow heating up to
1200°C.

Figure 2.15 BET nitrogen absorption results of pure rGO gel (A) and rGO/Al/ Bi 2 O 3 gel
(B).
Table 2.6 Specific surface area results measured by BET. The surface area of Bi 2 O 3 is
provided by manufacture.
Material

Pure rGO gel

Al NPs (80
nm)

Bi 2 O 3 NPs

RGO/Al/Bi 2 O 3

Surface Area

32.49 m2/g

25 m2/g

3.5 m2/g

34.31 m2/g
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Figure 2.16 FTIR spectra of rGO gels formed in water and PC.
FTIR spectra, shown in Figure 2.16, confirmed that nitrogen functional groups
supplied by EDA were responsible for promoting gelation. Peaks assigned to -OH, C=O
and -COOH were disappeared, indicating these functional groups were removed after
reduction. A peak at 1700 cm-1 was present in the gel formed in PC as a result of the carbonnitrogen double bond. This peak was not present in the gel formed in water. This peak
indicated that the C=N bond formed more often in PC than in water, due to the reaction
between EDA and the carboxyl group in the basal plane of GO. The peak at 1030 cm-1 was
resulted from the C-N bond in EDA. The reaction between the C=O group and EDA formed
Schiff base in both sides of EDA, connecting the GO sheets. Therefore, EDA acted as both
a reducer and a linking agent during the reaction and existed in the final gel. Raman
spectrum confirmed the reduction of GO to rGO since the I D /I G increased from 1.095 for
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GO to 1.239 for rGO gel (Figure 2.17). The gelation process started upon introduction of
EDA into the system at room temperature, unlike gelation processes in water that requires
heating. For the synthesis in PC, conducting the reaction at 95 ℃ accelerated the reaction
significantly while retaining the chemical reactivity of Al and Bi 2 O 3 . Considering the
negative surface charge for all the well-dispersed GO, Al, and Bi 2 O 3 precursors, a
homogeneous mixture was formed before the gelation process, as confirmed by images
obtained 16 hours of dispersion (Figure 2.7). When EDA was injected into the PC
dispersion, the reaction occurred, and the gel formed. The mechanism is shown
schematically in Figure 2.18.

Figure 2.17 Raman spectrum of GO and rGO gel.
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Figure 2.18 Formation mechanism of rGO/Al/Bi 2 O 3 gel. EDA refers to ethylenediamine.

2.5.

Energetic analysis of rGO/Al/Bi2O3
Simultaneous differential scanning calorimetry and thermogravimetric analysis

(DSC-TGA) was conducted to examine the energetic properties of the rGO/Al/Bi 2 O 3 gel.
Two separate control Al/Bi 2 O 3 samples (Ф=1.4, without rGO) were prepared using PC in
one case and IPA in another. An additional sample was synthesized by drying a dispersion
of GO/Al/Bi 2 O 3 prior to gelation. Energy release of the samples was quite different and
directly related to the composite morphology produced during assembly. Figure 2.19 shows
that the Al/Bi 2 O 3 control sample made in IPA produced an energy release of 723 J/g. The
control sample made in PC showed visible phase separation upon drying, with yellow Bi 2O3

precipitating to the bottom of the sample. This phase-separated sample produced an

energy release of 638 J/g, with about a third of the energy released after the melting of
Bi 2 O 3 at 817℃, indicating the reaction could not occur well until both Al and Bi 2 O 3 melted
and freely flew throughout the sample. Introducing GO produced a homogeneous material
without phase separation. Considering the negative surface charge of GO, Al and Bi 2 O 3 ,
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the phase separation between Al and Bi 2 O 3 in PC after drying was prevented. The dried
GO/Al/Bi 2 O 3 mixture that did not undergo gelation produced an energy release of 734 J/g.
This energy release was slightly higher than the Al/Bi 2 O 3 control sample made in IPA due
to the reduced phase separation. The rGO/Al/Bi 2 O 3 aerogel produced the highest energy
release of 909 J/g, indicating that it possessed the best intermixing between Al and Bi 2 O 3
particles among all the samples. As seen from the SEM images, Al and Bi 2 O 3 NPs
assembled between rGO sheets during the gelation process, enhancing the interfacial
contact between fuel and oxidizer particles. However, the vacuum dried gel only provided
an energy release of 609 J/g, much smaller than the freeze-dried sample, indicating the
dense structure after vacuum drying significantly prevented the reaction between Al and
Bi 2 O 3 nanoparticles.
Condensed phase reactions between Al and Bi 2 O 3 particles produced the greatest
energy release for all samples, excluding the phase-separated control sample formed in PC.
These reactions occurred prior to Al melting at 665 ℃, indicated by an endothermic peak
in each curve. Note that liquid-phase Al – Bi 2 O 3 reaction [52, 53] accounted for less than
10% of the energy released within the aerogel but was responsible for a greater percentage
of the energy released for other compositions. Enhancement of the condensed phase
reaction between Al and Bi 2 O 3 particles was facilitated by increased interfacial contact
and homogeneous mixing. These conditions promoted decreased diffusion lengths between
mobile of Al atoms that diffuse through the Al 2 O 3 shell. [54] Furthermore, the temperature
associated with the peak energy release decreased from 600 ℃ for the IPA control sample
without graphene to approximately 560 ℃ for the samples self-assembled on RGO. Within
the self-assembled rGO composites, Al and Bi 2 O 3 NPs are embedded between rGO sheets,
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reducing the effects of Al NP sintering [48] and enhancing energy release at lower
temperatures. rGO/Al/Bi 2 O 3 aerogels produced with different equivalence ratios were also
analyzed by DSC-TGA and are displayed in Figure 2.20. The sample with an equivalence
ratio of 1.4 (fuel rich) showed the highest energy release, which is consistent with selfassembled GO/Al/Bi 2 O 3 or Al/MoO 3 nanothermite. [42, 52] Note that the strongest
endothermic peak at 665 ℃ associated with melting of unreacted Al occurred at Φ = 1.6,
indicating that the fuel mixture ratio for optimum reaction was exceeded. Energy release
increased with equivalence ratios prior to Φ = 1.6.

Freeze Dried
rGO/Al/Bi2O3 gel

Heat Flow / W·g-1

909 J/g

Vacuum Dried
rGO/Al/Bi2O3 gel

609 J/g

Dried
GO/Al/Bi2O3 (PC)

734 J/g

Randomly mixed
Al/Bi2O3 (IPA)

723 J/g
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432 J/g
206 J/g
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Figure 2.19 DSC curves of Al/Bi 2 O 3 control samples made in PC and IPA, dried
rGO/Al/Bi 2 O 3 dispersion before gelation and freeze-dried rGO/Al/Bi 2 O 3 .
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Figure 2.20 DSC curves of freeze-dried rGO/Al/Bi 2 O 3 with different equivalence ratios.
The burn rate of the energetic graphene aerogel (5% GO in mass, Ф = 1.4) was
examined using a high speed camera in an open burn chamber. [55] Figure 2.21 shows key
frames obtained by a high-speed camera imaging at 100,000 fps. The frame at the time of
ignition was set to t = 0. The combustion front propagated across the entire 23-mm
nanothermite aerogel between the frames obtained at 0.020 – 0.030 ms, translating to a
flame propagation speed of 960 ± 190 m/s. The accuracy of the flame speed was limited
by the frame acquisition rate of fast camera. This value was much higher than the open
burning speed for Al/Bi 2 O 3 nanothermite powder as measured by Sanders et al., which
gave a maximum 425 m/s open burning rate at Ф = 1.3 among Ф =0.8, 1.0, 1.3, 1.6 and
1.8. [7] An open burn control experiment was also performed using a similar sized and
weighed sample of Al/Bi 2 O 3 (Ф = 1.4) nanothermite powder made in IPA. The key frames
are shown in Figure 2.22. The powder exhibited a flame propagation speed around 460 m/s,
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which is quite close to the value found by Sanders, but still much lower than the
propagation speed of the gel.

Figure 2.21 High-speed camera frames of the open burn of rGO/Al/Bi 2 O 3 nanothermite
aerogel, the rectangles in each frame indicates the position of the aerogel.
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Figure 2.22 Key frames of the open burn of control Al/Bi 2 O 3 nanothermite powder made
in IPA.
Experiments performed by Plantier et al. [56] suggested that open burns produce
flame propagation rates that are approximately one third those produced for confined burn
experiments using identical chemical compositions. Open burn experiments allowed the
combustion energy and shock wave to propagate out in a 3D space, resulting in a decaying
wave similar to a Taylor-Sedov blast wave. [57, 58] Compared to a neat Al/Bi 2 O 3 control
sample, the greatly enhanced burn rate of the rGO/Al/Bi 2 O 3 aerogel was likely a result of
both enhanced overall energy release and the porosity afforded by the internal aerogel
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structure. Internal pores allowed the hot combustion products to become entrained behind
shock waves propagating through the multiphase material. The propagating gases
preheated the material ahead of the initial reaction while shock wave focusing may lead to
“hot spot” formation within the rGO scaffold. [59] The porous rGO aerogel itself might
lead to a “self-confining reaction” within the rGO scaffold, leading to a mixture of both
non-confined and confined burning characteristics. This was evident by the rapid flame
propagation down the horizontal axis of the sample (right to left in Figure 4) compared to
slower vertical, open air flame propagation, forming a “rectangular” flame shape. However,
in the combustion of neat Al/Bi 2 O 3 powder, the flame expanded from the ignition point
more spherically in all directions, showing no apparent preferential direction. Therefore,
the self-confinement of the rGO/Al/Bi 2 O 3 led to a more restricted energy release in and
along its dimensions and limited the blast ejection of energetic material which likely
occurred for the nanothermite powder control case.
Table 2.7 Mass and Atomic percentage of rGO gel.
Element

Mass Percentage

Atom Percentage

Carbon

62.39%

68.25%

Nitrogen

7.29%

6.84%

Oxygen

30.33%

24.91%

The minimum ESD energy threshold for the rGO/Al/Bi 2 O 3 gel was 0.89 mJ,
measured by electrostatic discharging system including a capacitor charged to a high
voltage, a discharging tip and a steel sample holder with samples in a plastic ring. This
value is more than 3 orders higher than the value of Al/Bi 2 O 3 nanothermite (0.125 μJ) as
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reported by Puszynski et al. [10] It was also found that the EDA chemical reduction of GO
to rGO is incomplete, [12] as the C/O ratio was only increased from 1.95 in GO [14] to
2.74 in the pure rGO gel, limiting the electrical conductivity of the composite. Further
reduction may result in still greater ESD thresholds.

2.6.

Conclusion and future direction
rGO was successfully utilized as the scaffold for rGO/Al/Bi 2 O 3 3D macroscale

energetic aerogel with superior energy release, flame speed, and ESD sensitivity relative
to the neat NP mixture. A novel gelation process in which EDA was added to a PC
dispersion to induce gelation and mild chemical reduction was discovered. Particle
dispersion was encouraged in PC, while EDA served as a mild gelation and reduction agent
that retained the reactivity of the energetic NPs. The achieved rGO/Al/Bi 2 O 3 nanoenergetic
aerogel obtained by this process exhibited structural homogeneity with well-dispersed
particle loading. The aerogel scaffold was of critical importance from applications’
perspectives as it confined fuel and oxide NPs in intimate contact, linked to the NPs to
discourage sintering, provided an electrically conductive pathway to reduce ESD
sensitivity, and provided a mechanism that tends to partially confine flame propagation for
enhanced burn rates. It provided a safe way to produce, store and use nanothermite material
with designable shape and enhanced energetic performance.
The process was demonstrated using embedded Al and Bi 2 O 3 NPs. However, it can
be extended to produce aerogels with numerous other types of embedded reactive
nanoparticles, nanorods and nanosheets to obtain different nanothermite responses and
different structural properties, such as CuO, MoO 3 and Fe 2 O 3 . The process was also

61

amenable for the gelation that are sensitive to high temperature or water. Different
graphene gels with loading of nanoparticles utilized in various fields such as catalysts,
electrochemical devices or medical devices can be synthesized using this method.

2.7.

Summary
The target of this part of the research is to obtain a self-standing macroscale

nanoenergetic structure with improved safety in handling, which was successfully achieved.
The difficulties I faced during the research were the design and the optimization of the
process. The methods developed and reported by other researchers usually do not meet all
requirements of my own research. Therefore, it is important to find out the theory of the
reaction and try to develop and optimize a new route based on the theory. There are still
some relations in this research that is not cleared. How does the amount ratio of EDA/GO
interfere with the mechanical and energetic properties of the final gel product? How
important is the porosity in the final gel to the combustion rate of the final gel product?
These problems need to be further investigated to build a better comprehension of this
method and the macroscale nanoenergetic gel.
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Chapter 3
Fluorinated Graphene Oxide (FGO) and its Application in
Self-Assembled Nanoenergetic Materials
3.1.

Introduction
The choices of oxidizers in Al-based nanothermite is diverse. All molecules that

can deliver high electronegative elements from themselves to Al fuel, releasing high energy
during the reaction can be used as “oxidizer”. Those oxidizers, literally, delivering oxygen
were mostly commonly used and studied due to its abundance and mature production over
hundreds of years. Some other elements, however, can play the same role as oxygen in
nanothermite composites, such as halogen elements, which are also highly electronegative.
Fluorine is the most electronegative element people have known and has been used in
nanoenergetic materials. Different fluorine compounds, including PTFE, THV, PVDF,
have already been adopted as the oxidizer in nanothermite composites. [1, 2] Fluorine
compounds can react with Al core and release high energy, as shown in equation 2Al(s) +
3F2 (g) → 2AlF3 (s)

ΔH = -3020.8 kJ/mol

(3.1.

Moreover,

different

from

oxygen-based oxidizers, fluorine-containing oxidizers may exothermally react with and etch the

alumina shell in a nanothermite composite, as shown in equation 2Al2 O3 (s) + 6F2 (g) →

4AlF3 (s) + 3O2 (g)

ΔH = -2690.2 kJ/mol

2𝐴𝐴𝐴𝐴(𝑠𝑠) + 3𝐹𝐹2 (𝑔𝑔) → 2𝐴𝐴𝐴𝐴𝐹𝐹3 (𝑠𝑠)

2𝐴𝐴𝐴𝐴2 𝑂𝑂3 (𝑠𝑠) + 6𝐹𝐹2 (𝑔𝑔) → 4𝐴𝐴𝐴𝐴𝐹𝐹3 (𝑠𝑠) + 3𝑂𝑂2 (𝑔𝑔)

(3.2.

𝛥𝛥𝛥𝛥 = −3020.8 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚

(3.1)

𝛥𝛥𝛥𝛥 = −2690.2 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚

(3.2)

The reaction with Al 2 O 3 weakens or removes the shell, allowing access of the Al core to external
species and easing the diffusion of Al from the shell. These so-called pre-ignition reactions between
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the alumina shell and fluorine species have been observed during the decomposition of
fluoropolymers such as PTFE and THV. [3, 4] After the shell is removed, the Al core could diffuse
out much easier without any barrier and react with the oxidizer easily at a lower temperature than
that of traditional nanothermite composites. Please note in equation 2Al(s) + 3F2 (g) →

2AlF3 (s)

3O2 (g)

(3.1 and 2Al2 O3 (s) + 6F2 (g) → 4AlF3 (s) +

ΔH = -3020.8 kJ/mol
ΔH = -2690.2 kJ/mol

(3.2, fluorine gas was referred as the fluorine

source. While in real reactions between Al and fluorine compounds, the fluorine sources from the
decomposed fragments of the oxidizer, such as fluorine radicals, ions or carbon-fluorine radicals,
ions. While fluorine compounds have been brought in the field of nanoenergetics, fluorinated
graphene has not.

Functionalization of graphene by chemical groups other than graphene oxide also
have grabbed researchers’ attention due to its flexibility in realizing application specific
characteristics. [5] Halogenated graphene, such as fluorinated graphene, is one of the major
branches of graphene functionalization. Following the fluorination of bulk graphite in 1934,
[6] exploration of fluorinated carbon-based materials has steadily increased. [7, 8]
Fluorographite, [9, 10] which is commonly used as a lubricant, [11] biomolecular sensing
agent, [12] and cathode in lithium cell, [13] is prepared by bonding fluorine to sp2 carbon
materials. Fluorine-functionalized polymers, consisting of fluorine atoms bonded to a
carbon

skeleton,

form

the

basis

of

commonly

used

materials

such

as

polytetrafluoroethylene (PTFE). [14-16] More recently, fluorination of carbon
nanomaterials such as C 60 , [17] carbon nanotubes [18-20] and graphene [21, 22] has been
demonstrated. Graphene has been widely researched to exploit its high thermal and
electrical conductivity, mechanical strength, and unique optical properties, [23, 24] as
discussed above. These properties are altered after fluorination due to the strong
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electronegativity of fluorine. As a result, fluorinated graphene has been applied in highperformance supercapacitors, [25] anode material for lithium-ion batteries, [26] optical
limiting devices, [27] and transistors. [28]
Various methods have been developed to obtain fluorinated graphene with different
structures and F/C ratios. [29] Gas-solid reactions between F 2 and GO [24], or between
XeF 2 and chemical vapor deposition (CVD) graphene [21, 30] generated fluorinated
graphene with an F/C ratio approaching unity. Plasma fluorination of graphene and GO
using inorganic fluorine compounds such as SF 6 , [31], CF 4 [32] or argon/F 2 , [33] provided
a mild F/C ratio up to 0.3. Other chemical methods such as hydrothermal (F/C up to 0.48)
[34, 35] and photochemical fluorination (F/C up to 0.33), [36] or physical exfoliation of
fluorographite (F/C up to 1.00) [37, 38] were also employed to obtain fluorinated graphene.
Of these techniques, gaseous fluorination provided the highest capacity and controllability
for fluorine loading; however, the toxicity of F 2 gas limits its wide application despite its
high efficiency and wide capability, [39] and previous investigation of XeF 2 has been
limited to CVD graphene, leading to fluorinated graphene without oxygen functional
groups, limiting its further applications. [30] Therefore, I tried multiple fluorination
method, including hydrothermal fluorination utilizing HF and GO, as well as XeF 2 gassolid fluorination method on both commercial graphene and GO.

3.2.

Synthesis and characterization of hydrothermally produced

fluorinated reduced graphene oxide (F-rGO)
GO was synthesized following the method described in chapter 2.2.
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To produce fluorinated reduced graphene oxide (F-rGO) through hydrothermal
process, 2 mg/mL GO aqueous dispersion and HF were mixed and sealed in a Teflon
autoclave, and then reacted in a furnace of 180°C for 30 hours. The autoclave was then
cooled down to room temperature. The produced F-rGO gel was then crashed and washed
by deionized water repeatedly to remove any remained acid in the structure. The F-rGO
powder was finally obtained after drying at 50°C.
F-rGO/Al samples were prepared using the following procedure. Calculated
amount of the dried F-rGO and Al NPs were dispersed in IPA for 4 hours, then mixed and
sonicated for another hour. After sonication, the mixture was poured onto Al foil and dried
under vacuum at room temperature.
rGO gel was also synthesized by hydrothermal process without HF, and then
rGO/Al was produced following the same method of F-rGO/Al.
SEM-EDS was used to measure the structural and elemental properties of the
produced F-rGO, and DSC-TGA was used to find out the reaction of F-rGO/Al.

Similar to hydrothermal processes without HF in publications, [40] GO was also
reduced and formed a hydrogel after the hydrothermal reduction in the presence of HF. The
formation of the gel was driven by the π-π interaction of the reduced graphene layers.
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Figure 3.1 Photographs of as-produced F-rGO (A), and the broken pieces of the gel
during washing (B).

Figure 3.2 SEM pictures (A,B) and EDS spectrum (C) of F-rGO.
SEM-EDS was carried out to investigate the morphology and elemental
composition of the produced F-rGO. The F-rGO showed a porous structure in micro scale,
due to the interconnections of the reduced graphene layers, which was also observed in
solvothermal reduced rGO gels. The EDS spectrum of F-rGO in Figure 3.2C confirmed
the existence of fluorine in F-rGO. However, the fluorine peak was tiny, and the atomic
percentage of fluorine was less than 1% in all samples prepared, typically around 0.2 to
0.3%. The synthesis of F-rGO through HF hydrothermal process was delicate, as reported
by Z. Wang et al. [34] A small change in pH or other conditions can result in significantly
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different fluorine percentage in final content. It is reasonable to assume that the poor
fluorination degree of F-rGO was resulted from the precursor graphene oxide we used. As
confirmed by the FTIR result in Figure 2.16, the GO we used contained a high amount of
carbonyl group and carbolic acid groups, which is a nature of GO produced by Hummer’s
method, due to the extremely strong oxidizing nature of potassium permanganate. [41] The
GO we used was suitable for self-assembling with Al/Bi 2 O 3 due to its high surface negative
electricity from the abundant carbolic acid groups, [42] and for producing rGO/Al/Bi 2 O 3
gel because of the reaction forming Schiff base between the C=O group and EDA. However,
when turning to hydrothermal functionalization, the high oxidation state of -COOH and
C=O made them difficult to be replaced by or added with other elements. Therefore, the
fluorination process between GO and HF here did not produce F-rGO with high fluorine
loading.
Table 3.1 A typical element composition of F-rGO.
Element

Mass percentage

Atomic percentage

Carbon

83.42%

87.05%

Oxygen

16.21%

12.70%

Fluorine

0.38%

0.25%
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Figure 3.3 DSC results of hydrothermal F-rGO/Al and rGO/Al.
Although the fluorine loading in F-rGO was small, the reaction between F-rGO and
Al was still examined, as shown in Figure 3.3. Both F-rGO/Al and rGO/Al were prepared
in a mass ratio of 70 – 30. In rGO/Al, a tiny exothermic peak of 19 J/g showed up before
the melting of Al due to the reaction between the decomposed fragments (carbon-fluorine
composite) from the remained functional groups after solvothermal process. The main
reaction occurred after the melting of Al, when the liquid-phase Al core could freely flow
out of the shell and react with the surrounding rGO. While in F-rGO/Al, the main reaction
occurred before the melting of Al, peaking at 590°C and giving an energy release of 115
J/g. The peak indicates that the shell was weakened by the fluorine content released from
F-rGO decomposition, allowing the Al core to diffuse out and react with F-rGO at a lower
temperature in prior to melting. However, even with excessive F-rGO, a significant
endothermic peak of Al melting still showed up, indicating not the shell of all Al NPs was
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well weakened. It happened probably because the F-rGO was not well-assembled with Al,
resulted from its poor dispersity in IPA after being reduced and fluorinated. [34]
It was reported that the F/C ratio could reached up to 0.48 in publications. However,
it requires re-design our synthesis method for GO, which was a mature method and has
been used in different projects for long time. The dispersity of F-rGO was also considered
as a negative factor for using it for self-assembly with energetic nanoparticles. Therefore,
instead of HF hydrothermal fluorination, the direction was turned to use XeF 2 directly
fluorinate graphene.

3.3.

Synthesis and characterization of XeF2 fluorinated highly

exfoliated commercial graphene (FG)
There has been a lot of research on the directly fluorination by XeF 2 on CVD
graphene. Fluorine atoms directly add onto the sp2 carbon atom, forming F-C (sp3)
structures. [30] However, the complicated production process and high price of highquality CVD graphene significantly limited further application of the fluorinated CVD
graphene. Meanwhile, the commercial graphene produced by thermal exfoliation after
chemical intercalation of natural graphite provides a reasonable price and is ideal for bulky
production. However, the exfoliated graphene is not a perfect structure as normally seen in
CVD graphene. It contains a lot of defects and about 10% of oxygen and nitrogen atoms,
as indicated by the manufacturer. In order to bulky produce fluorinated graphene by XeF 2
fluorination, the reaction between XeF 2 and commercially available thermally exfoliated
graphene was carried out.
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130 mg highly exfoliated commercial graphene (C-750 from XG Science, Lansing,
MI) was first compressed to 1/2-inch-diameter pellet by a mechanical tablet press under
the pressure of 10k psi. A custom-built pulsed xenon difluoride (XeF 2 ) reaction system
was used for the fluorination of the pressed highly exfoliated commercial graphene pellets.
XeF 2 in its vapor phase is pulsed into the reacting chamber until the pressure in the chamber
reached 3000mTorr, and the reaction of graphene pellet with XeF 2 was carried out for 10
minutes before the reaction chamber was purged with N 2 to complete one cycle of the
pulsed reaction. The reaction finished after 270 pulsed cycles, producing the XeF 2
fluorinated highly exfoliated commercial graphene (FG).
To produce the FG/Al sample for characterization, both Al and the synthesized FG
was dispersed in IPA for 4 hours, followed by mixing together and sonicated for one more
hour. The mixture was then poured into Al foil bowl and dried under vacuum at room
temperature.
FTIR-ATR was used to characterize the functional groups of FG, TGA and MS
were used to figure out the decomposition of FG. The reaction between FG and Al was
also characterized by DSC-TGA.
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Figure 3.4 FTIR-ATR results of FG and commercial graphene.
FTIR-ATR was first used to find out the change in functional groups in fluorinated
graphene. FTIR-ATR was used instead of transmission FTIR because FG tended to
agglomerate at the edge of Si wafer when drop-casting was applied. The FTIR-ATR results
are shown in Figure 3.4. The ATR signal of the sample was quite weak, giving a poor
signal – noise ratio. There are a few peaks in the curve of commercial graphene due to the
remained oxygen and nitrogen in this thermally exfoliated graphene, as described by the
manufacturer. The major difference in FTIR-ATR between commercial graphene before
and after XeF 2 fluorination was the peak around 1220 cm-1. The small peak in the original
commercial graphene was at 1220 cm-1, resulted from the C-O-C groups in the material.
After fluorination by XeF 2 , this peak was significantly enhanced due to the formation of
C-F covalent bond, which also has a FTIR peak around 1220 – 1230 cm-1. [29, 39] A
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shoulder was also found in the curve of the fluorinated graphene at 1140 cm-1, which can
be assigned to the semi-ionic C-F bond. [39] Other peaks in commercial graphene, which
were assigned to other functional groups such as -OH, C=O and N-O, did not change much
after fluorination. Therefore, these functional groups did not react during the XeF 2 process.
The main reaction was most likely addition of fluorine to sp2 carbon of graphene skeleton.
Therefore, the FTIR-ATR result confirmed that commercial thermally exfoliated graphene
was successfully fluorinated by XeF 2 .
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Figure 3.5 TGA results of commercial graphene before and after fluorination.
The occurrence of FG decomposition determines at which temperature the fluorine
can be released and react with the Al nanoparticles is critical for utilizing FG in
nanothermites. FG showed no sharp weight loss peak but continuously lost weight from
room temperature to 1000°C. It showed distinct TGA curve from CVD graphene, which
gives no or only very little weight loss, and GO, which usually give a significant weight
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loss at 200°C. That happened because the material was produced from functionalized
graphene but was already reduced during the thermal exfoliation process in its synthesis.
Fluorinated graphene showed similar trend but much larger weight loss. When heated to
800°C, the weight loss in FG was 22.9%, much higher than the 9.5% in commercial
graphene, which occurred due to the addition of fluorine. There is no such a temperature
for a significant weight loss, indicating the fluorine do not exist in the forms of easily
decomposing functional group. Therefore, the fluorine was mostly strongly bonded with
carbon atoms in the form of either covalent or semi-ionic bonding, which corresponds with
the result of ATR.

Figure 3.6 Overall mass spectrum (A) and different species with time and temperature
(B) of FG.
Mass spectrometry (MS) also confirmed the existence of fluorine in FG, shown in
Figure 3.6. The mass spectrometry was couple with a T-jump system as described in
publications. [43] Briefly, FG dispersion was coated on the surface of a Pt filament, which
was then rapidly heated. The decomposed fragments were collected and tested by mass
spectrometry in real time. The peak of F+ (m/z = 19) and HF+ (m/z = 20) showed up in the
integrated MS plot, confirming the existence of fluorine in the FG and its release during
heating process. The signal of the decomposition species appeared in the entire heating
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stage, indicating the loss of fluorine and carbon fragments after decomposition during the
whole temperature range, corresponding with the TGA and ATR results of FG. Therefore,
the scheme of the reaction between commercial graphene and XeF 2 is summarized in
Figure 3.7. As discussed in ATR results, the main reaction was the addition of fluorine to
the sp2 carbon of the graphene skeleton. The functional groups were not affected.
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Figure 3.7 Scheme of reaction forming FG.
DSC measurement of commercial graphene/Al and FG/Al (both in the mass ratio
of 90-10) were carried out to understand the reaction between the released fluorine from
FG and Al NPs, shown in Figure 3.8. Compared to commercial graphene, which only
showed a tiny exothermal reaction peak of 12 J/g after the endothermic peak of Al melting,
resulted from the reaction between melted Al and the commercial graphene. There was no
reaction between Al and commercial graphene before reaching 660°C, indicating the Al
had to melt to massively flow out from the alumina shell and react with graphene. While
in FG-Al, a significant exothermic reaction of 72 J/g showed up before the melting of Al,
peaking at 628°C. The reaction indicated that the shell was weakened due to the existence
of fluorine in FG, allowing the Al core to diffuse out of the shell easier before melting.
Some Al core remained unreacted when reaching the melting point, which was confirmed
by the small endothermal peak at 660°C, following the main exothermal reaction.
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Figure 3.8 DSC results of FG/Al and commercial graphene/Al with mass ratio of 90-10.
It was confirmed that thermally exfoliated commercial graphene was successfully
fluorinated by XeF 2 , and the fluorine could release and lower the reaction temperature with
Al NPs compared to raw commercial graphene. However, the low amount of oxygen in the
commercial graphene limited the dispersity of the produced FG, and the melting peak of
Al core still existed with only 10% by mass of Al NPs. Therefore, further research of
fluorinated commercial graphene was not carried out but focused on the direct XeF 2
fluorination of GO sheets.

3.4.

Synthesis of XeF2 fluorinated graphene oxide
GO was synthesized following the method described in chapter 2.2.
A custom-built pulsed xenon difluoride (XeF 2 ) reaction system was used for the

fluorination of GO paper. XeF 2 in its vapor phase is pulsed into the reacting chamber until
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the pressure in the chamber reached 3000mTorr, and the reaction of GO paper with XeF 2
was carried out for 10 minutes before the reaction chamber was purged with N 2 to complete
one cycle of the pulsed reaction. Two sets of fluorinated GO paper were synthesized under
room temperature, one with 130 pulsed cycles corresponding to 1300 minutes of XeF 2
treatment, labeled as FGO-I, and the other with 270 cycles corresponding to 2700 minutes
of XeF 2 treatment, labeled as FGO-II. After reaction, the samples were stored in a
desiccator at approximately 15% humidity and 25°C before further characterization.
GO/Al and FGO/Al samples were prepared using the following procedure. FGO
samples were used immediately after XeF 2 treatment. GO and FGO were first dispersed in
isopropanol (IPA, anhydrous grade, Fluka) at a concentration of 2 mg / mL by sonication
for 5 hours. Separately, Al nanoparticles (Novacentrix, 80 nm average diameter with 2.2
nm Al 2 O 3 shell, 79% reactive) were dispersed in IPA at a concentration of 20 mg / mL for
4 hours. The Al dispersion was then added to the FGO or GO dispersion in pre-determined
quantities, and sonication for an additional 4 hours. The mixture was then dried under
vacuum.
Al/Bi 2 O 3 nanothermite (Al/Bi 2 O 3 equivalence ratio = 1.4) was synthesized by 5hour sonication. Bi 2 O 3 nanoparticles (Aldrich, 200 nm) were first sonicated in IPA (400
mg in 1.2 mL) for 1 hour. Thereafter, 82 mg of Al nanoparticles were added directly to the
Bi 2 O 3 /IPA dispersion and sonicated for an additional 4 hours. The dispersion was then
dried under vacuum. [42]
The FGO/Al/Bi 2 O 3 and GO/Al/Bi 2 O 3 nanothermite composite were prepared by a
similar 9-hour sonication process. FGO was dispersed in IPA at a concentration of 2 mg /
mL by sonication for 5 hours. Simultaneously, Al /Bi 2 O 3 was prepared in IPA using the 5-
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hour sonication process described above. The Al/Bi 2 O 3 dispersion was then added to the
FGO dispersions and sonicated for an additional 4 hours. The mixture was then dried under
vacuum. FGO and GO occupied 5% of total mass in the nanothermite composite, and the
equivalence ratio between Al and Bi 2 O 3 was 1.4 (fuel rich). A control Al/Bi 2 O 3 sample
was also prepared separately to compare the energy release with the FGO/Al/Bi 2 O 3 and
GO/Al/Bi 2 O 3 sample.
FTIR, SEM-EDS, XRD, DSC-TGA and T-jump mass spectrometry was used for
the structural and elemental analysis of FGO, and DSC-TGA was also performed to
analyze the energetic reaction between FGO and Al NPs.

3.5.

Structural analysis and stability study of FGO

Figure 3.9 Photographs of GO (A) FGO-I right after XeF 2 treatment (B) and after 3 days
in desiccator (15% humidity) (C).
GO paper underwent a color change as a result of the XeF 2 fluorination process, as
shown in Figure 3.9. The initial GO paper was dark brown (Figure 3.9A). After 1300
minutes of XeF 2 treatment, the FGO paper was a light, translucent yellow (Figure 3.9B),
similar to fluorination of GO by F 2 . [39] After three days in a desiccator chamber, the FGO
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paper turned light brown, indicating further composition change (Figure 3.9C). The FGOII sample (2700 min exposure) showed a similar color change.
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Figure 3.10 FTIR curves of GO, FGO-I (1300 min) and FGO-II (2700 min).
FTIR measurements showed distinct changes in the chemical structure of GO after
reaction with XeF 2 , as shown in Figure 3.10. The strong peak present in GO located at
3000 – 3700 cm-1, corresponds to the O-H stretching in C-OH groups and -COOH groups,
was significantly reduced in FGO-I after reaction with XeF 2 for 1300 minutes, and almost
disappeared in FGO-II after 2700 minutes, indicating the replacement of hydroxyl groups
by fluoride groups. Previous reports showed that the bonded hydrogen atoms in
macromolecules, such as polymers, could be readily substituted by fluorine, [44] and the
potential HF product might further catalyze the fluorination reaction. [45] The absorption
band at 1730 cm-1, attributed to the C=O stretching in the GO structure, remained similar
after XeF 2 treatment, indicating no significant reaction between the carbonyl groups in GO
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and XeF 2 . The asymmetric and symmetric stretching of -COO- in the carboxyl acid groups
in GO, shown by the absorption bands at 1620 cm-1 and 1420 cm-1 respectively, were
reduced significantly after reaction. Correspondingly, an extra absorption band appeared
at 1840 cm-1, representing the C=O stretching in acyl fluoride (F-C=O), produced by the
substitution of -OH groups in carboxyl acid by fluorine atoms. The absorption bands for
stretching of the C-O bond in C-O-C and C-OH groups at 1220 cm-1 and 1050 - 1060 cm1

were also diminished. The sharp peak at 1235 cm-1 reflects the formation of C-F covalent

bonding, the chemical bond between fluorine and sp3 hybridized carbon. The peak near
1140 cm-1 in FGO-I revealed the formation of the semi-ionic C-F bond between fluorine
and sp2 hybridized carbon, which was also found in the carbon fluorinated nanotube
produced below 100°C. [20, 29] In FGO-II, the peak shifted to around 1100 cm-1,
indicating the formation of CF x (x>1) in the structure. The presence of these unique peaks
indicated the successful fluorination of GO after fluorination reaction by using XeF 2 gas
for 1300 or 2700 minutes. A scheme of the reaction is included in Figure 3.11.
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Figure 3.12 XRD patterns of GO and FGO-I.
Table 3.2 XRD data of GO and FGO-I.
Sample

Peak Angle(2θ)

d spacing (Å)

FWHM

GO

10.507

8.416

0.964

FGO-I

10.313

8.571

1.285

The XRD results of GO and FGO-I are shown in Figure 3.12 & Table 3.2. The
XRD spectra of GO and FGO-I was measured in the range of 5° to 60° and both the samples
shows a peak (001) at 2θ ~ 10.5°. Due to fluorination of GO, there is small change in the
peak (001) value. It is postulated that oxygen-containing groups in the stacking were
replaced by fluorine atoms, thereby changing the interlayer distance (d). It is also noted
that the FWHM of FGO increased, an indication of a lower degree of crystallinity as
compared to GO. Due to a small change in the interlayer distance (d), the majority of
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oxygen functional groups remained in the structure, suggesting only minor incorporation
of fluorine atoms during the XeF 2 treatment of GO.

Figure 3.13 FTIR curves of GO and FGO-I (Reacted with XeF 2 for 1300 min) after
storage in a desiccator.
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Figure 3.15 TGA (A), DTG (B) and DSC(C) curves of FGO-I for a storage duration of
up to 16 days after synthesis. In figure B, half transparent background is the differential
of TGA, while the solid curve represents the smoothed data. The temperature indicates
the peak temperature of the smoothed line for each sample. Figure C shows DSC curves
from GO and FGO samples after various storage times. The temperature shown above the
DSC curves represents the peak of DSC curves, and the energy release is obtained from
the integration of the heat flow peak. Upward is exothermic.
FTIR was also employed to investigate the stability in the FGO structure with time
when stored in a desiccator environment (~15% humidity), as shown in Figure 3.13. After
3 days stored in the desiccator, the absorption band of C=O stretching in acyl fluoride (1840
cm-1) was significantly reduced, remaining only as a small shoulder due to the hydrolysis
reaction of acyl fluoride groups with free water in atmosphere (-COF + H 2 O → -COOH +
HF). The -OH absorption band from 3200 – 3700 cm-1 slightly increased due to the same
process. Additionally, the sharp C-F covalent peak at 1235 cm-1 was reduced, and the C-F
semi-ionic peak around 1140 cm-1 also shifted to around 1170 cm-1, indicating the
decomposition of some C-F bonds in the structure. This result corresponds with the results
reported by Stine et al. that fluorine bonded with the basal plane of carbon decomposed
with storage time. [30] A small shoulder also appeared at 1060 cm-1, indicating the
formation of more C-OH groups during storage. Therefore, after GO was fluorinated by
XeF 2 , reactions with residual atmospheric water vapor lead to a gradual loss of the fluorine
89

functional groups and a return back to a structure similar to GO. The scheme of the material
change during storage is included in Figure 3.14.
DSC-TGA was also carried out to measure the thermal stability of FGO samples
with time. Results are shown in Figure 3.15. Neat GO paper was examined as a baseline.
The GO paper decomposed exothermically from 150°C to 300°C, with a peak energy
release at 178°C. Newly prepared FGO-I samples began losing mass at 245°C, while
samples stored in a desiccator for 2 weeks began losing mass at 219°C, as shown in Figure
3.15B. The mass loss of GO and exothermal reactions were attributed to the decomposition
process of oxygen-containing functional groups, including hydroxyl, epoxide, carbonyl
and carboxyl groups. Figure 3.15B shows that the mass loss can be divided into two
different stages. Stage I is from 150°C to around 210°C, represented by a peak in the
differential thermal gravimetry (DTG) curve in Figure 3.15B, indicating the evaporation
of trapped water and removal of labile oxygen functional groups such as epoxyl or
hydroxyl groups in the basal plane of graphene. [46, 47] Stage II occurred from 210°C to
about 300°C and reflected a slower mass loss. The removal of more stable oxygen
functional groups, such as carboxyl and carbonyl groups, occurred in this stage. In the DTG
curve of the FGO-I sample shortly after fluorination in Figure 3.15B (Day 1), the initiation
of mass loss occurred at 210°C, indicating that most labile epoxyl and hydroxyl groups had
been removed from the structure during XeF 2 treatment. After 16 days of storage, the
decomposition temperature of FGO-I reduced to 219°C, indicating that some of the
fluorinated groups decomposed during storage. Meanwhile, the temperature associated
with peak energy release also decreased in FGO-I sample with storage time based on DSC
results, shown in Figure 3.15C. The total energy release also decreased with storage,
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revealing that some fluorine functional groups were unstable at room temperature. The
material reacted spontaneously and reached a state with lower energy. Note that a trend
towards decreased decomposition temperature, reaction temperature, and energy loss are
observed for intermediate days of desiccator storage. More detailed change in functional
groups will be discussed below with FTIR results.
A

B

C

Figure 3.16 TGA (A), DTG (B) and DSC(C) curves of FGO-II in 2 weeks after
synthesis. In figure B, the transparent background represents the unsmoothed differential
TGA data, while the solid curves represent smoothed data. The temperature indicates the
peak temperature of smoothed line of each sample. Figure C shows DSC curves from GO
and FGO samples after various storage times. The temperature shown above the DSC
curves represents the peak of DSC curves, and the energy release is obtained from the
integration of heat flow peak. Upward is exothermic.
FGO-II showed similar DSC-TGA trends, as observed in Figure 3.16. The FGO-II
sample contained a greater quantity of fluorine and produced a greater decomposition
temperature compared to FGO-I at comparable storage times. The integrated energy release
during decomposition, the peak temperature of mass loss and the peak temperature of heat
release reduced significantly after 2 weeks of storage. It also confirmed that XeF 2 -treated
GO might return to a structure similar to GO during storage due to the reaction and
decomposition of some fluorine functional groups. However, the DSC-TGA data after Day
1 and Day 7 of storage were very similar. This result is in contrast to those of FGO-I which
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showed a significant difference even after 3 days of storage. Therefore, increased fluorine
content seems to have increased the stability of FGO to moisture.
Table 3.3 Composition of FGO-I after heating to different temperatures by SEM-EDS.
Element content (Atomic)

Element Ratio

Temperature
Carbon

Oxygen

Fluorine

C/O

F/O

No heating

51.5%

36.9%

11.0%

1.43

0.306

150°C

54.8%

37.6%

6.8%

1.43

0.180

300°C

68.5%

27.6%

2.4%

2.48

0.085

450°C

77.2%

20.6%

0.6%

3.74

0.027

600°C

83.4%

14.7%

0.4%

5.66

0.028

To further investigate FGO decomposition during heating, the elemental
composition of FGO-I was measured by SEM-EDS after heating to 150°C, 300°C, 450°C,
and 600°C and held isothermally for 5 minutes. The results are listed in Table 3.3. After
1300 minutes of XeF 2 treatment, the fluorine content was approximately 11 at. %. Upon
heating to 150°C, and before the main decomposition starts (as identified by DSC-TGA),
the fluorine content decreased to approximately 7%, implying that some fluorine species
were extremely unstable and may be associated as intercalated fluorine molecules, such as
HF, stabilized between GO sheets due to the intermolecular forces. Note that while the F/O
ratio decreased, the C/O ratio remained stable when heated to 150°C, indicating the
reduction of GO did not commence prior to 150°C. At higher temperatures, the C/O ratio
increased as the oxygen functional groups in FGO reduced. At the same time, the fluorine
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content decreased at a faster rate than oxygen, as confirmed by the decreasing F/O ratio
with temperature.

Figure 3.17 FTIR-ATR of FGO-I (by XeF 2 for 1300 min) after heating to different
temperatures.

FTIR-ATR spectra on heated samples are shown in Figure 3.17. The change of
different functional groups can be clearly seen. Acyl fluoride (F-C=O, shoulder at 1840
cm-1) reduced after heating to 150°C, and disappeared at 300°C. The C-F covalent bond
(1235 cm-1, as denoted by the short orange line to the left of C-O-C peak in Figure 3.17)
showed a small peak in unheated samples and those heated to 150°C but reduced after
heating to 300°C and disappeared at higher temperatures. C-F semi-ionic bond (1140 cm1

) also significantly reduced after heating to 300°C. After being heated to 600°C, all other

peaks disappeared except for a small peak corresponding to semi-ionic C-F bond.
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Therefore, both covalent and semi-ionic C-F bonds decomposed, and some of the stronger
C-F covalent bond might transform to less stable C-F semi-ionic bond during the heating
process.
Little change in oxygen functional groups was found between the unheated samples
and those heated to 150°C. Hydroxyl groups (-OH, 3000 – 3700 cm-1, C-OH, 1050 – 1060
cm-1) were significantly reduced between 150 – 300°C and almost disappeared when
heated to 450°C. A similar trend occurred for the peak of carbolic acid (-COOH, 1620 cm). It overlapped with alkane bond (C=C, 1580 cm-1) peak when the sample was heated to

1

300°C, giving a peak between 1580 and 1620 cm-1. When the sample was heated to higher
temperature (450 and 600°C), the peak of carbonyl groups (-C=O, 1730 cm-1) and ether
groups (C-O-C, 1220 cm-1) decreased significantly, indicating their decomposition at
elevated temperature.

A

B

Figure 3.18 Integrated (A) and time-resolved (B) mass spectrometry results of FGO-I dispersed
in IPA.

T-Jump TOFMS was employed to confirm the release of fluorine during the
decomposition process found in DSC-TGA. FGO-I was dispersed in IPA under sonication
right after XeF 2 fluorination to avoid any further contact with environmental moisture. The
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HF+ fluorine peak appeared in the integrated mass spectrum in Figure 3.18A, confirming
the existence of fluorine in the XeF 2 treated sample. Note that H 2 O+, N 2 + and NO+ peaks
represent unavoidable background signals. C+, O+, CO+ and CO 2 + arise from the
decomposition GO and the oxygen functional groups. Additionally, the time-resolved
intensity curve in Figure 3.18B clearly showed that the fluorine content was released
simultaneously with CO 2 +. It is concluded that release of fluorine species occurs
simultaneously with decomposition of GO, with an onset temperature of about 265 ± 50°C,
consistent with the decomposition at 245°C found by the DTG and DSC results. It is
interesting that mass loss started below 150°C in DSC-TGA, while the presence of the
fluorine ion in mass spectrometry appeared above 250°C. It is reasonable to consider that
some fluorine loss occurred during the sample preparation for mass spectrometry,
especially the most loosely bound species that may escape at reduced temperatures.

Figure 3.19 FGO dispersions in THF, IPA, PC and cyclohexane after 4 hours sonication
at 2 mg / mL.
Due to the high fraction of oxygen functional groups retained after fluorination, the
FGO samples can be dispersed in a variety of solvents under sonication, shown in Figure
3.19. The dispersing behavior of FGO was similar like that of GO, [48] which enhances its
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potential application by dispersing in different kinds of solvents. FTIR and SEM-EDS
analysis of the vacuum-dried dispersions prepared in IPA, THF, propylene carbonate (PC),
and cyclohexane were then obtained to determine the change in composition during
sonication. All solvents were dried by molecular sieve before using. The results are shown
in Figure 3.20 and Table 3.4. It is clear that extra C-H peaks showed up in all dried FGO
dispersions as evidenced from 2800 – 3000 cm-1 in FTIR curves, which was absent in the
FTIR curve of FGO-I, indicating that some suspension agent might be trapped or bonded
in the dried sample. Moreover, the peak of acyl fluoride at 1840 cm-1 of FGO-I in Figure
3.10 almost disappeared, confirming the decomposition of acyl fluoride during sonication.
Therefore, the fluorine species that loosely intercalated or bonded between graphene sheets
escaped from the structure during the exfoliation of graphene under sonication. As a result,
the fluorine content dropped from more than 10% in FGO-I to only 1 – 3.5% in these dried
dispersions. The F/O ratio also dropped from 0.3 to only about 0.1. The remained fluorine
content mostly existed in C-F covalent and semi-ionic bonds, which are thermally more
stable.
Table 3.4 Element content (atomic) of vacuum dried FGO-I dispersions in THF,
cyclohexane, IPA and PC, number in atomic.
Solvent

Carbon

Oxygen

Fluorine

F/O ratio

FGO-I before
sonication

51.5%

36.9%

11.0%

0.306

IPA

64.6%

31.9%

3.5%

0.110

THF

78.7%

19.5%

1.8%

0.092

Cyclohexane

84.9%

13.9%

1.2%

0.085

PC

69.5%

28.4%

2.2%

0.076
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Figure 3.20 FTIR of vacuum dried FGO-I dispersions in THF, cyclohexane, IPA and PC.
These results indicate that XeF 2 can be employed as a means for the fluorination of
GO to FGO while retaining a majority of oxygen functional groups. However, the fluorine
content in the material degraded with time in the presence of even a relatively small
quantity of water vapor (15% humidity at 25°C). Part of the fluorine content formed acyl
fluoride and can be easily hydrolyzed with the moisture in atmosphere or can react with
solvent during dispersing process for further utilization. Almost 40% of fluorine escaped
from the material when heated to 150°C. Despite the loss of acyl fluoride during heating,
some fluorine structures such as H-F molecules which are not strongly chemically bonded
to graphene plane might exist in the structure. This fluorine content can be easily removed
from the structure under heating to low temperature, during the exfoliation of graphene
sheets under sonication, or even during storage. Therefore, fluorine showed significantly
reduced stability when compared to oxygen in the FGO synthesized by GO with XeF 2 .
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3.6.

Energetic application of FGO in FGO/Al/Bi2O3
Table 3.5 Energetic samples measured by DSC-TGA with different compositions.
GR stands for graphene-rich, and FR stands for fuel-rich.

Sample Name and mass
ratio

Mass (Total mass = 100 mg)
Remark

GO/FGO

Al (80%
active)

Bi 2 O 3

GO/Al – GR (70/30)

70 mg

30 mg

0

FGO-I/Al – GR (70/30)

70 mg

30 mg

0

GO/Al – FR (30/97)

23.5mg

76.5 mg

0

FGO-I/Al – FR (30/97)

23.5 mg

76.5 mg

0

GO/Al/Bi 2 O 3 (30/97/473)

5 mg

16.2 mg

78.8 mg

FGO-I/Al/Bi 2 O 3
(30/97/473)

5 mg

16.2 mg

78.8 mg

5% GO(FGO) by mass.
Equivalence ratio (ER)
of Al/Bi 2 O 3 = 1.4.

Al/Bi 2 O 3 (97/473)

0

17 mg

83 mg

ER of Al/Bi 2 O 3 = 1.4.

GO(FGO)/Al ratio same
as in
GO(FGO)/Al/Bi 2 O 3 .

One of the potential applications of FGO is as a component in nanoenergetic
formulations. Al nanoparticles are a common fuel and possesses a naturally formed inert
Al 2 O 3 shell on its surface, which protects the Al core from further oxidation under ambient
conditions. Unfortunately, the shell also acts as a reaction-limiting barrier between fuel Al
and oxidizer. Fluorine, however, may act to remove or weaken the Al 2 O 3 shell and
accelerate the reaction with solid state oxide (Al 2 O 3 + “F” → AlF 3 + O, where “F”
indicates a highly reactive fluorine species, and O indicates produced oxygen composites).
[3] To investigate the role of FGO additives in nanoenergetic materials, DSC-TGA
measurements were carried out on samples composed of GO, FGO, Al and Bi 2 O 3 , as
summarized in Table 2. In these experiments, the relative mass of GO or FGO, Al, and
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Bi 2 O 3 were varied to better understand the role of FGO in the overall reactions. The
introduction of Bi 2 O 3 was motivated by conventional nanothermite composites that utilize
a solid-state oxidizer to initiate the exothermic reaction with Al fuel. Please note that
because only IPA was used as the suspension agent for FGO, the material could not
facilitate good self-assembly like when DMF was used as the suspension agent for
functionalized graphene. Therefore, all functionalized graphene/Al/Bi 2 O 3 samples were
directly dried after sonication without waiting for the occurrence of self-assembly.
A representative DSC curve of GO/Al – GR (Figure 3.21A, GR stands for
graphene-rich) shows no significant reaction before melting of Al. The small exotherms
between 500 – 620°C resulted from reaction between the Al core and generated OH species
such as H 2 O from GO, mainly from the decomposition of hydroxyl groups bonded in GO
structure. These species were adsorbed on the amorphous alumina shell and reacted with
Al when the core started to diffuse as the temperature was elevated above 500°C, giving
the small exotherms observed. A sharp endotherm of Al melting is seen at 660°C, followed
by the main exothermic reaction between Al and GO, indicating that Al primarily reacted
in the liquid phase after it may readily flow out of the shell. When GO was replaced by
FGO-I, the DSC indicated that the largest exothermic reaction occurred before the melting
of Al. The main reaction peak between 610 to 660°C indicated that Al 2 O 3 shell was
weakened by the fluorine species generated from FGO-I decomposition. The expanding Al
at elevated temperature was then allowed to diffuse out from the shell before reaching its
melting point. The disappearance of the small exotherms between 500 – 620°C in FGOI/Al – GR compared to GO/Al – GR was due to the removal of hydroxyl groups during
fluorination. Al was not fully reacted before its melting, indicating that the fluorine and
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oxygen content in FGO-I was not sufficient to weaken or remove all alumina shells prior
to Al melting. Some Al melted and then reacted with graphene. The total reaction energy
between the two samples was similar (118 J/g for GO/Al -GR and 104 J/g for FGO-I/Al –
GR), but the fraction of energy released before and after Al melting varied significantly
between the two materials.

A

B

Figure 3.21 DSC results of GO/Al – GR and FGO-I/Al – GR(A), GO/Al – FR and FGOI/Al – FR(B). Upward is exothermic.
As an additive in nanothermite composite, graphene or functionalized graphene is
usually no more than 5% mass with Al and metal oxide, [42] or no more than 30% mass
with Al only [49] to obtain optimized energetic performance. When assembling a
composite of only GO/FGO and Al, the DSC of samples, with 23.5% FGO (GO) by mass,
labeled GO/Al – FR and FGO-I/Al – FR (FR stands for fuel-rich), were analyzed, as shown
in Figure 3.21B. The GO/Al – FR showed an exotherm between 520 – 600°C, as a result
of the decomposed OH species penetrating the shell and reacting with the Al, similar to
GO/Al – GR. Unlike in the sample with 70% of FGO (FGO-I/Al – GR) described
previously, the fluorine content in the composite FGO-I/Al – FR was not enough to react
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extensively with diffusing Al after reacting with the alumina shell. Therefore, there was
not a dominating exothermic reaction in DSC of FGO/Al-FR in Figure 3.21B like in Figure
3.21A (FGO/Al – GR) before Al melting. However, a small exotherm was observed around
610°C, which is close to the large exothermic peak in Figure 3.21A (FGO/Al – GR). This
result indicated that the Al core was able to diffuse out from the shell easier and react with
the FGO surrounding it before reaching melting, even the amount of FGO-I was only about
1/3 in mass compared to Al.
Based on a calculation in Chapter 3.8, the 3% fluorine in FGO by mass was not
enough to react completely with the Al 2 O 3 shell of Al in any of the samples listed in Table
3.5. It is notable, however, that the alumina shell does not need to be completely removed
to facilitate enhanced reactions. Small pinholes or thinned walls could sufficiently
accelerate the diffusion of the Al core out of the shell before its melting. As discussed
above, 3% of fluorine in FGO in FGO-I/Al – FR was sufficient to react Al in the solid state.
A similar scenario is present if a secondary oxidizer such as Bi 2 O 3 was added to the
FGO/Al composite. Partial removal or thinning of the Al 2 O 3 shell by fluorine from FGO
was sufficient to enable the Al/Bi 2 O 3 reaction at a temperature at which Al is in the solid
state.
Bi 2 O 3 nanoparticles are commonly used in Al-based nanoenergetic composites due
to its reaction and pressurization rate. [42, 50, 51] Introduction of Bi 2 O 3 nanoparticles
provided a robust solid-state oxidizer with which Al can react after escaping the Al 2 O 3
encapsulating shell. Figure 3.22B shows the reaction heat of Al/Bi 2 O 3 nanothermite with
GO and FGO-I additives. In Al/Bi 2 O 3 loose powder, the reaction initiated at 500°C due to
the start of Al core diffusion out of the shell, peaked at around 615°C and was completed
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at about 700°C after the melting of Al. Neat Al/Bi 2 O 3 mixtures are known to be
inhomogeneous as a result of phase separation[42]. The low-temperature reaction likely
occurred between surface contacted Al and Bi 2 O 3 nanoparticles, while part of reaction
occurred after the melting and free flow of Al. [50] When GO was added to the Al/Bi 2 O 3
nanocomposite mixture, GO/Al/Bi 2 O 3 showed the lowest onset exothermic temperature
around 460°C, similar to that observed previously when testing GO/Al (70 – 30). Hydroxyl
(OH) species released from GO reacted with diffused Al in the Al 2 O 3 shell when the
sample was heated to about 480°C. The local exothermic reactions further accelerated the
diffusion and reaction of Al core. The total energy release of GO/Al/Bi 2 O 3 was enhanced
by approximately 20% compared to neat Al/Bi 2 O 3 due to the reduced phase separation as
a result of GO addition. The improved Al and Bi 2 O 3 intermixing in the presence of GO
reduced diffusion length scales for mass transport and the peak reaction temperature for
the GO/Al/Bi 2 O 3 compared to Al/Bi 2 O 3 . [42] After the first reaction, GO/Al/Bi 2 O 3
showed a second reaction peaking at 626°C as Al reacted with Bi 2 O 3 particles which were
not in direct contact prior to reaction. It is notable that the melting peak of Al was observed
in both Al/Bi 2 O 3 loose powder and GO/Al/Bi 2 O 3 , indicating that part of the Al core
remained unreacted prior the melting point of Al at 660°C. With the addition of FGO-I, the
melting peak of Al was not observed, and the reaction was nearly completed before the
melting temperature of Al. Because fluorine reacted with the alumina shells, solid state Al
escaped from the Al 2 O 3 shell and reacted with Bi 2 O 3 nanoparticles at an onset temperature
of 480°C and peak reaction temperature of 586°C, both prior to the onset of the Al melting
temperature. Due to the absence of OH groups after XeF 2 fluorination, the reaction onset
temperature of FGO-I/Al/Bi 2 O 3 was greater than that of GO/Al/Bi 2 O 3 . However, the
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weakened Al 2 O 3 shell provided by fluorine species lowered the onset temperature relative
to Al/Bi 2 O 3 . Moreover, FGO/Al/Bi 2 O 3 showed a total energy release of over 1100 J/g,
which was 60% higher than Al/Bi 2 O 3 loose powder and 45% higher than GO/Al/Bi 2 O 3 .

Heat Flow / W·g-1

↑ exo up

586°C

1147 J/g

FGO/Al/Bi2O3
554°C
GO/Al/Bi2O3

626°C 775 J/g
612°C

Al Melting
723 J/g

Al/Bi2O3
400

450

500

550

600

650

700

750

800

Temperature / °C
Figure 3.22 DSC results of FGO-I/Al/Bi 2 O 3 , GO/Al/Bi 2 O 3 and Al/Bi 2 O 3 . Upward is
exothermic.

3.7.

Conclusion and future direction
Overall, different types of fluorinated graphene were synthesized and were shown

to be good candidates for the removal of the alumina shell that natively exists on Al NP
fuel. The enhanced reactivity was confirmed by the reduction of reaction temperature with
Al NPs. However, all fluorinated graphene has its own disadvantage.
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Fluorination of GO was achieved successfully using low-pressure processing in
XeF 2 gas, and the resulting FGO was then incorporated in nanothermite composites to
provide both a nanoparticle assembly scaffold and a source of reactive fluorinated species.
The XeF 2 process retained the GO oxygen functional groups, enabling the easy dispersion
of fluorinated GO in different solvents while also facilitating further chemical
functionalization. The fluorine functional groups in the FGO, identified by FTIR, included
acyl fluoride groups, carbon-fluorine covalent and semi-ionic bonds. The intercalated
fluorine and highly reactive acyl fluoride in the structure were loosely bound and were
reactive with atmospheric moisture, mild heating, or mild sonication. When FGO is
introduced into a nanothermite composite, the fluorine species supplied by the FGO acted
to etch the Al 2 O 3 shell of Al nanoparticles at temperatures below the melting temperature
of Al. Mass spectrometry measurements indicate that fluorine species were released at
approximately 265°C, concurrent with the generation of CO 2 - from FGO decomposition.
DSC measurements further showed a reduction in reaction temperature with the addition
of FGO and that all Al reacted prior to the Al melting temperature in FGO/Al/Bi 2 O 3
composites. Further, the all solid-state reaction between Al and Bi 2 O 3 in the
FGO/Al/Bi 2 O 3 composites produced 58% greater energy release than Al/Bi 2 O 3 loose
powder. The increased energy release is attributed to both the presence of reactive fluorine
species and the role of the FGO to act as an assembly template for Al and Bi 2 O 3
nanoparticles to increase particle intimacy while reducing phase separation. The chemical
functionalization of nanothermite assembly scaffold materials, including fluorinated GO,
represents a new mechanism to control energetic material response. The loss of fluorine
from the FGO during the energetic material production was critical, which is a significant
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disadvantage of producing FGO by using this method. FGO produced by other fluorination
method, such as direct F 2 fluorination or HNO 3 , HF oxidizing fluorinating method may
help to produce FGO with stable and higher percentage of fluorine.
Fluorinated reduced graphene oxide was synthesized by GO and HF through
hydrothermal process. However, in our condition, the fluorine loading was poor, and the
reduced structure limited the self-assembly with Al NPs. To achieve higher fluorine
percentage and good self-assembly with nanoenergetic particles, the synthesis of GO and
fluorination hydrothermal process need to be tuned, and the dispersing methods need to be
improved.
The same assembling problem also occurred on the sample of XeF 2 fluorinated
commercial graphene. These materials may be applied in self-assembled nanothermite
material if a better dispersing media (solvent) and dispersing method were applied.

3.8.

Calculation of required fluorine content in nanothermite material
Consider 1000 mg of nanothermite composite FGO/Al/Bi 2 O 3 , where FGO

occupied 5% of mass. Therefore, FGO represents 50 mg and Al/Bi 2 O 3 is the remaining
950 mg. When equivalence ratio (ER) = 1.4, then Al nanoparticles comprise 162 mg, while
Bi 2 O 3 is 788 mg. The aluminum nanoparticles used in the current study contain 79% active
Al. Therefore, the mass of Al 2 O 3 is approximately 34.02 mg (21% of 162 mg). If Bi 2 O 3 is
not added to the composite, the total mass of FGO/Al nanoparticles is 212 mg (50 mg / 162
mg).
For an ideal reaction, it follows
Al 2 O 3 + 6 F
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2 AlF 3 + 3 O

In this case, the mass ratio between Al 2 O 3 and F for this reaction to happen
completely is
101.96 g/mol (Al 2 O 3 ) – 114 g/mol (6 F)
In 212 mg of FGO/Al, the 34.02 mg (0.334 mmol) Al 2 O 3 requires 38.04 mg (2.002
mmol) fluorine for complete fluorination, translating to a fluorine mass percentage in FGO
to be 76.08% (38.04 mg fluorine in 50 mg FGO).
Similarly, in 1 g of FGO/Al/Bi 2 O 3 (5% FGO) nanothermite, assuming fluorine
completely reacted with Al 2 O 3 , fluorine also needs to reach a mass percentage 76.08% in
FGO to completely remove the Al 2 O 3 shell.
As a reference, the fluorine mass percentage in PTFE is 76.0%. PTFE has the
highest fluorine mass percentage in carbon – fluorine composites since carbon skeleton is
saturated by fluorine in PTFE. Therefore, the fluorine content in FGO (or FG) will not be
as high as that in PTFE.
Therefore, 5% fluorinated graphene / fluorine graphene oxide additive in
FG/Al/Bi 2 O 3 or FGO/Al/Bi 2 O 3 is insufficient to react with all alumina.
In our case, 3% fluorine in FGO after preparing the dispersion will not be able to
completely remove the alumina shell. It can react with about 4% of the total alumina mass.
This may be sufficient to create pinholes or thin the alumina shell such that Al may more
readily diffuse from the shell at a temperature that is lower than the Al melting temperature.

3.9.

Summary
This part of research focuses on the fluorination of graphene and its applications in

self-assembly with energetic nanoparticles. We chose two different methods based on
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safety and accessibility of different synthesis routes. The HF – GO hydrothermal
fluorination was expected to produce F-rGO with high fluorine loading. However, it did
not work possibly due to the dedication of the process to minor environmental changes and
the properties of the GO we use. Therefore, we turned to XeF 2 – GO/commercial graphene
nanoplatelets reaction. The novel FGO produced by XeF 2 and GO showed very interesting
chemical properties due to its high functionalized structure with both fluorine and oxygen
atoms on the carbon structure. Its sensitivity to humidity limits its further application, but
it is a crucial material for people to better understand the properties of graphene material
with multiple functionalization. The fluorine that reminded in the assembled
nanocomposite after sonication contributed to the weakening of Al 2 O 3 shell and lowering
of reaction temperature. The combustion behavior of the FGO/Al/Bi 2 O 3 will be an
interesting field to research. The biggest miss I made in this project may be the early
excluding of XeF 2 – commercial graphene nanoplatelet reaction without further
characterization. This material also shows significant fluorine peak in FTIR after correctly
subtracting the background. It has the chance to be a more stable and better self-assembly
substrate for nanoparticles, and further research should be taken on this material.
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Chapter 4
Iodinated Reduced Graphene Oxide (I-rGO) and its
Application in Self-Assembled Nanoenergetic Materials
4.1.

Introduction
In addition to fluorine, another halogen element, iodine, has been identified a good

candidate as the oxidizer in Al-based nanothermite material. Although iodine is not as
electronegative as oxygen, it can weaken the alumina shell by forming Al-O-I bond on it.
[1] The reactions between Al 2 O 3 and highly reactive I x O y fragments from the
decomposition of iodine oxidizer are mostly exothermic and give negative change in Gibbs
free energy, indicating that these reactions are spontaneous. [2] Therefore, different kinds
of iodine oxide and iodic acid have been adopted to synthesize nanothermite composites
with aluminum nanoparticles, such as I 2 O 5 , I 4 O 9 , HI 3 O 8 and HIO 3 . [3-6] Pre-ignition
exothermic reactions were observed in Al/I 2 O 5 nanothermite during slow heating in DSCTGA at 310°C, much lower than the melting point of Al or the normal reaction temperature
range between Al and oxidizer nanoparticles, indicating the strong reaction between
alumina shell and the iodine oxidizer. [1] Additionally, iodine is well-known for its
excellent biocidal properties and neutralization effect. [7, 8] Therefore, the high
temperature generated during the reaction of energetic material and the vaporized iodine at
that temperature can efficiently neutralize bacteria or even deal with bioweapons. [4, 9]
Both iodine oxidizer and iodine can be utilized as iodine source in iodine biocidal
nanothermite materials. [10, 11]
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Iodinated graphene has drawn people’s interest in the recent years vastly due to its
potential as catalyst, [12] lithium ion battery electrodes, [13] and semiconductors. [14]
Moreover, both as halogenated graphene, the relatively weaker C-I bond compared to
covalent and semi-ionic C-F bond in conventional fluorinated graphene allows iodinated
graphene not only for the chance of further modification or for reversible halogen storage,
[15] but also as a flame retardant [16] or bio-inhibitor. [4, 17] Iodinated graphene sheets
may be synthesized at room temperature or elevated temperature by immersing GO in
hydroiodic acid (HI),[18] or by introducing iodine vapor at elevated temperature.[19] The
application of iodinated graphene may be expanded if it is functionalized further and
modified to create iodinated graphene composites. These iodinated graphene composites
can serve as a carrier for particles [20] or provide a mechanism for self-assembly with
different nanoparticles. [21]
Therefore, iodinated graphene has a promising potential as the self-assembly
scaffold for nanoenergetic materials and provide biocidal iodine during the energetic
reaction.

4.2.

Synthesis
The iodination process utilized the as-prepared GO paper and hydroiodic acid (57

wt%, not stabilized or stabilized by 1.5% H 3 PO 2 , Sigma Aldrich, St Louis, MO) at room
temperature. In a typical synthesis process, 30 mg of GO paper was immersed into 15 mL
HI acid in a 50 mL centrifuge tube. After 1 hour of reaction at room temperature, the
iodinated rGO paper was removed from HI and washed by methanol / DI water
(V methanol /V water = 1.0) twice, then by DI water repeatedly to remove all residual acid. The
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final product was dried under vacuum overnight at room temperature. Commercially
available HI solutions are categorized as stabilized HI and non-stabilized HI. Note that Iin the non-stabilized HI solution will be oxidized spontaneously by the oxygen in
atmosphere and form polyiodides I 3 - and I 5 -, showing a color of dark brown. Stabilized HI
contains H 3 PO 2 as a reducer to stabilize I-. Therefore, the stabilized HI shows a lightyellow color. To distinguish between materials produced between stabilized and nonstabilized HI, I-rGO produced by stabilized HI will be referred to as I-rGO-S, while I-rGO
produced by non-stabilized HI will be referred to as I-rGO-NS.
The application of I-rGO in solution-based assembly relies on the ability to disperse
I-rGO into a solvent with minimal loss of iodine content. The dispersion of I-rGO in
organic solvents was conducted by cutting I-rGO sheets into small pieces (~3 mm by 3 mm)
and placing them in different solvents at a concentration of 1.0 mg / mL. The mixtures
were then treated by either sonication or mechanical vortexing for 4 hours.
Dimethylformamide (DMF, Fisher Scientific), iso-propyne alcohol (IPA, Fisher Scientific)
and cyclohexane (Sigma Aldrich) were used as dispersive media.
To prepare the I-rGO/Al and I-rGO/Al/Bi 2 O 3 self-assembled nanothermite
structures, I-rGO-S was first dispersed in DMF at 1 mg / mL for 4 hours to form a
homogeneous dispersion in the sonic bath. Simultaneously, Al and Bi 2 O 3 were separately
dispersed in IPA using sonication. I-rGO-S / DMF was then mixed with Al / IPA and
sonicated for 1 hour. Finally, Bi 2 O 3 / IPA was added to the solution and sonicated for
another hour. The homogeneous mixture was then left overnight for self-assembly. After
the self-assembled I-rGO/Al and I-rGO/Al/Bi 2 O 3 precipitated from the dispersion, the
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supernatant was discarded, and the precipitation was washed by IPA 4 times and dried
under vacuum to obtain the final product.
Different characterization methods were used to measure the structural, elemental
and energetic properties of I-rGO, including SEM-EDS, Raman spectrum, XRD, DSCTGA, and ESD sensitivity test.

4.3.

Structural analysis of I-rGO

Figure 4.1 Photographs of GO sheet (left) and I-rGO sheet (right).
After reaction with hydroiodic acid, graphene oxide sheets were not only iodinated
but also reduced by HI, forming iodinated reduced graphene oxide (I-rGO). As shown in
Figure 4.1, the I-rGO sheet exhibited a silver, shiny metallic color, significantly different
in appearance than the original graphene oxide sheet, which was dark brown. The increased
reflectivity was representative of a chemically reduced GO structure. The resistance of the
GO sheet was too large to be measured by the four-probe system (>50 MΩ/sq). However,
after reacting with HI, the sheet resistance of the I-rGO sheets decreased greatly to ~30
Ω/sq, due to the chemical reduction of GO and the chemical doping of iodine in the
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structure of I-rGO.[18] XRD results in Figure 4.2 and Table 4.1 revealed differences in
crystallization for graphite, GO and I-rGO. After oxidation, the lattice distance between
carbon layers was significantly increased due to the large amount of oxygen functional
groups residing on the surface of graphene sheets. Graphite showed a characteristic 2θ peak
at 26.5°, correlating to a distance of 0.336 nm between lattices, while the graphitic peak of
the functionalized graphene layers of the graphene oxide shifted to 11.8°, increasing the
distance between the lattice planes to 0.749 nm. After GO was reduced by HI, the graphitic
peak shifted to 24.0° (0.370 nm lattice distance) for both I-rGO-S and I-rGO-NS due to the
removal of most of the oxygen functional groups.[13] Graphite exhibited the smallest fullwidth-at-half-maximum (FWHM) of 0.46° due to its pristine crystal structure. Meanwhile,
GO (1.28°) and I-rGO (4.63° for I-rGO-S, 1.96° for I-rGO-NS) showed much larger
FWHM for the graphitic peak, indicating the disordered structure due to the presence of

Intensity

defects in the structure after oxidation and reduction.[22]
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Figure 4.2 XRD plots of graphite (raw material for GO), GO and I-rGO.
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Table 4.1 Detailed XRD data of graphite, graphene oxide and iodinated reduced
graphene oxide.
Sample

Peak position (2θ)

d spacing

FWHM

Graphite

26.5°

0.336 nm

0.46°

Graphene oxide

11.8°

0.749 nm

1.28°

I-rGO-S

24.0°

0.370 nm

4.63°

I-rGO-NS

24.0°

0.370 nm

1.96°

Figure 4.3 SEM pictures of I-rGO surface prepared by stabilized HI (A), non-stabilized
HI (B), cross-section view (C) of I-rGO prepared by stabilized HI.
The microscale structure of I-rGO paper observed in SEM is shown in Figure 4.3.
The I-rGO papers produced by both stabilized HI (Figure 4.3A) and non-stabilized HI
(Figure 4.3B) showed a smooth and homogeneous surface. Some characteristic wrinkles
appeared due to the high number of defects in the structure of I-rGO. The cross-sectional
view of the paper (Figure 4.3C) clearly indicated the layered structure of I-rGO after the
reduction. The reduced graphene oxide layers are closely stacked together, with a thickness
of approximately 10 μm.
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As shown in Table 4.2, EDS analysis showed that I-rGO synthesized by stabilized
and non-stabilized HI demonstrated similar C/O ratios but significantly different iodine
content. In non-stabilized HI, iodine ions were oxidized by the air during processing and
formed polyiodide ions including I 3 - and I 5 -, which could intercalate into graphene sheets
after iodination. [23] While in stabilized HI, H 3 PO 2 was added as a reducer in the solution
to avoid the formation of polyiodide ions. Iodination and reduction of graphene oxide
occurred simultaneously since iodine ions (I-) acted as both a dopant and a reducer. I-rGOS was more reduced (C/O ratio of 7.40) than I-rGO-NS (C/O ratio of 6.65) due to the higher
concentration of highly reductive I-. The iodine represented a 10 ~ 25% mass percentage
in the final I-rGO product, corresponding to an atomic ratio of 1-3%. The observed atomic
percentage of iodine was much lower than fluorinated graphene oxide, due to a much
weaker carbon-iodine bond compared to the carbon-fluorine bond. The significant
difference of iodine percentage between I-rGO-S and I-rGO-NS resulted from different
iodine species, which is further confirmed by Raman spectroscopy.
Table 4.2 EDS elemental analysis results of GO and I-rGO.
I-rGO by stabilized HI

I-rGO by non-stabilized HI

Element
Mass pct.

Atomic pct.

Mass pct.

Atomic pct.

Carbon

75.15±6.06%

86.91±7.01%

62.49±5.10%

84.16±6.87%

Oxygen

13.51±1.33%

11.74±1.16%

12.52±1.20%

12.66±1.21%

Iodine

11.34±1.15%

1.25±0.13%

24.99±2.36%

3.18±0.30%
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Figure 4.4 Raman spectrum of GO and I-rGO.
The stable states of iodine in iodine-doped graphene include I 1 , I 3 and I 5 . [24]
These polyiodides (I 3 and I 5 ) are Raman active, facilitating compositional characterization
using Raman spectroscopy. [25] The Raman spectrum of GO and I-rGO are shown in
Figure 4.4. A strong D-peak (defects in graphene samples) and G-peak (carbon-carbon
stretch) were found in all samples. The increased I D /I G ratio from GO (1.02) to I-rGO
samples (1.43 for I-rGO-S and 1.34 for I-rGO-NS) indicates that additional defects were
generated on the graphene lattice after the reduction and iodination. The strong signals in
the low wavenumber region represent polyiodide ions, including the stretching bands of I 3 at 113 cm-1 and of I 5 - at 166 cm-1. These peaks were dominant in I-rGO-NS, giving an
II5 /I G ratio of 1.86, which can be utilized as an indicator of polyiodide content in I-rGO.

However, in contrast, the peaks of polyiodide in I-rGO-S were small, with an II5 /I G ratio

of only 0.06. The difference in the signal intensity of polyiodide groups indicated the iodine
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contents in I-rGO-S and I-rGO-NS were significantly different. When non-stabilized HI
was applied as the reducer for GO, polyiodide ions intercalated between graphene sheets
during the reduction process and were retained within the structure after the sample was
dried. [26] When stabilized HI was utilized to reduce GO, the I 2 and polyiodides formed
from the redox reaction between iodine ion (I-) and GO would be easily reduced to iodine
ions (I-) by the H 3 PO 2 in the solution. This is further confirmed by the observed color
change within the solution during process. The solution initially turned dark within a few
minutes after GO was added, but it changed to light yellow after 1 hour when the reaction
was completed. Therefore, in I-rGO-S, the iodine content mostly consisted of single iodine
atoms bonded to graphene sheets, while iodine content in I-rGO-NS contributed large
quantities of polyiodides that bonded to or intercalated between graphene sheets in addition
to iodine atoms. [16, 27]

A

B

Figure 4.5 Raman spectrum of I-rGO-NS (left) and I-rGO-S (right) after heating to
different temperatures.
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Table 4.3 Raman and EDS results of GO and I-rGO after heated to different
temperatures.
EDS (Mass pct.)
Material

Raman

Carbon

Oxygen

Iodine

Iodine
atomic
pct.

25 (As prepared)

75.15%

13.51%

11.34%

1.24%

1.43

0.06

200

79.25%

13.16%

7.54%

0.79%

1.42

/

400

83.5%

9.28%

7.22%

0.75%

1.47

/

800

92.62%

4.46%

2.88%

0.28%

1.58

/

25 (As prepared)

62.49%

12.52%

24.99%

3.18%

1.34

1.86

200

71.14%

12.05%

16.76%

1.94%

1.37

0.68

400

78.82%

9.46%

11.5%

1.25%

1.41

0.39

800

89.14%

4.4%

6.46%

0.66%

1.57

/

Temperature

I D /I G

𝐼𝐼𝐼𝐼5 /I G

I-rGO-S

I-rGONS

The thermal stability of I-rGO was analyzed by TGA analysis, as shown in Figure
4.6. The element composition of I-rGO was also measured by EDS after terminating the
TGA process at different peak temperatures (200°C, 400°C, 800°C), as shown in Table 4.3
and Figure 4.6. The EDS measurements facilitated a correlation between TGA mass loss
and compositional changes within the I-rGO samples. I-rGO-S showed a smooth weight
loss during the heating process, with no sharp drops. The total weight loss was 26% at
800°C, mostly from the loss of iodine and oxygen functional groups. The loss of iodine
occurred over the duration of the heating process, even below 200°C, while the loss of
oxygen mainly occurred at higher temperatures. Since the removal of labile oxygen
functional groups, such as epoxyl and hydroxyl groups, occurs at temperatures between
122

100 ~ 210°C, [28-30] the minor oxygen change observed for I-rGO samples heated to
200°C indicates that most epoxyl and hydroxyl groups were reduced or replaced by iodine
during the reaction. The small polyiodide peak in Raman spectra of I-rGO-S was lost after
heating to only 200°C, indicating an unstable nature of polyiodide in the I-rGO structure.
Less than 20% of the iodine remained in I-rGO-S after heating to 800°C. The I-rGO-NS
samples exhibited a sharp weight loss from 85 to 200°C, as half of the original iodine was
lost from the structure. The loss of unstable polyiodide species with only mild heating was
confirmed by a drastic decrease of II5 /I G observed in Raman spectrum results (Figure 4.5).

However, in contrast to I-rGO-S, the I 5 - in Raman spectrum of I-rGO-NS remained
observable even as the sample was heated to 400°C. I D /I G of both I-rGO-S and I-rGO-NS

showed similar increasing trends with heating, indicating the appearance of more defects
in the graphene structure appeared from the thermal decomposition.

I-rG
OS
I-rG
ONS

Figure 4.6 TGA results (left axis) and composition compared to original mass (right axis)
of I-rGO-S and I-rGO-NS.
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The ability of I-rGO to be dispersed in different solvents while retaining
functionalization is foundational for making I-rGO-based composites in solution. I-rGO
has a highly reduced graphene structure. Additionally, the iodine content has a very similar
electronegativity compared to carbon and forms a very weakly polar C-I bond. Therefore,
unlike GO which can form hydrogen bond and strong polar interactions with the solvent,
[31] I-rGO could not establish strong intermolecular interaction with most organic solvents,
leading to its relatively poor dispersity. We tried to disperse I-rGO in different solvents,
including DMF, iso-propanol (IPA) and cyclohexane using a sonication bath for 4 hours.
As a reference, the I-rGO sheets were also placed in these solvents and vortexed for 4 hours.
Pictures of the mixtures are shown in Figure 4.7. Figure 4.7A demonstrates that the
solution’s color changed significantly for I-rGO-NS mixtures, even without sonication to
exfoliate the graphene layers. DMF, IPA and cyclohexane can all dissolve the polyiodide
from the structure of I-rGO-NS without exfoliating the graphene sheets under mild
vortexing. Iodine in I-rGO-S was not dissolved by IPA or cyclohexane because iodine was
mostly in the form of single atom, which were bonded to the graphene sheets. However,
DMF could still dissolve iodine from I-rGO-S to some degree, as observed by the color
change in Figure 4.7A. When the I-rGO / suspension agent mixtures were sonicated, a color
change between suspension agent was observed. Cyclohexane did not support the
dispersion of either I-rGO-S or I-rGO-NS. Most I-rGO sheets precipitated to the bottom of
the vial. The darker purple color for I-rGO-NS / cyclohexane in Figure 4.7B and C
indicated that significant quantities of iodine were dissolved in cyclohexane. IPA could
partially disperse I-rGO-S (some pieces remained on the bottom of the vial), but it could
not disperse I-rGO-NS at all. The sonication of I-rGO-NS in IPA or cyclohexane liberated
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more iodine than vortexing, as observed in the color of the supernatant. DMF was found to
be the best solvent among the three to disperse I-rGO. Both I-rGO-S and I-rGO-NS can be
exfoliated in DMF using sonication. The I-rGO-S / DMF dispersion was stable for several
days, but I-rGO-NS precipitated out after resting for 1 hour.

Figure 4.7 Pictures of I-rGO in different solvents after vortexing (A), immediately after
sonication (B) and 1 hour after sonication (C).
To understand the loss of iodine during dispersion of the material in different
solvents, the I-rGO/solvent products shown in Figure 4.7 were dried under vacuum at room
temperature after discarding the supernatant. Raman spectroscopy and EDS analysis were
then carried out on the dried I-rGO material, with the results summarized in Table 4.4. The
iodine content varied significantly after vortexing and sonication in different solvents.
When I-rGO was immersed in IPA and cyclohexane without sonication, the mass
percentage of iodine in both I-rGO-S and I-rGO-NS did not change significantly. The
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Raman intensity of polyiodide also did not change significantly, indicating both IPA and
cyclohexane could not dissolve iodine from the I-rGO structure without exfoliating the
graphene sheets. When sonication was applied to the material to exfoliate the graphene
structure, the difference between IPA and cyclohexane appeared. The iodine content by
mass was reduced from ~25% to ~15% for I-rGO-NS in IPA and cyclohexane after
sonication, indicating that nearly half the iodine escaped from the structure of I-rGO into
the solvent during exfoliation. However, the iodine content did not change as significantly
for I-rGO-S in IPA and cyclohexane after sonication, indicating the bonded atomic iodine
remained stable in the structure after partial exfoliation. Therefore, the loss of iodine for IrGO-NS in IPA and cyclohexane after sonication was mostly due to the loss of polyiodide
from the structure. Sonication of I-rGO in IPA caused slightly more loss of iodine than in
cyclohexane due to the increased exfoliation in IPA. DMF, by contrast, caused significant
loss of iodine when dispersing I-rGO-NS, even without sonication, indicating that DMF
was able to dissolve iodine from I-rGO-NS without exfoliating the graphene sheets. More
importantly, both I-rGO-S and I-rGO-NS showed similar iodine content after sonication or
vortexing, indicating the “stable” iodine in both I-rGO-S and I-rGO-NS were in similar
form, probably atomic iodine bonded to graphene layer. This is confirmed by the absence
of polyiodide peak in Raman spectrum. In summary, I-rGO was not easily dispersed in IPA
and cyclohexane. I-rGO-S was well dispersed in DMF but dispersing I-rGO-NS was not
as effective and led to significant loss of polyiodides from the structure.
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Table 4.4 Iodine content (by mass) and 𝐼𝐼𝐼𝐼5 /I G ratio in Raman of I-rGO after dispersing in
different solvents.

EDS (Mass pct.)
Material

Solvent
Carbon

Oxygen

Iodine

Nitrogen

DMF

75.92%

13.31%

9.33%

1.44%

IPA

76.44%

14.04%

9.06%

/

Cyclohexane

81.18%

11.83%

6.90%

/

DMF

76.43%

13.89%

8.44%

1.23%

IPA

79.59%

13.10%

7.07%

/

Cyclohexane

80.99%

12.04%

6.97%

/

DMF

65.50%

13.66%

18.31%

3.02%

IPA

66.67%

13.72%

19.56%

/

Cyclohexane

68.16%

12.45%

18.93%

/

DMF

68.62%

14.82%

14.74%

1.83%

IPA

68.53%

13.95%

15.93%

/

Cyclohexane

80.68%

8.02%

11.13%

/

I-rGO-S
Vortex

I-rGO-S
Sonication

I-rGO-NS
Vortex

I-rGO-NS
Sonication

4.4.

Energetic application of I-rGO in I-rGO/Al/Bi2O3
Dispersions of I-rGO in DMF were next examined as the basis for the self-assembly

of nanothermite composites. I-rGO-S was selected as the scaffold material onto which Al
and Bi 2 O 3 nanoparticles would self-assembly to form binary I-rGO-S/Al or ternary I-rGOS/Al/Bi 2 O 3 nanothermite composites. The energetic properties of these assembled
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materials were then examined. The I-rGO-S / DMF dispersions were mixed with Al / IPA
and Bi 2 O 3 / IPA dispersions and allowed to self-assemble in solution. The nanoparticles
assembled onto the surface of the I-rGO sheets and precipitated within a few hours, leaving
a clear supernatant.

Figure 4.8 SEM pictures of I-rGO-S/Al (A, B) and I-rGO (7.5%)/Al/Bi 2 O 3 (C, D).
SEM micrographs of the self-assembled I-rGO-S/Al and I-rGO-S/Al/Bi 2 O 3
nanocomposites are shown in Figure 4.8. The dimensions of I-rGO was were on the order
of a few microns to tens of microns after sonication, as seen from Figure 4.8A and Figure
4.8C. Al nanoparticles decorated onto the surface of dispersed I-rGO sheets with no
significant agglomeration after self-assembly, as observed in Figure 4.8B. A similar result
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was found for the I-rGO-S/Al/Bi 2 O 3 self-assembled structure, as shown in Figure 4.8C and
D. Al and Bi 2 O 3 nanoparticles were self-assembled on the surface of I-rGO sheets, leading
to a homogeneous mixture between fuel and oxidizer of nanothermite with no phase
separation. Decorated sheets then assembled layer-by-layer to form a dense structure of
particle-decorated sheets, similar to the self-assembled GO/Al/Bi 2 O 3 found in our previous
work. [21]
DSC was used to measure the energy release of I-rGO-S/Al and I-rGO-S/Al/Bi 2 O 3
self-assembled composites with varying mass percentages of I-rGO, as shown in Figure 4.9.
A self-assembled GO/Al sample (containing no iodine) was used as a control. The GO/Al
sample exhibited a small (26 J/g), extended exothermic peak from 450 to 600°C due to the
reaction between the Al core and the decomposed -OH groups absorbed on the Al 2 O 3 . A
small endothermic peak indicated Al melting occurred at 660°C. After melting, Al could
readily flow and react with carbon and oxygen in the GO, resulting in an additional (90 J/g)
exothermic reaction.
By contrast, the I-rGO-S/Al (70-30) sample (indicating 70% I-rGO by mass),
produced a significant exothermic reaction (676 J/g) prior to Al melting, with a peak
reaction temperature of ~585°C. The decomposed I-rGO released free iodine, which could
then react with the alumina surface of Al nanoparticles, forming an Al-O-I bridge bond. [1]
The Al-I-O bond modified the original alumina structure, creating a hollow or weakened
area for the Al core to exit easily through the alumina shell before reaching its melting
point. Note that no endothermic Al melting peak was observed for the I-rGO-S/Al (70/30)
sample. When the I-rGO content was dominant (70% in mass), the Al core was almost all
reacted with I-rGO before melting (𝐴𝐴𝐴𝐴 + 𝑂𝑂 → 𝐴𝐴𝐴𝐴2 𝑂𝑂3 , 𝐴𝐴𝐴𝐴 + 𝐼𝐼 → 𝐴𝐴𝐴𝐴𝐼𝐼3 , oxygen and iodine
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indicate decomposed fragments from I-rGO), leaving a very small Al melting peak. A 676
J/g energy release, without any additional oxidizer was observed, indicating the alumina
shell was sufficiently removed to allow Al to react with iodine species prior to melting. As
the relative Al content increased, the iodine content in I-rGO was insufficient to remove
the Al 2 O 3 shell and react with Al core completely, and large Al melting endothermic peaks
were observed for the I-rGO-S/Al 50/50 and 30/70 samples. Another exothermic peak was
found after the melting of Al, indicating that melted Al reacted with the surrounding carbon
in I-rGO.
The energy release from Al/Bi 2 O 3 nanothermite composites was next examined.
The equivalence ratio, 𝛷𝛷, between reactive Al and Bi 2 O 3 in all samples was maintained at

1.6, calculated as

𝛷𝛷 =

[𝑛𝑛(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)/𝑛𝑛(𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
[𝑛𝑛(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)/𝑛𝑛(𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)]𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

where n represents the number of mols of fuel or oxidizer, the subscript “actual” represents
the experimental value, and the subscript “stoichiometry” represents the ideal value for
complete combustion. Only Bi 2 O 3 was included as an oxidizer for calculations. Including
iodine as an oxidizer would result in only a 0.01 change in the equivalence ratio, due to its
low atomic fraction. The DSC curves of Al/Bi 2 O 3 powder, GO/Al/Bi 2 O 3 (5% GO in total
mass) assembled composite, and I-rGO-S/Al/Bi 2 O 3 (5%, 7.5%, 10% I-rGO in total mass)
assembled composites are plotted in Figure 4.9B. For randomly mixed Al/Bi 2 O 3
nanothermite powder, the reaction occurred between 510 and 715°C. The main reaction
peaked at 615°C, and a total energy release was 735 J/g was observed. The self-assembled
GO/Al/Bi 2 O 3 structure produced an energy release of 1220 J/g, more than 65% higher than
the randomly mixed Al/Bi 2 O 3 . As important, the initiation temperature of the exothermic
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reaction was reduced to ~470°C as a result of reduced phase separation and a decreased
diffusion distance of the nanoparticles. A significant exothermic reaction occurred after the
melting of Al in GO/Al/Bi 2 O 3 , however, indicating that some agglomeration of Al NPs
still existed in the sample and remained unreacted until it could melt and flow in the
material.
The I-rGO-S/Al/Bi 2 O 3 composites produced a total exothermal energy from 1270
to 1326 J/g. While the total energy release is only slightly greater than that observed from
GO/Al/Bi 2 O 3 composites, the reaction profile with temperature is quite different. Most of
the energy released from the I-rGO-S/Al/Bi 2 O 3 composites (1234 – 1263 J/g) occurred
between 400 – 660°C, with only a small energy release (36-63 J/g) occurring above 660°C.
Therefore, most of the Al core reacted in the solid state. The initial reaction temperature
for I-rGO-S/Al/Bi 2 O 3 was 440°C, significantly lower than 470°C observed for
GO/Al/Bi 2 O 3 and 510°C for Al/Bi 2 O 3 . For all concentrations of I-rGO, a dominant
exothermic peak was observed at 555°C, much lower than that for GO/Al/Bi 2 O 3 and
Al/Bi 2 O 3 . Our hypothesis is that this significant change in reaction temperature is
attributed to the iodine reacting with and weakening the alumina shell of Al nanoparticles,
thereby enabling the Al core to diffuse and react with the outside oxidizer at a relatively
low temperature. In addition, an exothermic shoulder from 605 ~ 655°C was present in IrGO(5%)/Al/Bi 2 O 3 , which was reduced for I-rGO(7.5%)/Al/Bi 2 O 3 and absent for IrGO(10%)/Al/Bi 2 O 3 . This finding indicated that the increased quantity of I-rGO in the
composite more fully reacted with the Al 2 O 3 shell at lower temperatures, enabling greater
energy release at lower temperature. Further increasing the I-rGO in the composite past 10%
would generate unnecessary dead mass in the material; therefore, 5~10% I-rGO in I-rGO-
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S/Al/Bi 2 O 3 is sufficient to provide a robust self-assembly template, while supplying
sufficient reactive iodine to facilitate full reaction with the alumina shell.

A

B

Figure 4.9 DSC curves of I-rGO-S/Al compared to GO/Al (A), and I-rGO-S/Al/ Bi 2 O 3
compared to Al/ Bi 2 O 3 and GO/Al/ Bi 2 O 3 (B).
Considering the superior electrical conductivity of the I-rGO, it is expected that the
self-assembled I-rGO/Al/Bi 2 O 3 also exhibited better resistance to electrical static
discharge. It was measured that the I-rGO(7.5%)/Al/Bi 2 O 3 had an ignition threshold of
1.00 mJ, which is 3 orders higher than neat Al/Bi 2 O 3 [32] and even slightly higher than
the freeze-dried rGO/Al/Bi 2 O 3 gel as described in chapter 2. In rGO/Al/Bi 2 O 3 gel, the rGO
was not well reduced, with a C/O atomic ratio ~2.74, and had 5% in the total mass of the
gel. However, here in I-rGO/Al/Bi 2 O 3 , the C/O ratio was at ~7.40, and had 7.5% in the
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total mass, providing a better conductivity throughout the sample even without the gel
structure. Therefore, I-rGO/Al/Bi 2 O 3 exhibited better ESD resistance.

4.5.

Comparison

between

FGO

and

I-rGO

in

functionalized

graphene/Al/Bi2O3 nanoenergetic composite

A

B

Figure 4.10 DSC results of GO/Al, FGO/Al, I-rGO/Al at 70/30 mass ratio (A), and
Al/Bi 2 O 3 , GO(5%)/Al/Bi 2 O 3 , FGO(5%)/Al/Bi 2 O 3 , I-rGO(5%)/Al/Bi 2 O 3 (B).
Table 4.5 Summarization of reaction results of I-rGO and FGO in nanoenergetic
materials. Functionalized graphene materials (GO, FGO, I-rGO) occupied 5% of total
mass of nanoenergetic composites are compared. The temperatures are referred to the
main exothermic reaction.
Material

Onset
temperature

Peak
temperature

Termination
temperature

Energy
release

GO/Al (70-30)

660°C

670°C

730°C

90 J/g

FGO/Al (70-30)

610°C

635°C

655°C

66 J/g

I-rGO-S/Al (70-30)

520°C

585°C

655°C

676 J/g

Al/Bi 2 O 3

510°C

615°C

715°C

735 J/g
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GO(5%)/Al/Bi 2 O 3

470°C

600°C

740°C

1220 J/g

FGO(5%)/Al/Bi 2 O 3

490°C

586°C

645°C

1123 J/g

IrGO(5%)/Al/Bi 2 O 3

440°C

555°C

655°C

1234 J/g

Both iodinated reduced graphene oxide and fluorinated graphene oxide reduced the
onset and peak reaction temperatures when mixed with Al or when applied as additive in
Al/Bi 2 O 3 nanothermite. The DSC results of all samples are also shown in Figure 4.10.
However, there are some critical differences between FGO and I-rGO, as shown in Table
4.5.
As discussed above, in traditional Al/Bi 2 O 3 loose powder and self-assembled
GO/Al/Bi 2 O 3 , the energetic reaction continued until 715°C and 740°C, much higher than
the melting temperature of Al. It revealed that part of the Al core remained unreacted when
melting, probably protected by the alumina shell. However, in FGO/Al/Bi 2 O 3 and IrGO/Al/Bi 2 O 3 , the main reaction terminated before the melting of Al, indicating most Al
was already reacted before reaching Al melting temperature. Therefore, the addition of
halogen elements in graphene weakened the alumina shell by the reactions shown in Figure
4.11. The self-assembled structure in FGO/Al/Bi 2 O 3 and I-rGO/Al/Bi 2 O 3 also resulted in
significantly enhanced energetic release, similar to GO/Al/Bi 2 O 3 , due in part to the reduced
phase separation and diffusion length.
It is commonly recognized that fluorine is more electronegative than iodine.
However, the reaction initiation temperature of FGO/Al was 90°C higher than I-rGO-S/Al,
and the energy release of FGO/Al was less than 10% that of I-rGO-S/Al. These differences
are attributed to variations in the quantity of halogen atoms within the two structures and
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to the differences in bonding between FGO and I-rGO structures. I-rGO-S retained a
majority of its iodine species after ultrasonic dispersion in DMF solvent, whereas most
fluorine functional groups, such as acyl fluoride groups, decomposed in solvent during the
FGO sonication process. Further, I-rGO-S released iodine throughout the DSC heating
process and a large portion of iodine was released between 400 to 800°C, whereas more
than 95% of fluorine in FGO was lost before reaching 450°C.

A

B

Figure 4.11 Reactions of alumina shell removal in FGO/Al, FGO/Al/Bi2O3 (A) and IrGO/Al, I-rGO/Al/Bi2O3 (B). Fluorine in FGO was stably bonded as C-F covalent and
semi-ionic bond, which could not be released easily during heating, while the week C-I
bond in I-rGO enabled iodine to release easily from the structure. The reaction is not
balanced.
For assembled I-rGO-S/Al and I-rGO-S/Al/Bi 2 O 3 composites, iodine was released
throughout the DSC heating process and weakened the alumina shell. However, after
assembly and heating, the remaining fluorine in FGO/Al and FGO/Al/Bi 2 O 3 was most
likely contained in stable covalent and semi-ionic C-F bonds [30] and could not easily react
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with the alumina shell, as shown in Figure 4.11. Because of the reduced abundance of
fluorine and the chemical stability of the fluorine within the FGO, the reaction in FGO/Al
and FGO/Al/Bi 2 O 3 initiated at a higher temperature than similar I-rGO composites. The
presence of either halogen in an assembled Al/Bi 2 O 3 composite was sufficient to well react
the Al fuel in its solid state.

4.6.

Conclusion and future direction
Iodinated reduced graphene oxide (I-rGO) was synthesized and applied as a self-

assembly template with Al and Bi 2 O 3 nanoparticles. I-rGO was synthesized by direct
reduction of GO using both H 3 PO 2 stabilized and non-stabilized hydroiodic acid (HI). The
products contained distinctly different iodine species by using different HI. I-rGO-S
(produced by stabilized HI) contained a lower amount of iodine, mostly in the form of
single iodine atoms, while I-rGO-NS (produced by non-stabilized HI) contained a greater
specific mass of iodine in the form of atomic iodine and polyiodides. The polyiodides in IrGO were less stable than atomic iodine in I-rGO under heating and exfoliating of graphene
layers in organic solvents. The ability to disperse and exfoliate I-rGO papers in different
solvents was positively correlated with the mass loss of iodine during sonication.
Nevertheless, I-rGO was successfully utilized as a scaffold for the solution-based selfassembly of I-rGO/Al and I-rGO/Al/Bi 2 O 3 composites . In addition, the I-rGO/Al provided
reactive iodine species which reacted with and weakened the alumina shell surrounding Al
NP fuel at low temperatures. DSC results showed that significant exothermic reaction is
possible by heating I-rGO/Al without additional oxidizer. Furthermore, the IrGO/Al/Bi 2 O 3 self-assembled composite exhibited a 70% greater energy release than
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randomly mixed Al/Bi 2 O 3 powder due to the ordered structure and reduced diffusion
distance induced by the high-density NP assembly on the I-rGO surface. More importantly,
the reactive iodine species provided by the I-rGO scaffold at low temperature, reacted with
the inert alumina shell of Al nanoparticles, significantly reducing the temperature of the of
I-rGO/Al/Bi 2 O 3 energetic reaction compared to self-assembled GO/Al/Bi 2 O 3 .
The release of iodine species in terms of biocidal applications was not specifically
examined here. Future work may investigate synthesizing the nanoenergetic material with
even higher iodine percentage to evaluate capability of the iodine byproducts as a biocidal
agent during the combustive energetic reaction. Additionally, other methods for
synthesizing iodinated graphene, such as hydrothermal process and I 2 iodination process,
can also be taken into consideration.

4.7.

Summary
This part of research focuses on the iodination of graphene and its applications in

self-assembly with energetic nanoparticles. Researchers have conducted some research on
the properties of iodinated graphene, while no study was conducted on its stability nor
using that material for nanoenergetic applications. The research is meaningful to better
understand the properties of iodine species in graphene structure. The most significant
difficulty I had during researching this material was the loss of iodine during sonication
before the assembly with nanoparticles. The I-rGO was synthesized directly from large
pieces of GO sheets, while the large piece of the I-rGO sheets could not be dispersed into
solvents easily. It was improved by cutting the large I-rGO sheets into small pieces, which
significantly accelerated the dispersing process of I-rGO in solvent. This I-rGO is far from
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a “perfect” material to be applied in nanoenergetic material. Its iodine content is low, and
its loss of iodine is severe during the sonication and assembly. More and better iodination
process will be developed and be used for better iodinated graphene – nanoenergetic
composites.
Other than nanoenergetics, the self-assembled nanocomposites formed by iodinated
graphene and different nanoparticles may be used in different applications, such as for
electrodes and catalysts.
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Chapter 5 Conclusions
5.1.

Conclusions
Different types of functional graphene were synthesized and utilized in self-

assembled functional graphene/Al/Bi 2 O 3 nanoenergetic materials.
Table 5.1 Summary of different functionalized graphene assisted self-assembled
nanoenergetic material towards the critical problems of nanothermite. (√ stands for
problem solved, × stands for problem not solved, ? stands for not confirmed from current
results)

Material

Phase
separation

Al reactive
sintering

Scalability /
ESD
sensitivity

Inert Al 2 O 3
shell

rGO/Al/Bi 2 O 3 gel

√

√

√

×

FGO/Al/Bi 2 O 3

?

?

×

√

I-rGO/Al/Bi 2 O 3

√

√

√

√

The novel gelation process of rGO in PC by using EDA as reducer and gelling agent
provided a perfect platform for Al and Bi 2 O 3 to form macroscale structure without loss of,
but with increased energetic performance. The well-dispersed mixture and folded rGO
sheets formed during synthesis prevented the phase separation and agglomeration of same
nanoparticles but formed well-ordered clusters of reactive nanothermite mixture in
microscale. The multi-functional 2D assembly scaffolds provide a means to boost the
energy density and decrease the temperature of peak reaction for nanothermite materials.
Not only was the magnitude of energy release from isothermal reaction enhanced, but the
linear combustion propagation speed was also doubled due to the distinct confined and
142

porous structure, which differentiates this rGO/Al/Bi 2 O 3 aerogel from other macroscale
energetic mixtures. The highly conductive scaffold improved the ESD threshold for
igniting this energetic material. This process is suitable for synthesizing macro-sized and
large-scale energetic gel, and for safely handling and storage.
Two different types of halogenated graphene, fluorinated graphene oxide and
iodinated reduced graphene oxide, were synthesized, studied in terms of their stability, and
utilized in energetic material. Fluorinated graphene oxide was produced by direct XeF 2 gas
fluorination graphene oxide sheets, which contained both fluorine and oxygen functional
groups. FGO was found to degrade slowly in atmosphere due to its unstable functional
groups such as acyl fluoride. It also reacts with the suspension agent and lose significant
amount of fluorine groups during dispersing and preparing energetic materials. However,
the remained covalently and semi-ionically bonded fluorine in C-F bonds survived in the
synthesis method and provided enough active fluorine to weaken the alumina shell during
the energetic reaction, lowering the main reaction temperature and make it an all-solidstate reaction. I-rGO contained iodine in different forms, determined by the HI used for
synthesis. Polyiodides were found to be unstable while single atom iodine bonded to
graphene lattice was stable after sonication and assembly with nanoenergetic particles. The
released iodine also helped to weaken the alumina shell of Al nanoparticles and reduce the
reaction temperature of the nanoenergetic composite. Both FGO and I-rGO assisted selfassembled functionalized graphene/Al/Bi 2 O 3 appeared over 50% more energy release than
neat Al/Bi 2 O 3 powder. However, compared to the stronger C-F bond in FGO/Al/Bi 2 O 3 ,
the weaker C-I bond in I-rGO/Al/Bi 2 O 3 enabled a better release of halogen during the
heating process and a better weakening of the alumina shell. More importantly, the
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outstanding electrical conductivity of I-rGO increased the threshold of electrostatic
discharge ignition energy for I-rGO/Al/Bi 2 O 3 , which made it more suitable for safely
handling and storage of nanothermite material and could provide outstanding energy
release.

5.2.

Future Expectations
There are multiple further researches that can be taken for all these three different

kinds of materials and other types of functionalized graphene or 2D materials.
Oxidizers with different formula and nanoscale morphologies can be applied in the
gel to understand the relative mechanical and energetic characteristics. The synthesis
method was flexible so that different needs can be met. Additionally, 3D printing of the
aerogel can be developed to form a printable energetic structure with designable shape and
size.
Fluorinated graphene can be considered to be synthesized from different methods.
Ideally, a stable oxygen, fluorine co-functionalized graphene with good stability and ability
to exfoliate and disperse in organic suspension agent will be the perfect candidate for
nanoenergetic applications. It might be approached by using F 2 gas as the fluorination
agent, but with proper and sufficient protection. The hydrothermal and XeF 2 /commercial
graphene can also be optimized to produce good self-assembly substrate for nanoenergetic
particles since I-rGO proved that reduced graphene oxide is also suitable to play this role.
Further research of iodinated reduced graphene oxide with Al nanothermite can be
focused on its application as biocidal material. Compared to using iodine oxides and
oxidizer, using iodinated graphene provides much better ESD safety, and more control in
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iodine amount. The cost of using I-rGO was also lower due to the low I-rGO usage and
flexibility in choice of metal oxide.
The flexible functionalization of graphene may also enable further applications
beyond the materials mentioned in this dissertation. Chlorinated or brominated graphene,
or iodine, oxide co-functionalized graphene may also be used as additive in nanothermite
mixtures to help remove the alumina shell of Al nanoparticles. Furthermore, halogenated
macroscale functionalized graphene/Al/MO x aerogel may be designed and synthesized to
overcome all problems at the same time.
Different types of materials, especially 2D or 3D materials, may also be considered
into the self-assembly of nanoenergetic materials. These materials can either be the
oxidizer itself or additive. The ideal material in the desired self-assembled nanoenergetic
material should help to remove the alumina shell and provide a conductive scaffold. For
example, some conductive metal oxyfluoride materials have been developed and may be
used as the oxidizer, which may help to solve both the problem of alumina shell and
scalability at the same time.
Self-assembly is probably the most promising method of the bottom-up fabrication
process from nanomaterials to large devices. The self-assembly process can be driven by
electrostatic force, hydrogen bonding, π-π interactions, Van der Waals interactions, or even
chemical reaction, leading to the formation of an ordered structure with cycled building
blocks. Scientists have yet been able to fully understand and build up the complete
mechanism map of self-assembly, but it is definitely worthy for researchers to devote
themselves in this field to develop more functional materials for numerous exciting
applications.
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