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ABSTRACT OF THE DISSERTATION

Enabling Multi-Functionality through a Low-Cost Hybridization Method of
Zn0O Nanostructure

by
Jonathan Timothy Quan
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2014

Professor Jenn-Ming Yang, Chair

This dissertation presents the investigation of hybridizing ZnO nanostructures on carbon
fiber through a new, low-cost and robust method. The method developed in this dissertation
will lead to the development of novel multifunctional composites.

Carbon fiber bundles coated with galvanization zinc particles were subjected to joule
heating to initialize Self-propagating High-temperature (combustion) Synthesis (SHS) in
atmospheric conditions. The bundles were made into a composite through a wet layup process.
Upon mechanical deflection, the composite produced a voltage response of 0.1V. The
hybridization of ZnO nanostructures on carbon fiber was designed to enabled multi-
functionality for carbon fiber reinforced composites including sensing, damping, and energy
harvesting.

To understand this method, the reactions dynamics and the ZnO nanostructures growth
mechanisms were investigated. It was found that the combustion reaction is affected by the
amount of zinc precursor concentration and the heat transfer rate. The greater amount of zinc
precursor requires a lower heat transfer rate to initiate the SHS process. Upon a sufficient heat
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transfer, combustion will occur. If the heat transfer rate is too low, no combustion occurs. Near
the minimum heat transfer rate, the reaction is considered metastable. The results of the reaction
were characterized through SEM, TEM, and XRD. Various ZnO nanostructures such as
tetrapods, sheets, nanowires, and hollow sea urchins were observed for the SHS reaction,
metastable reaction, and the non-combusted reaction.

ZnO nanostructure growth mechanisms were understood through vacuum thermal
oxidation and CVD experiments. Thermal oxidation develops ZnO nanostructures through
diffusion mechanisms where as CVD develops ZnO through deposition mechanism. Based on
the similarity of ZnO nanostructures were found in the vacuum systems and SHS process, ZnO
nanostructure growth mechanisms were proposed for the combustion process. ZnO
nanostructures hybridized on the carbon fiber grow through deposition and diffusion
mechanisms. The nanostructures’ growths are affect by the heat transfer rate and oxygen
availability.

Finally, a composite with piezoelectric response has been constructed and demonstrated.
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Chapter 1: Literature Review

1.1. Multifunctional Materials: an Open Opportunity
In the last decade, multifunctional materials have been under investigation for their

advantages in weight saving, sensing, energy harvesting, antimicrobial, and structural

1234 Multifunctional materials can be defined as materials used for more than one

support
intended purpose. For the last century, materials were primarily studied and developed for their
individual unique properties’. The prominent fields for materials science include structural,
electric, optical, magnetic, and thermal properties. Initially through systems engineering, firms
have found creative ways to integrate and utilize the materials we have today. As fundamental
understanding of prevalent, precious, rare, and exotic materials expanded, it has opened up the
opportunities for the integration of many materials to serve more than one function®.

Multifunctional materials can address engineering requirements with more
environmentally friendly and energy efficient processing and fewer raw materials'. This allows
for more efficient use of materials that saving weight and lower redundancies in structure and
processing. Multi-functionality can be added through smart materials, which can have the
ability to experience changes in their properties through external stimuli. Multi-functionality
for materials offers a unique opportunity for a variety of applications while providing a
significant decrease in redundancies. It is important that research and development for
multifunctional materials are pursued because they will help continue to address key concerns
in the consumer market, national interest, and humanity.

Current success of Smart Mobile Devices’ provide an analogy of the type of impact that

multifunctional materials could bring into our society. Smartphones combine the capabilities of

multiple devices, which saves weight for users and offers more utility than its original purpose



for audio communication. Some of the features that Smartphones possess include: wireless
device communication, wireless data streams, photography, filming, gaming, navigation, music,
videos, better battery life, and strong calculation processing™’. From these smart devices, many
software applications have been developed that have helped provide greater utility for the end
user'’. The integration of all these devices and new software provides an enhanced user
experienced where the utility of the whole unit is greater than the sum of its components''. That
same design philosophy is quite often used for composite manufacturing. Different materials are
brought together to utilize their individual unique properties'.

For this multifunctional material work, the following properties were desired: good
structural properties, multifunctional properties, and well known and energy efficient processing
properties. Through a material selection process, carbon fiber and zinc oxide (ZnO) were chosen
for this work. To fulfill the structural property requirement, carbon fiber was chosen for its low
density, corrosive resistance, good tensile strength, and good modulus'. A Scanning Electron
Microscope (SEM) image of a carbon fiber bundle (Cytec T300) is seen in figure 1.1. The fibers
have an average diameter Spum and connected through sizing. ZnO was chosen for its functional
properties, which include: semiconducting, photo excitation, and piezoelectricity properties
were desired'*'>'®!" A diagram of its properties can be seen in figure 1.2"°. Both materials are
both widely available and have well-established processes each material cost effective;
additionally, it was also discovered that ZnO has many nanostructures. The reduced size is
known to enhance many functional materials’ properties making, materials with nanostructure
variation are desired. Figure 1.3'® shows an image of the variation of ZnO nanostructures
produce under different carbothermal evaporation CVD. This selection left us with carbon fiber

and ZnO nanostructures.



The purpose of this work is to demonstrate a possible method to develop multifunctional
materials through the use of ZnO nanostructures on carbon fiber that is both cost and energy
efficient. The first part of this work will discuss the fundamentals of ZnO nanostructure
synthesis through widely used techniques: thermal oxidation (TO) and chemical vapor
deposition (CVD)"*". Each of these techniques is important because ZnO nanostructures can
grow through diffusion or deposition growth mechanisms. By understanding the ZnO
properties, changes in process designs can be made to current systems to help make ZnO
nanostructures synthesis more energy efficient, resulting in cost effectiveness. The second part
of this works attempts to hybridize ZnO nanostructures on carbon fiber using a cost effective
and robust combustion method. The growth mechanisms that were observed in TO and CVD
can be used to help explain nanostructures seen in the hybridization combustion synthesis.
Through hybridization of ZnO nanostructures on carbon fiber, multi-functionality is added onto
carbon fibers through the ZnO nanostructures®'. These can be used to develop multifunctional

composites with the possibility of sensing, dampening, and energy harvesting®*>*>*,

Carbon fiber is a well-known high-strength material, which has been primarily used as
reinforcement for a polymer and cement matrices. Qualities that have made carbon fiber an
appealing structural material include its low density, high tensile strength, and high modulus.
For many decades, carbon fiber research and development were focused on the high technology
sector such aerospace engineering. Their goal was to increase carbon fiber yield for large-scale
production and increase maximum performance'’,

The yield significantly increased when polyacrylonitrile (PAN) and pitch based fibers

were discovered. It not only allowed for greater carbon fiber production yields but also



produced superior carbon fibers derived from natural fiber sources. PAN based carbon fibers
tend to have better tensile strength and elongation to break percentages; whereas pitched based
carbon fibers offer better modulus®. Fiber quality improvements have included various
additional precursors, processing adjustments, alignment, and surface treatments. Since then,
they have achieved 90-95% of the graphite’s theoretical modulus of (~1025GPa) and a reported
tensile strength of 7GPa. From a production standpoint, carbon fibers with a tensile strength of
5GPa are much more feasible to achieve. Table 1 shows of high performance fibers and their
respective properties’.

Additional qualities that have made carbon fiber an appealing structural material include
its good chemical resistance, fatigue resistance, low linear coefficient of thermal expansion, and
good strength retention at high temperature. These qualities allow for successful applications in
harsher environments where its metal counterparts cannot sustain. Carbon fiber also has
appealing properties that are not required for many structural applications including good
electrical conductivity and thermal conductivity.

The culmination of carbon fiber research and development has led into currently
available outstanding commercial products. For commercial airliners, the Boeing 787 offers
better fuel efficiency and better passenger comfort”’. The increased fuel efficiency is derived
from the weight savings from the replacement of metal components for the low density of
carbon fiber. Additionally, carbon fiber’s resistance to fatigue and corrosion has improved
passenger comfort. Flights are now allowed to have greater cabin pressure with humidity
comparable to air-conditioned buildings. Prior to carbon fiber, the cabin pressure and humidity
had to be artificially reduced to prevent fatigue and stress corrosion in aluminum based

fuselages. For ground transportation, automobiles have also benefited in weight reduction and



complex shapes manufacturing. These are used for applications in high performance sports or
fuel-efficient vehicles. For many years, carbon fiber was only exclusively used for high tech

applications, but it is now more accessible for civilian products.

Zn0 is a well-known II-VI semiconductor and has been heavily studied for its wide
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band gap'®'” and strong piezoelectric response”®*’. ZnO has applications in photophysics®”,
photochemistry”', radiation hardness®?, and near ultra-violet optical devices™. ZnO is also a
well-known material that produces a variety of nanostructures. Some of the basic material
properties of ZnO are listed in Table 2'°,

The history behind ZnO is quite rich dating back to Biblical copper smelting. For the last
1000 years, ZnO, originally known as Cadmia or “philosophers wool”, was a useful material
with application in pigments, cements, and pharmaceuticals. In 1781, a German chemist it was
discovered that ZnO could be developed through the burning of metallic Zinc. This process was
adopted by industry in 1840 when Leclaire manufactured large quantities of ZnO through
burning zinc in air. Metallic zinc is melted in a graphite crucible above the boiling temperature
of 907°C. At temperatures greater than this, metallic zinc begins to boil; the produced vapors
begin to react with the oxygen in the air. This process is known as the French Method, which is
an indirect process because it requires zinc ores to be transformed into metallic zinc before it
can be turned into ZnO. In 1852, the New Jersey Zinc Company found a more economic
method of producing ZnO through the smelting of zinc ore with coal. This method is known as
the American Process, which is a direct process because it transforms zinc ore directly to ZnO'*.

In the 1950’s, a resurgence of research and developmental interest was poured into

ZnO’s fundamental properties because thin films were discovered to have unique II-VI



semiconducting solid-state properties for semiconducting, piezoelectric responses, sensing,
catalytic, and thermal applications. During this period, understanding of ZnO chemistry,
crystallography, and fundamental properties were better understood'*.

In the early part of the 21* century, ZnO once again became the darling of the scientific
community because it was a well-known material that exhibited a variety of different
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nanostructures °. These nanostructures include tubes™, nanowires™, sheets™, and tetrapods™'.
Beyond the scientific curiosity of these nanostructures, there were many who were interested in

potential applications for these nanostructures'*"

. Properties of ZnO at the nanoscale, like other
materials, are very different than properties at bulk scale. Since ZnO had a variety of

nanostructures, many have ventured into understanding these structures to manipulate and fine

tune specific properties.

Based on the phase diagram®® shown in figure 1.4, Zinc Oxide is a simple II-VI material,
where there are two stable stoichiometric ratios: ZnO and ZnO,**. Amongst these two
compounds, ZnO is the most common and stable. Due to the lack of stoichiometric variety, it is
helpful for characterization. ZnO will readily form when Zn is exposed to oxygen rich
environments. To form ZnO, Zn can be in solid, liquid, aqueous, or vapor form. Once formed,
ZnO is stable until it is heated to 1200°C'*. Decomposition at lower temperatures is achievable

in the presence of a catalyst or carbon.

ZnO’s structure is composed of alternating coordinates of Zn>" and O* ions. Zinc Oxide
is known to have three different crystal structures (also known as phases): Wurtzite, Zinc
Blende, and Rocksalt'®. In each of these phases are shown in figure 1.5'°, the Zn>" and O*

create interpenetrating sub-lattices. Amongst these phases, the Wurtzite phase is the most



commonly found and used. In Wurtzite and in Zinc-Blende crystal structures, the Zn and the O
ions have a tetrahedral coordination, where each Zn ion bonds with four O ions and vice versa.
Normally a tetrahedral coordination is an indicator of covalent sp’ bonds, but ZnO Wurtzite and
Zinc-Blende structures are considered partially covalent and ionic with an iconicity of fi=0.616
on the Phillips iconicity scale®®. For Rocksalt formation, the bonding between Zn and O ions are
primarily ionic.

The order of these phases are based upon free energy level where Wurtzite has the
lowest free energy of -5.658 eV, Zinc-Blende has an intermediate free energy of -5.606e eV,
and Rocksalt has the highest free energy -5.416 eV. The lattice parameters of the phases are also
known where the Wurtzite phase’s lattice parameters are a= 3.25 A and ¢=5.207 A; the Zinc-
Blende phase’s lattice parameter is a= 4.62 A*’; and the rock salt phase’s lattice parameter is
425 A*'. A diagram comparing the free energy and the volume per formula unit is shown in
figure 1.6%.

The Wurtzite (WZ) crystal structure is based on a hexagonal unit cell with an ideal c/a
ratio of 1.633. However, ZnQO’s c¢/a ratio is 1.602. This departure from the ideal ratio is caused
by the natural polarization between the Zn (cation) and the oxygen (anion). The Zn and O are
arranged together in a tetrahedral making the bond between the two ions more covalent in
nature'®. Amongst the different phases, the WZ phase is commonly found in ambient
conditions. Increases in temperature or pressure will cause shifts in free energy, which results in
phase changes.

The WZ phase is also well known for its non-central symmetry polar surfaces. The most
common face is the (0001), also referred to as the basal plane. Other common facets include

(1010) and (1120) planes. Amongst these facets, only the (0001) facet is polar®. This facet is



also atomically flat and stable requiring no surface reconstruction. The polarization derives
from the Zn and oxygen faced surfaces. The Zn faced surface generate a positive charge
whereas O faced surfaces generate a negative charge. Amongst the facets, the (0001) facet has
the highest surface energy, resulting in this facet having the highest growth rate during synthesis
as the crystal continuously tries to minimize the surface area. This has been observed in both
diffusion and vapor deposition growths. Amongst the other two common facets, the (1010)

facet is also stable, but the (1120) is less stable and has a high degree of surface roughness.

The Zinc-Blende (ZB) crystal structure is based off of two intertwined face-center-cubic
(FCC) sub-lattices. The intertwined FCC sub-lattice is positioned at four different one quarter of
the diagonal positions. Amongst the phases, the ZB crystal structure is considered to be a
metastable phase. The ZnO ZB phase and ZnO WZ phase are very close in free energy and
primarily differ in stacking sequence. For FCC crystals, the stacking sequence is observed in the
[111] direction in the ABCABC order. The ZnO Wurtzite mimics the hexagonal stacking
sequence and the Zinc-Blende follows the FCC sequence. For hexagonal systems, the stacking
sequence is observed in the [0001] direction in the ABABAB order. For the Zinc-Blende
structure, the observed stacking sequence in the [111] direction follows the AaBbCcAaBbCc
order'®, where the capital letters represent the cation and the lowercase letters represent the
anions. The sequence for Wurtzite in the [0001] direction is AaBbAaBb. For ZB ZnO growth, a

cubic-crystal based substrate must be used***.

The Rocksalt (RS) crystal structure is based on the cubic structure commonly found in
the NaCl crystal system, where the Zn fills the cation positions and the O fills in the anion

positions. In most literature the RS ZnO phase can be obtained from the WZ ZnO phase under

external hydrostatic pressures above 10GPa*’. Above this pressure RS ZnO is stable. The heavy
pressure causes a phase change in ZnO from WZ to RS because the interionic coulomb

interactions become more ionic versus covalent. The phase change begins to occur at



hydrostatic pressures 9.1+0.2 GPa. This transformation was observed through energy-dispersive
x-ray diffraction (EDXD) under synchrotron radiation in situ when the ZnO WZ was exposed to
increasing hydrostatic pressures*' The transformational pressure for ZnO WS to ZnO RS is

relatively modest in respect to other II-VI semiconductor'®.

1.3.3. Wurtzite Properties
The WZ phase has been heavily studied for three unique solid-state properties: high band gap

semiconductor properties, Photoelectrochemical properties, and piezoelectric properties. ZnO’s
other properties include ferrite properties, catalytic properties, and candoluminescent

49 These other properties will not be discussed in the scope of this work.

properties
The basis of ZnO’s properties comes from its polar structure. Cations are created from
zinc atoms and anions are created by oxygen atoms. The cations help contribute mixed valence
states where as the anions create deficiencies through vacancies. Through careful ZnO synthesis
and processing, the ratios of cations and anions can be altered thus altering the polar nature of
ZnO. If controlled, the electrical, optical, and magnetic properties can be manipulated.
1.3.4. Semiconducting Properties
ZnO is a direct wide band gap II-VII semiconductor with a band gap of E,=3.37 eV at room
temperature. At low temperature, the band gap can be as high as Eg=3.44eV17. A wide band gap
semiconductor is generally defined as a material with a band gap between 2 - 4eV. Above 4eV,
a material is classified as an insulator.
Work on ZnO as a semiconductor and electron property research have included ZnO as a
substrate for GaN and other alloy growth, availability of high quality bulk single crystals,
opportunities for electoral conductivity modification, and strong luminescence for lasers. Due to

its wide band gap, ZnO can have photoemissions in the green, blue, or UV region. ZnO also

has a high mobility and high carrier density. When prepared with the proper technique and



proper donor concentration, the mobility was measured to be of 205cm”*V™'s™ at room
temperature and as high as 2000cm*V's™ at 50K*°. Applications for ZnO as a semiconductor
have included: photodetectors”', photoconductors, light emitting diodes in the blue and
ultraviolet region’’.

Like many other semiconductors, ZnO’s electronic properties can be adjusted by
suitable annealing heat treatment and dopants. Naturally, ZnO is n-type semiconductor. Some
have explained that the ZnO is naturally zinc rich which can be seen in the phase diagram. Like
most semiconductors, ZnO experienced an increase in conductivity at elevated temperatures.
Annealing heat treatment increases ZnO’s conductivity by removing a variety of defects. These
imperfections include crystal distortions based on surface tension, vacancies, substitution of Zn
or O atom, or interstitial atoms. Further study show that the primary increased conductivity
comes from O vacancies, not Zn interstitials’*. Elements such as magnesium, cadmium,
chromium or aluminum in small quantities can increase the conductivity. Band-gap engineering
can also be achieved through cadmium and magnesium doping. Cadmium will decrease the
band gap whereas Magnesium will increase the band-gap'®. Thus, band-gap engineering can be
achieved through cadmium oxide and magnesium oxide interfaces.

Obtaining p-type ZnO doping has been a challenge for ZnO due to limited
understanding and ZnO’s natural n-type conductivity tendencies''. Recently however, better
understanding of ZnO n-type conductivity and various dopants that act as acceptors have helped
lower ZnO’s conductivity. Some of these doping elements include lithium, sodium,
phosphorous, and arsenic. Reliable p-type doping would open up new opportunities in device

applications, especially in light emitting diodes and lasers>”.
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For many decades there has been a lot of excitement towards ZnO’s photoelectrochemical
properties especially photoluminescence, cathodoluminescence, and electroluminescence. More
importantly, ZnO nanostructures can adjust and fine-tune these properties due to the size effect.

Energy absorption must first take place for an electron to be excited from the ground
state to an excited state in order for luminesce to occur through photoluminescence,
cathodoluminescence, or electroluminescence. Upon the electron’s return from the excited state
to the ground state, light is emitted as excess energy is released. A diagram of energy states is
shown in figure 1.7,

For photoluminescence, ZnO experiences photoexcitation before light is released.
Photoexitiation is defined as electron excitation from the ground state to excited states through
photon absorption. For ZnO, high-energy light in the UV region is required for excitation.
Similarly, cathodoluminescence is the process in which ZnO absorbs electrons from an
electronic beam for electron excitation. Finally, for electroluminescence, ZnO absorbs electrons
through electric current for electron excitation.

When the excited electrons return to the ground state, the transition releases energy in
the form of light. Based on the ZnO’s inherent band gap, ZnO will produce a green
luminescence with a wavelength of 535nm. The color of the emitted light can be adjusted
through dopants or perfections of the crystal structure®®. To adjust the emitted light, shallow
donor or deep acceptor dopants are used to lower the band gap for the emission of longer
wavelengths.

In addition to dopants, the photoemission can also be adjusted by the size of the ZnO. A
blue shift in luminesce can be experienced for ZnO nanostructures that have features smaller

than 200nm under an electron beam with an accelerating voltage of 15kV. The smaller the
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diameter, the further the shift towards the lower wavelengths will be illuminated®’. The shift
caused by the band gap narrowing effect will decrease in the band gap width because of an
electron-electron repulsive interaction. In addition, there is a Bursteian-Moss (BM) effect,
which is experienced in n-type semiconductors. Through the BM effect the band gap is enlarged
which affects absorption and photoluminescence®. Both of these effects will cause the Fermi
level to move into the conduction band causing a filling of the conduction band. Thus for
excitation to occur, electrons much reach the valence bands that are around or above the Fermi

level. The blue shift or the BM shift (AEgwm) can be explained through the following equation:

m 3\ K2
AEpy = (1 + f) ((—) —n?/3 — 4KT>
my ) \\m 8m;

where m’, is the effective mass for an electron, m'} is the effective mass for a hole, h is the

Planck constant, K is the Boltzmamn constant, n is the electron carrier concentration in the
conduction band, and T is the absolute temperature. The mechanism behind the blue shift is the
increase in the electron carrier concentration in the conduction band when the diameter for
nanostructures decreases below a threshold value. The smaller diameter offers a greater surface
to volume ratio. Thus when secondary electrons are excited under an electron beam, they can be
easily transported to the surface. Without this transport to the surface, secondary electrons
would be accumulated and would prevent further electrons from becoming absorbed for
excitation.
1.3.6. Piezoelectric Properties

ZnO has a piezoelectric strain constant of d3;=12.4 (10"2C/N)> which is the highest
value amongst tetrahedrally bonded semiconductors. The ZnO Wurtzite derives its piezoelectric
configuration from its polar tetrahedral configuration. ZnO has a c/a ratio of 1.602, which is off

from the ideal hexagonal Wurtzite c/a ratio of 1.633. This results in a normal dipole moment
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and polarization in the c-axis. Thus when a mechanical stress is introduced, a change in
potential is experienced due to the polarity. The piezoelectric properties also experiences a size
effect®. At lower frequencies, nanostructures experience a greater piezoelectric coefficient. A
figure of Wang and Zhoa’s work showing the piezoelectric strain coefficient increase due to the
size effect is shown in figure 1.8.

Piezoelectricity can be defined as electromechanical coupling where certain materials
demonstrated reversibility in electro-elasto-mechanical deformation. Under mechanical stress
these materials generate electrical polarization. Conversely under an electrical field, these
materials undergo mechanical deformation. Through these properties, it earned its name “piezo”
which translate into “to press” from Greek®'. The piezoelectric materials that are widely used
include crystals, ceramics, and polymers.

Only materials with crystallographic atomic structures have shown piezoelectric
properties. Currently, there are 32 crystal classes. 21 of these 32 crystal classes lack a center of
symmetry. Amongst this smaller group, 20 of these possess piezoelectricity properties. Thus
there is a direct correlation between lack of symmetry and piezoelectricity”®>. When mechanical
stress is applied, the symmetry of these crystals is altered thus causing a disturbance in the
moment. Vice versa, when an electrical field is applied, the crystal undergoes mechanical
deformation. This is the fundamental theory for the piezoelectricity at the atomic level.

Piezoelectric materials are used in commercial transducers and actuators for sensing and
energy harvestors. Transducers transfer one signal to another signal; making devices such as
sensors effective. Actuators are defined as devices that can mechanically move or induce a
mechanical force which is possible through the converse effect. Sensors on the other hand,

produce a signal through the direct effect, where a mechanical force creates a displacement in
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the polarization in the material. Many sensors are used for ultrasonic and sonar applications
through the creation of images though echoes”.

The electromechanical coupling has two major components, the electric charge
displacement, D, and strain, S. The electric charge displacement (C/mz), D, and it can be
expressed as:

D = ¢E
Where ¢ is the relative permittivity[F/m] and E is the electric field strength (Vm_l). Strain, S,
can be expressed through Hooke’s law:

S=sT
Where s is the compliance (10"*m?*/N) and T is the stress (N/m?).

When the two components are coupled, it can be expressed as

{8} = [s* T} + [d'{E}

{D} = [d|{T} + [e"{E}
where d is known as the piezoelectric charge constant (or the piezoelectric strain constant). In
matrix form, piezoelectric charge constant, d, expresses the direct piezoelectric effect whereas d'
is the matrix for the converse piezoelectric effect. The superscript t represents the transposition
of a matrix. The superscripts E and T are used to indicate electrical or mechanical boundary
conditions. For electrical boundary conditions, the superscript E represents the material under a
zero or constant field. For the mechanical boundary condition, the superscript T represents the
material being under zero or constant stress. In other electromechanical relation equations, other
subscripts such as D or S may be observed where D represents constant electric charge
displacement and S represents constant strain®>. With these important parameters, it sets up the
ability to characterize the different constants that help represent different ratios. Under these

boundary conditions, the equations can be simply expressed as:
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S=d'*E
D=d*T

The piezoelectric charge constant, d, dictates the polarization generated per applied mechanical
stress (T) unit. It can also be expressed as the mechanical strain experienced by the piezoelectric
material under per applied unit of electric field.

The piezoelectric charge constant, d, can be represented as the piezoelectric voltage
coefficient, g;; (Vm/N).

8ij = d; j/ €€

This parameter is often used because gj; directly relates the electric field to applied stress. The
piezoelectric voltage coefficient, g, is a function of the piezoelectric charge constant, d, and
takes into account the inverse contributions of &y, the permittivity of free space, and ¢, the
relative dielectric constant of the material. When researchers work on applications used for
sensing or energy harvesting, this parameter should play a factor in their materials selection.
The two subscripts: i and j, are often associated with d. The first subscript describes the
direction of the induced polarization, when the electric field is zero or the direction electric field
applied; the second subscript describes the direction of the applied stress or induced strain. Bulk
materials tend to have lower g;; values because of higher € values. However by reducing the
material into fibers, € is reduced thus increasing g; allowing the material to yield higher output
voltage. Many materials that are used as transducers have very high g; and d;.
1.4. ZnO Nanostructure Synthesis

ZnO is well known for its micro and nanostructures. The methods to growth ZnO
nanostructures include Thermal Oxidation®, Chemical Vapor Deposition (CVD)*"** and

Hydrothermal Reaction®. Other methods can be included in this list, but to a certain degree they
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are a derivation of these methods. Under certain conditions, CVD and hydrothermal reaction
can also grow exceptionally pure ZnO crystals, with minimal defect bulk. The two methods
under investigation for this work are vacuum thermal oxidation and CVD. These two methods
are very different in terms of ZnO growth mechanisms. Thermal oxidation grows ZnO
nanostructures from a diffusion mechanism where Zn ions travel through the ZnO structure to
reach an oxygen rich environment. In the case of CVD, vaporized Zn and oxygen ions deposit
on solid ZnO interface. For hydrothermal reactions, the ions come from supersaturated liquids
that are adsorbed and crystalized onto the ZnO solid-interface. For this work, these two primary
methods of interest, thermal oxidation and CVD will be discussed in detailed. Chapter 2 will
further thediscuss the importance of temperature in thermal oxidation. Chapter 3 will discuss the

effects of oxygen variation and the oxygen injection zones in CVD growth.

The thermal oxidation method is simply the reaction of a metal specie and oxygen. This can be
explained by equation 1:

1 1
ZM+-0,--M0,
y 2 y

where M is the metal specie and O; is the oxygen molecule; x and y are the stoichiometric ratio
units for a complete reaction with no byproducts. For thermal oxidation of zinc, the reaction

follows the same metal oxide equation®
1
Zn + > 0, —» Zn0

Due to the simple stoichiometric crystal structure, x and y are both determined to have the
values of 1. Prior to oxidation, the metallic zinc precursor can be in the form of a solid or liquid.

When the metallic zinc is exposed to oxygen, almost immediately after exposure, a metal oxide
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layer is formed. Interestingly, the reaction immediately slowed because the newly formed layer
serves as a barrier for metallic zinc to reach the oxygen rich environment. To reach the oxygen
rich environment, the metallic zinc diffuses through the metal oxide level. This can be seen in
figure 1.9%. Zn diffusion between the metal-oxide layer has been found to be greater than
oxygen diffusion through the metal oxide layer.

The rate at which Zn oxidation occurs is determined by the metallic rate consumption.

This can be seen by the rate equation

—d[Zn]
dt

M
=

where [Zn] is the available Zn specie, t is time, and r is the rate. In a closed system where the
available oxygen is fixed, the rate equation can be expanded to the oxygen consumption rate.
The concentration of Zn can be denoted as C. During oxidation, the instantaneous
concentration, C, of the remaining metallic species could be determined with the following

equation

—x2
C = Cyexp (ﬁ)

where Cy is the original concentration, x is the diffusion profile depth, D is the diffusivity, and t
is time®.

The rate, r, can be equated to the reaction rate constant, k. The chemical reaction rate
constant, k, is dependent on temperature and available oxygen concentration. The temperature

contribution is seen in the Arrhenius equation,

-E,
r=k=Aexp<RT>
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where A is the pre-exponential factor, E, is the activation energy, R is the universal gas
constant, and T is the temperature. The higher the temperature, the closer the exponential
portion of the Arrhenius equation approaches the value 1.

For the zinc thermal oxidation, reaction is a solid-state diffusion process where existing
zinc structures reacts with oxygen at the surface layer. Initial oxidation is quick, but the reaction
is slowed by mass transfer diffusion. The oxide layer serves as a buffer-layer between an
oxygen rich environment and unreacted Zn. Driven by the chemical potential, the unreacted zinc
will diffuse through the oxide layer to reach and react with the oxygen rich environment™. For
steady-state diffusion rates, Fick’s law is used to describe the flux of concentration of material

moving through a medium.

dc

=_—D—
J dx

mol

where J is known as the flux with units of ( ), D is known as the diffusion coefficient with

m2.s
2

the units of (mT), C represents the concentration of the material where (7:;—031), and x is the

position represented in length. For non-steady state cases where the diffusion causes the

. . . . 6
concentration to change over time, Fick’s second law is used®’.

dc _ DdZC
dt ~  dx?

where the constants are the same as Fick’s first law with the additional condition of time, t (s)**.
The diffusion coefficient, also known as diffusivity, is temperature dependent also described by

the Arrhenius equation:

—E
b= D,exp <ﬁ>
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where D, is the maximum diffusion coefficient, E is the activation energy (J), R is gas constant

3.14 ( / K), and T is the temperature with units in kelvins, (K).

mol-

For Zn diffusion through ZnO, the diffusion mechanism is driven through vacancy
diffusion as oppose to interstitial diffusion. This was measure through electrical measurements
to confirm vacancy diffusion. Upon higher Zn vacancies, the conductivity is lower for ZnO.
Zinc interstitials would not affect the conductivity as greatly as Zn vacancies. In addition,
vacancy diffusion for isotropic conditions was also verified by the conditions of large activation
energy for successful migration and formation; and a large pre-exponential in the Arrhenius
equation*.

For many years, it was thought that Zn diffusion in ZnO was isotropic, meaning that it
did not follow any specific direction or crystal path. At the time, many of these experiments
were conducted at the bulk level. In the 1970’s, diffusion tests were performed on thin ZnO
films to better determine depth profiles”. This allowed for better understanding of ZnO
diffusion through different crystal directions. It must be noted that these diffusion experiments
were performed on relatively lower temperatures. Higher temperature thermal oxidation would
cause anisotropic ZnO growth at the micro and/or nanoscale®.

Traditionally, low-temperature oxidation for metal structures that undergo isotropic
oxidation display a uniform layer of oxidation. At higher temperature oxidation, scales develop
due to easier nucleation of an oxide layer and respective faster growth of nucleated oxides’’.

The ZnO anisotropic growth under thermal oxidation baffled many researchers.
Recently, it was agreed upon that ZnO diffusion coefficients for isotropic conditions were found

to have a activation energy of 372 kJ/mol**. Specific Zn diffusion coefficients were found for
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different directions through ZnO. The two important directions include the c-axis [0001] and the
a-axis [1120]. The diffusion coefficient in the [0001] direction was found to be

171\ cm?
D, = 8.2x10 %exp <— ﬁ)

S
and the diffusion coefficient in the [1120] was found to be

169\ cm?
Da = 4.9><10_6exp <— ﬁ)T

At low temperature, the oxidation rate is very slow and the diffusion coefficients are not viable.
Instead of an anisotropic structure, a uniform oxide develops at a slow rate®. Figure 1.10"
shows nanowires and ribbons with common facets. However, at higher temperatures, the
difference between the oxidation rates specific to the crystallographic directions is more
apparent which helps points to different diffusion coefficients for different directions. As
prolonged thermal oxidation continues, anisotropic materials begin to develop.

The anisotropic morphologies can be seen in many ZnO nanostructures specific to
thermal oxidation which include nanowires, tubes, hollow spheres, and hollow sea-urchins. At
temperatures above 450°C, nanowires will form. High temperatures will make Zn diffusion
through the ZnO [0001] crystallographic direction’' more favorable than other directions, which

leads to the anisotropic ZnO structures’>"

. The hollow ZnO structures are caused by the
Kirkendall effect where there is faster diffusion of Zinc vs Oxygen through ZnO. As Zn diffuses
through the ZnO layer, the ZnO layer grows in the direction of the oxygen rich environment
leaving behind a cavity in the oxygen void area. The ZnO sea-urchins are unique nanostructures
developed through a modified Kirkendall Process. Like other hollow structures, the sea urchin

initially develops a ZnO shell when the Zn particle oxidizes at low temperatures or low oxygen

conditions. As temperature or oxygen content increases, the unreacted Zn, beneath the ZnO
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shell surface, will accelerate its diffusion through specific ZnO orientations causing growths of
Zn0O whiskers/ nanowires in the [0001] direction. Thus the final structure is a hollow ZnO
sphere covered by ZnO nanowires.

To understand how ZnO nanowires are grown under changing substrate temperatures, a
vacuum thermal oxidation system was created with a tube furnace system fitted with two
independent heating controls for Zn evaporation and substrate heating. The zinc heating source
was an alumina crucible wrapped in a tungsten filament. The substrate heating element was
made of a nickel chrome filament, which is used for oxidation resistance and lower temperature
heating. The system was fitted with a roughing pump, which reached a minimum pressure of
2x107 Torr. Argon and oxygen gas lines were both attached to the system with independent gas
flow controllers. The argon was used as transport gas, whereas oxygen was used as the reactant
gas. For thermal oxidation, zinc first was evaporated and transported towards the substrate with
argon. When the evaporation was completed and the heat source had cooled, oxygen was
introduced into the system. The source was cooled to prevent oxidation of the precursor and the

tungsten heating filament.

ZnO can be deposited through either physical vapor deposition (PVD) or chemical vapor
deposition (CVD). PVD is a method that physically transports materials via techniques such as
evaporation and sputtering to a substrate. Upon contact with the substrate, the materials
condense on the substrate to form a new layer. CVD is a technique where chemical reactants are
transported to the substrate to undergo a chemical reaction. For most ZnO thin film applications,
PVD through sputtering is used. Grown films are used for high bandwidth and/or for

piezoelectric applications. However, CVD is preferred for nanostructure growth
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193774 ribbons”, nanowires’®, and sheets®® ’’. Factors that affect ZnO deposition

tetrapods
growth include Zn precursors, oxygen concentration exposure, pressure, and temperature.

CVD can be performed by a variety of different reaction types: pyrolysis, reduction,
oxidation, compound formation, and combustion. In the case for pyrolysis, reactions are created by
the thermal deposition of liquid species on hot surfaces’879. In reduction CVD, ZnO can be reduced
with graphitic carbon to form Zn vapors. This process is known as carbothermal evaporation®. For
oxidation, metal is exposed to oxygen gas to produce oxides937.81, Deposition using compound
formation requires different gasses such as carbides, nitrides, borides, or sulfide gases to produced
compound materials. ZnO does not rely on compound formation. For combustion synthesis, a zinc
ion rich solvent is brought to a flame and directed towards a substrate. The atmospheric oxygen

reacts with the zinc ions to produced Zn08283. For most ZnO nanostructure synthesis work, the

most popular method has been the combination of reduction and oxidation.

Zn precursors can come in a variety of a metal organic compounds such as zinc acetate®
or Diethylzinc (DEZn)™, as an oxide™, or in metallic zinc form®” "' ENREF 63. In every case,
the goal for each of the precursors is to isolate the Zn component as Zn vapor. Metal organics®’
have been widely used because the Zn component can be controlled more easily in terms of
quantity and can be isolated at relatively low temperatures. However, metal organics have a
high cost per unit, which has limited its general use. For oxide precursors, decomposition of the
oxide can occur under high temperature. The decomposition temperature of ZnO under vacuum
is 1400°C. However, this decomposition temperature can be lowered to 950°C when it exposed

to graphitic carbon’”™

. This is known as carbothermal evaporation where the carbon reacts with
oxygen ions to produce carbon dioxide. The thermodynamics of the reaction can be determined

by the Ellington Plots™*. In both ZnO vaporization and carbothermal ZnO evaporation, Zinc

vapors are not produced until the required temperature is met. Thus the vapor pressure can be
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identified through the temperature/pressure chart’ seen in figure 1.11.
2Zn0+C =C0, + 2Zn
For this type of growth, supplemental oxygen is required to reform ZnO.
2Zn0+C+ 0, =C0O, + 2Zn0

Carbothermal evaporation has been a very popular method to form ZnO nanostructures due to its
simplicity and low cost of operation. ZnO developed from a metallic Zn precursor has been
considered the most basic ZnO growth system. Zn vapors are easily produced because Zn has a
melting temperature of 420°C and a boiling temperature of 920°C. Unfortunately, control has been
limited due to metallic zinc’s high vapor pressure. Additionally, when metallic Zn is exposed to
oxygen, an oxide layer is quickly formed, which limits vaporization. Thus for controlled ZnO
formation through metallic Zn precursors, it is important to have exact heating temperatures and
controlled oxygen exposure regions.

Many research groups have shown that many nanostructures are dependent on synthesis
temperature. Generally the progressive order of ZnO nanostructures is rods, nanowires, sheets,
and tetrapods where the temperature is increasing for each structure!99293, When growing Zn0 via
CVD, it is important to understand that nanostructures have a lower melting temperature. This will
allow ZnO synthesis with defined hexagonal structures to occur at temperatures below 700°C. This
means that a system can be designed to have a lower synthesis temperature than current ZnO

evaporation or carbothermal evaporation systems.

Oxygen concentration exposure plays a key role in oxidation because it affects the rate

at which Zn vapors can react’™'®

. Many CVD ZnO experiments have been performed where
oxygen concentrations have been the main variable. As a result, a variety of different ZnO

nanostructures were created. The oxygen concentrations play a key role in determining different

types of nanostructure formations causing some phases or different facets to preferentially
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grow. Generally, oxygen concentrations range, between 5-20%. At high temperature and high
oxygen concentration conditions, the environment become metastable, allowing for growth in
the ZB phase to become energetically favorable’. Tetrapods are commonly developed under
these conditions. For slightly lower temperature and oxygen concentrations, ZnO heterogeneous
WZ growth in the [1010] or [2110] direction is more favorable. Growth in theses directions
produces nanostructures such as ribbons and sheets. These facets are seen in figure 1.10"°. At
lower temperatures and oxygen flow concentrations, WZ nanowires grown in the [0001]
direction are the most favorable because basal plane has the lowest surface energy.

Ultimately, crystal growth cannot occur unless a thermodynamically favorable
environment is created. Conditions must be met so that there is an energy advantage for the
desired reaction to occur. For certain reactions to occur, temperature and pressure can be
adjusted to lower the Gibb’s free energy and achieve a AG<0%.

The basics of deposition growth require materials in the vapor phases to condense into
liquid or solid phases at lower temperature reaction regions or make contact with a substrate
with lower surface energy. The reactants are transported by convective or diffusive transport in
the reaction zone. In the vapor transport, there may be gas phase reactions. Eventually, the
primed reactants will reach the substrate surface. At the surface, there will be a chemical and
physical adsorption. At a certain point, there will be surface reaction, which will lead to the
formation of a film. Any volatile byproducts will be desorbed and transported away from the
reaction zone through convective or diffusive transport.

The initial deposition is known as nucleation®é. The conditions for nucleation require a
favorable thermodynamic environment that can also energetically overcome the barrier of

forming nuclei. There are two types of nucleation: homogenous and heterogenous nucleation.

Homogenous nucleation requires nuclei to form in vapor before it is deposited on the surface.
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Upon deposition on the substrate, the newly formed nuclei will have an epitaxial relationship with
the substrate. Homogenous nucleation requires more energy to overcome the barrier to form
nuclei than heterogenous nucleation. Heterogenous nucleation occurs when nuclei form on an
existing substrate surface. The substrate significantly lowers the energetic barrier for nucleation.
Depending on the substrate, the newly deposited film/nanostructures can be grown epitaxially,
meaning that newly formed material will take on the lattice parameters in the transverse direction
of the substrate.

For uniform deposition, gas transport control is very important. To control the deposition
rate, it is imperative to control gas flow rates. However, the appropriate flow rate is difficult to
determine94. At high flow rates, there is a lot of turbulence; at low flow rates, laminar flow rates

are produced. The flux of vapor to the surface is determined as F1 which can be defined as:

Fy = hgx(Cq — Cs)
where hg is known as the gas phase mass transport coefficient, Cg is the gas concentration, and
Cs is the surface concentration on surface. The gas phase mass transport coefficient be further
broken down as the quotient of the diffusion constant of gas, D, and boundary border thickness,
o
he=D/6
The diffusion constant of gas can be broken down as :

T3/2

D:DO p

where Dy is maximum diffusion coefficient, T is the chamber’s temperature, and P is the
chamber’s pressure. The boundary layer thickness, 6, can also be broken down as a function of

distance:

550 = (1)

U
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where x is distance traveled, p is the gas density, U is the velocity, and p is the viscosity of the
gas flow.
To calculate the amount of material that reacts with the surface, the term reaction flux,
F», is used and can be defined as
F, = k¢XCs
where kg is the surface reaction rate. When these two are combined, the deposition rate or

growth velocity, v, can be determined:

VENTT 1

he TR

where F is the overall net flux and N is the is the atomic density of deposited material.

Based on these factors, there exist two types of limited cases for deposition: reaction
limited growth and mass transport limited growth. Generally, at high T, deposition is dominated

by mass transport limitations: R o« T3/2, However at lower T, the deposition case is surface

reaction limited: R < exp (g) This can be seen in the Deposition Rate versus Temp curve’”.

For mass transport limited growth, the surface reaction rate is much higher than the gas
phase mass transport coefficient where:

ks >>hg

Since kg is generally high, crystal growth is limited by the material transport to the substrate.
Unlike ks, hg is not affected by temperature, however, hg is limited at higher temperature.
Crystals that are produced by mass transport limited growths tend to have non-uniform film
growth, thus, gas dynamics and reaction chamber designs are important™.

In reaction limited growth the gas phase mass transport coefficient is much greater than

the surface reaction rate where:
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hg>>ks

The growth of crystals is controlled by processes on the surface such as: adsorption,
decomposition, surface migration, chemical reactions, and desorption of products. All of these
processes contribute to the surface reaction rate, ks. If ks is low, crystals will grow slowly. The
growth rate of crystals can be increased with temperature increase because ks is highly
temperature dependent. For most precision thin film growths such as epitaxial growth, reaction
limited growth is often preferred despite the slow growth process. In most cases, it is desired to
have reaction limited growth where there is an ample supply of gas transport. To increase the
transport coefficient, the pressure should be lowered and the gas flow should be increased.
Thus, based on these parameters, it is important for CVD systems to have good vacuum to limit
the mean free path and impingement rate of transported materials.

For ZnO deposition growth, films, bulk crystals, and nanostructures can be developed
through CVD. Very often for nanowire growth, catalysts are used to help decrease the surface
energy for adsorption to help increase the surface reaction. In 1964, Wagner and Ellis introduced a
mechanism called Vapor-Liquid-Solid (VLS)?7. In this growth mechanism, a liquid metal catalyst is
used to adsorb vapors. Upon supersaturation of the liquid, the will be axial crystal growth at the
liquid solid interface. Similarly, ZnO can be grown through a vapor-solid-solid (VSS) process where
a metal alloy composite is used to adsorb vapors. Interestingly, ZnO nanostructures can also be
created catalyst-free through vapor solid (VS) growth. In VS growth, zinc and oxygen ions deposit

directly on the existing ZnO structures.

Amongst these methods to grow ZnO nanostructures, VLS and VSS are the most
popular method because metal catalysts can be introduced prior to the deposition. Catalysts act

as nucleation sites and can be used for template growth. The metal catalysts that are generally
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used tend to be transition metals that have lower melting temperatures but have high
evaporating temperatures. The catalyst is usually metal and lowers the surface energy to allow
for easier adsorption of Zn vapors. Upon supersaturation, the Zn will deposit at the liquid/solid
catalyst and solid ZnO interface. Soon afterwards, it is quickly oxidized under oxygen exposure.
The process continues until either the catalyst vaporizes away or the Zn precursor is
exhausted”.

For ZnO vapor solid growth, a CVD system was set up. The system was based off the
same tube furnace used for the vacuum thermal oxidation. The system was retrofitted with an
oxygen inlet that extended into the tube to bypass the zinc evaporation source. The reaction
would occur inside the hot zone. No substrate temperature manipulation was used. The system
allowed for uniform Zn evaporation while allowing for lower temperature VS growth. Different
oxygen concentrations were used to observe specific nanostructures associated with the

concentration.

The opportunity to develop a multifunctional material based upon two well-known
materials: carbon fiber composites and ZnO nanostructures will open up an avenue of
engineering research and applications. Carbon fiber is projected to be used for many structural
applications that require a high strength to weight ratio. Multifunctional properties can be added
through ZnO, which will help meet new requirements in safety, energy harvesting, and sensing.
Amongst ZnO properties, the semiconductor properties, photoelectrochemical properties, and
piezoelectric properties are the most heavily researched and useful properties. For this work,

piezoelectricity has the most application for the hybridized ZnO nanostructures on carbon fiber.
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Future work in this field can explore semiconductor properties and photoelectrochemical

properties for added functionality to carbon fiber composites.
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1.6. Figures and Tables

sizing

Figure 1.1: A SEM image of a Cytec T300 carbon fiber bundle, which is held together by sizing. The carbon fiber was
measured to be 7um in diameter.
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Photo
excitation

Figure 1.2'5: ZnO’s three most popular solid-state properties include its semiconductor, piezo potential, and photo
excitation properties. Wang used this diagram to represent the relationship between the multifunctional opportunities
for ZnO.
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Figure 1.3%: ZnO nanostructure synthesis was demonstrated in a carbon thermal evaporation CVD experiment. The
nanostructures’ synthesis was heavily influenced by the synthesis and Oxygen flow mixing-ratio.
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Assessed Zn-O Phase Diagram (Condensed System)
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Figure 1.4%: Zno phase diagram shows a simple stoichiometry; ZnO is very stable.
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Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Figure 1..5'%: ZnO can be rearranged into three phases: Rocksalt, Zinc-Blende, and Wurtzite.
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Figure 1.7%: A diagram shows sub-band states (A,B,and C) in ZnO’s valance band crystal field splitting .
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Figure 1.8%°: ZnO nanobelts were shown to have higher piezoelectric coefficient at low frequencies.
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Figure 1.9%: This image shows a typical oxidation reaction diagram where the metal ions diffuse through the metal
oxide towards the oxygen rich surface.
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Figure 1.10"5: Common anisotropic ZnO nanostructure are labeled with their respective facets.
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Table 1.1 Properties of Different Carbon Fiber

Tensile Tensile Elongation Thermal
Strength Modulus to Break Density, p Conductivity
Fiber (GPa) (GPa) (%) (g/em?) (W/mK)
Hexcel Magnamite® PAN-based
AS4 4217 228 1.87 1.79 —
AS4C 434 231 1.88 1.78 —
M4 479 276 1.74 1.78 —
IM8 5.58 304 1.84 1.79 —
PV42/850 5.76 202 1.97 1.79 —
Cytec Thornel® PAN-based
T300 3.75 231 14 1.76 8
T650/35 428 255 1.7 1.77 14
T300 3.75 231 1.4 1.76 8
Toray Torayca® PAN-based
T300 3.53 230 1.5 1.76 —
T700SC 4.90 230 2.1 1.80 —
M35IB 4.70 343 1.4 1.75 —
M50JB 4.12 475 0.9 1.88 —
M55] 4.02 540 0.8 1.91 —
M30SC 549 204 1.9 1.73 —
Cytec Thornel® pitch-based
P-25 1.38 159 0.9 1.90 22
P-558 1.90 379 0.5 1.90 120
P-100S 241 758 0.3 2.16 520
P-120S 241 827 0.3 2.17 640
K-800X 2.34 896 — 2.20 900-1,000
K-1100 3.10 965 — 2.20 900-1,100

Electrical
Conductivity
(S/m)

6.5x 10

5.56 x 10*
6.67 x 10
5.56 x 10*

7.69 x 10*
1.18 x 10°
4.00x 10°
455x1°
6.67x 10°-8.33x 10°
7.69 x 10° - 9.09 x 10°

*Source: Toray, Hexcel, Cytec
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Chemical Name Zinc Oxide
Chemical Formula Zn0O

Molecular Weight 81.38 g/mole
Melting point/boiling point (decomposes) 1975 C

Specific Gravity 5.607 (water=1)
Density 5.606 g/cm3
Appearance White

Band gap 3.37eV
Refractive Index 2.0041

*Zn0 properties are based off of the wurtzite crystal structure in (298K)
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Chapter 2: Evolvement of ZnO Hybrid Nanostructures through Zinc
Thermal Oxidation

2.1. Introduction
Like most anisotropic materials, ZnO has been investigated extensively and synthesized

. . . . 12 . . 345
for its unique properties and micro/nano structures . ZnO nanostructures include wires™™”,

8919 "and hierarchical structures''. Zinc oxide’s wide band gap, piezo potential

tubes®’, sheets
and wide range of micro/nanostructures' has allowed this material to be used in a wide array
applications'>'*. Current goals for ZnO are aimed to understand quantum size affects, to
increase the surface to volume ratio, and to develop hybrid nanostructures that combine multiple
nanostructures. The quantum size effect has been shown to increase the number of carriers
causing a blue shift in catholuminesence when structures reach below 50nm'>. A higher surface
to volume ratio has been shown to increase photo absorption, catalytic activity, and compliancy
for piezoelectricity'*. This work focuses on the development of a hybrid nanostructure though
transient thermal conditions during synthesis.

1617 chemical

Most of the available ZnO synthesis techniques such as: thermal oxidation
vapor deposition (CVD)'®, hydrothermal processing'’, thermal evaporation, and carbothermal
reduction®', are performed through isothermal processes. Isothermal processes are designed to
grow specific nanostructures. However, to develop ZnO hybrid nanostructures, transient
parameters are required.

Thermal oxidation is a well-established ZnO fabrication technique and received a
revival in attention for its ability to grow nanowires>* at low cost and low temperatures. This

technique is also versatile; modification can be made for transient parameter changes. Thermal

oxidation experiments have been conducted in two primary ways>>*: thermal oxidation at slow
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temperature rates (<5°C/min) and thermal oxidation at rapid temperature rates (>200°C/min).
Not surprisingly, the results are different for both techniques because the heating rate affects the
growth morphology. Thus for better control of ZnO morphology growth through thermal
oxidation, heating rates must be controlled.

Zinc whiskers and nano structures will be used as starting materials for thermal
oxidation. These structures can be synthesized through thermal evaporation followed by vapor
transport. They are hexagonal closed packed materials with lattice parameters: a=2.66 A and
¢=4.95 A* . Through vapor deposition, performed in inert environment, zinc forms into wires

and platelets**

. Their size can be dictated by controlling the evaporation temperature and
substrate temperature. At higher evaporation temperatures, zinc crystals form finer structures.
Note in the case with substrate temperature, lower deposition temperatures allow for thin zinc
structure formation, whereas elevated deposition temperatures promote the growth of zinc
whiskers and larger zinc particles.

Using classic transition metal oxidation studies, the Zn/ZnO system can be easily
explained”®. Under an oxygen environment, transition metals almost instantaneously form an
oxide layer between a few angstroms to thousands of angstroms thick. Zinc is no different; it
develops an oxide layer almost immediately and will continue to grow through zinc interstitial
diffusion. In low temperature environments, zinc surface atoms quickly oxidize and grow into
an oxide film, but growth is effectively terminated until sufficient energy is provided for further
Zn diffusion towards the surface. At higher temperatures, thermal oxidation causes the

formation of oxide scales due to multiple ZnO nucleation sites. The introduction of grain

boundaries provides more direct paths for zinc to migrate towards the surface. Oxidation can
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even occur above the melting temperature of Zn (420°C) where an oxide layer will form over
molten Zn*'.

To synthesize a hybrid nanostructures, a thermal oxidation setup was assembled for
stable and dynamic growth experiments. Zinc nano structures synthesized through zinc powder
evaporation and condensation would serve as precursors for ZnO nanostructure synthesis. Zinc
nanowires and platelets were synthesized in low temperature (~100°C) conditions and
developed into ZnO microtubes upon oxygen exposure. Faceted zinc particles and whiskers
were synthesized in higher temperature environments (~250°C); upon oxidation, ZnO nanowires
and nanosheets were synthesized on the facets of the Zn precursor structures. Through a
transient substrate heating experiment under thermal oxidation, a unique ZnO structure was
observed. It combines a hexagonal microtube with highly organized nanowire and nanosheet

branches. Growth mechanism interpretations for this structure are discussed.

To develop hybrid ZnO structures, independent heating for the source, transport region,
and the substrate were combined in a thermal oxidation setup. The independent source and
substrate heating take advantage of a large range of temperatures (source heating: up to 1000°C;
and substrate heating: up to 350°C). Independent heating also allows a wide range of ramping
temperature and cooling rates (up to 200°C/sec). A wide range of ramp rates for the source
allows for continuous evaporation, burst or intermittent evaporation, and gradient evaporation.
The independent stage heating for the substrate allows for heating experiments, heat treatments,
and effective quenching.

This system’s main body is composed of a 1”” outer diameter quartz tube, housed inside

a tube furnace, capable of reaching 950°C. High vacuum components and a mechanical rotary
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pump were used to achieve an ultimate vacuum of 2x107 torr. Mass flow controllers managed
the system’s transport gas and reactive gas pressures. The arrows inside the tube indicate the
flow direction, which includes both the carrier gas (argon) and reactive gas (oxygen). The
source (zinc) was placed inside an alumina tube wrapped in a tungsten filament. The substrate
was seated on a heater assembled by an alumina platform and a NiCr filament. Thermocouples
were attached to a LabVIEW data acquisition unit for the monitoring and recording of the
source, furnace, and substrate temperatures. These combined components allowed our system to
achieve high temperature, high vacuum, quick assembly, reduced experimental cycle time (2.5
hours/sample including cool down time), and electrical configuration flexibility.

The experiment was prepared with 0.2 grams of commercial 99.9% purity/100 mesh
zinc powder placed in the alumina crucible. A RCA cleaned 0.5cm” Si (111) substrate was
placed on the substrate heater. Both the crucible and the substrate were placed and housed in the
quartz tube on opposite ends while being situated 1.5cm outside the furnace ends. This
placement was crucial because it would keep the initial temperature settings of the crucible and
the substrate consistent. The system was pumped down, followed by 10 minutes of nitrogen
purging to stabilize the system and achieve 0.002 torr. (Despite these measures, oxygen would
inevitably be present in our system.) Argon was then introduced at 133 standard cubic
centimeters per minute (sccm) to be used as a transport vapor and elevate the pressure (P) to
0.300 torr. Finally, the furnace temperature (Tg,,) was raised to 650°C at a rate of 35°C/min. Due
to the furnace’s radiative heat, the source temperature (Tevap) and substrate temperature (Tsup)
reached 100°C before the Zn thermal evaporation. Once the furnace had reached 650°C, the
independent heating source was heated to 700°C+10 to thermally evaporate Zn for 20 seconds

and with a heating ramp rate of (5545)°C/second to evaporate zinc for deposition. The
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independent controls allowed us to quickly turn on and off the zinc source by giving us a fast
ramp rate period and a fast cool down period. Some variance was taken into consideration
because the thermocouples are less stable at temperatures above 550°C. Also Zn evaporation
flux could not be measured.

Five different sets were produced in this experiment shown below in Table 1. Oxygen
flow and substrate temperature were varied to produce Zn and ZnO micro and nanostructures.
In the first two sets, A and B, only Zn deposition through thermal evaporation followed by
vapor transport was performed on Si (111) substrates. No oxygen gas flow was provided. The
substrate temperatures of Sets A and B were isothermally held at 100°C and 250°C respectively.
After Zn deposition, the substrate temperature remained for 10 minutes before cooling. Sets A
and B were designed to validate the system’s capabilities and understand the temperature effect
on Zn growth. These two temperatures would help create the lower and upper bounds for
growth conditions.

In the next sets, 1 and 2, Zn was deposited on Si (111) substrates with temperatures of
100°C and 250°C respectively. After 20 seconds of zinc deposition, oxygen flow was
immediately introduced at 10sccm for 10 minutes. According to the pressure gauge, the
pressure increased to 440mTorr. The respective substrate temperatures were isothermally held
during the 10-minute oxidation period. Set 1 and 2 would build upon the previous sets and
observe the effect of oxidation on lower and upper temperature conditions.

Set 3 was designed to study the transient heating effect during oxidation. The substrate
temperature started at 100°C and heated until it reached 250°C. For 20 seconds, Zn was
deposited onto a Si (111) substrate heated to 100°C (as Set 1). Oxygen flow at 10 sccm followed

for 10 minutes. During the thermal oxidation period, the substrate was heated progressively in
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20°C/min increments until it reached 250°C. The temperature remained constant at 250°C for
the final 2.5 minutes. Set 3 was designed to combine Set 1 and 2’s growth conditions and
explore possible combinations of ZnO nano morphologies developed specifically for the lower
and upper bound temperatures.

The sets were characterized using the Nova Nano 230 Scanning Electron Microscopy
(SEM) with Energy Dispersive x-ray Spectroscopy (EDS) for microstructure and chemical
analysis. Detailed characterization was performed using the TF20 and Titan 300 kV
Transmission Electron Microscopes (TEM) for further magnification and crystallographic
inquiry. TEM sample preparation involved physically removing the Zn/ZnO particles from the

Si substrates and collecting them onto TEM grids with a carbon support film.

The Zn/ZnO structures ranged in size and morphology due to the oxidation and substrate
temperature parameters. All of the results are summarized below in Table 2. Sets A and B
provided a basis of temperature effects on zinc morphologies. These results would assist Sets 1-
3 observation of important key features such as morphology, dimension, surface features, and
composition. Amongst these sets, only Set 3 utilized the full capabilities of our system. Through
Set 3’s transient thermal oxidation experiment, a hybrid nanostructure was produced. All the
other sets’ products were grown under isothermal conditions to help correlate established
temperatures and oxygen flows with Zn/ZnO structures.

Set A, shown in Figure 1a, displayed a dense network of zinc wires and few amount of
platelets with lengths measured up to Sum and diameters ranging from 100nm to 400nm. The
observation is in good agreement with the work done by Coleman®* and Yan®. Coleman

described the variation of Zn particles through thermal evaporation. Given our setup, some
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variance in Zn evaporation was taken into consideration because it was not possible to measure
Zn evaporation flux. EDS results revealed that a small amount (1-3%) of oxygen was present in
the Set. This is not surprising because the oxidation is a combination of our system’s limited
vacuum and atmospheric exposure before SEM and TEM characterization. As far as oxide
formation over zinc nanowires, Yan showed that zinc oxide formation could occur at minimum
oxygen levels.

Confirmation of this oxidation is shown using TEM analysis. Figure 1b shows a typical
Zn wire and Figure 1c shows a typical platelet; both show thin oxide layers. Diffraction patterns
were taken of each particle. Both revealed spots for hexagonal closed packed (HCP) metallic Zn
and wurtzite (WZ) ZnO where the lattice parameters for Zn are: a=2.66A and c=4.95A; and
parameters for ZnO (WZ) include: a=3.25A and ¢=5.20A"2. The wire’s diffraction pattern
showed a foil direction of [2110], indicating that the Zn wire grew in the [0001] direction. For
the platelet, Figure 1¢ showed a [0001] foil direction of the platelet, indicating that the platelet
grew in the [2110] direction. Highlighted ZnO (WZ) and Zn (HCP) reflections of the wire
include: (0002), (0111), and (0110); likewise, highlighted reflections for the platelet include
(1120), (1010), and (0110). The cell parameters of the oxide and the metallic show a 22%
mismatch'?. Yan also reported Zn and ZnO epitaxial relation was (1010)Zn || (1010)Zn0 with
an 18% mismatch.

Set B showed Zn plate-like particles, ranging from 1-5um in diameter and 1-15 pm in
length. Figure 2a shows that the majority of these structures were interconnected plate-like
particles of zinc, but occasionally larger whiskers would appear. These larger structures also
showcased well-defined hexagonal facets and slip planes. It appears that the substrate

temperature played a role in particle morphology growth while also annealing the structures
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through surface rearrangement. The difference between Sets A and B can be explained by
Givargizov® and Coleman®*. Higher temperature of the substrate allowed the zinc to grow into
larger, well-defined faceted particles and whiskers. Occasional smaller platelets, arrowed in
Figure 2b, will branch from a larger particle.

Set 1 showed ZnO tubes. According to literature, zinc diffuses faster in zinc oxide than
in oxygen diffusing into Zn. This difference in diffusion rates results in a Kirkendall effect: Zn
diffusion into ZnO leads to void formation. Thus Zn wires develop into hollowed ZnO tubes™.
As an oxide layer develops, Zn diffuses through the oxide and oxidizes as it reaches the surface.
Through SEM analysis in Figure 3a, these morphologies were measured up to Spum in length
and 100 to 400nm in diameter.

The size of the particle morphologies is in good correlation between Set 1 and Set A
because the substrate temperatures were both heated to 100°C. At higher magnification, Figure
3b shows rough surfaces of the particle morphologies, indicating that Zn wires were indeed
oxidized. These particles were confirmed to be tubes under TEM observation shown in Figures
3¢ and 3d. In Figure 3¢, multiple tubes are shown with metallic zinc cores. Under higher
magnification, Figure 3d reveals an oxide thickness about 35 + 15 nm, which is an order of
magnitude greater than the ZnO layer observed in Set A. Figure 3e, shows the EDS spectra of
Set 1 showing a non-stoichiometric ratio between the two elements. Between zinc and oxygen,
EDS calculations showed 63 + 10% zinc content compared to 37 = 10% oxygen content. This
validates the observation of the zinc cores from the earlier Figures. The existence of the zinc
cores means that the oxidation was not completed for the given condition.

Set 2 produced ZnO particles after zinc deposition was followed by elevated temperature

0f 250°C and controlled oxidation. These particles had two noteworthy characteristics: first, the
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particles were larger particles (3+1um) with defined facets; and second, highly oriented
nanowires covered the surfaces of the particles. As expected, Set 2 correlates well to Set B, due
to similar substrate temperature of 250°C. The size and the facet steps of the ZnO particles can
be attributed to the elevated temperature that allowed zinc particles to grow and to anneal.
Figure 4a shows the consistency in particle sizes (3um in diameter) and is similar to Set B’s
particles. Under elevated temperature and oxidation, one would simply expect that all Zn
oxidation would result in the formation of shells. However, higher magnification reveals
nanowires covering well-defined facets (encircled in Figure 4b) of ZnO particles. All of these
nanowires are highly oriented because they are normal to the facet surface. The nanowires were
measured to be 10 nm in width and 100 nm in length, spaced around 10-30 nm apart. This gives
a high density of 2500 nanowires/um?”. Further magnification showed highly organized
nanowires and nanosheets (Figure 4c); these morphologies were unexpected. An interpretation
of the nanosheets formation is provided later in Set 3 discussion.

ZnO nanowire growth mechanism could be explained through a series of events shown
schematically in Figure 4d. After Zn was deposited on the Si substrate, the particles were
allowed to grow and develop into well-defined facets upon a heated substrate. Controlled
oxygen flow was then introduced causing many ZnO grains to form on the Zn faceted surface.
The elevated temperature and oxygen presence at the ZnO surface created a mechanical and
chemical driving force for zinc migration towards the surface. Zinc migration towards the
surface is represented by the void formation in Figure 4d. Zinc reached the surface in two ways:
some zinc would interstitially diffuse through the ZnO grains and some would diffuse through
the newly formed ZnO grain boundaries. For each grain boundary, a new ZnO grain would form

at the surface. Literature suggests that these newly formed ZnO grains continue to grow in the
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basal direction, perpendicular to the surface®>’. Growth in the basal plane allows these surface
grains grow quicker than the grains below in the direction away from the surface. These grains
eventually become nanowires because the remaining metallic zinc continues to diffuse towards
the surface through the grain boundary. Upon reaching the bottom of the newly formed surface
grains, zinc interstitially diffuses in the grains’ basal direction. As the Zn reaches the grains’
surface, oxidation occurs, effectively adding more material to the new grains. ZnO nanowires
are then created through the repeated zinc interstitial diffusion and oxidation steps. The process
continues until the metallic zinc supply, beneath the oxide, is exhausted.

The nanowire growth direction perpendicular ZnO particle with well-defined facets was
caused by the combination of an elevated substrate temperature, faceted surfaces, grain
boundary diffusion, and surface grains growing in the basal direction. The high density of
nanowires was caused by the formation of many ZnO grain boundaries during initial oxidation.
Many reported works have shown ZnO nanowires formed through thermal oxidation such as
Yuvaraj® and Yu®, but none have demonstrated nanowires grown perpendicularly to the
annealed facet orientations.

The nanosheets between the nanowires were unexpected because the nanosheets were
grown through thermal oxidation, not chemical vapor deposition. In reported CVD

. 8,9,10
experiments™”

, the gaps between the nanowires created favorable deposition sites. The close
proximity of the nanowires would trap zinc vapors to create a localized supersaturated zinc
vapor environment. These reports also emphasize that sheet formation is also highly influenced
by the ratio of reactant gases and transport gases. In our case, the 10 sccm of oxygen with 133

sccm of argon was supplied. In our thermal oxidation setup, zinc vapor was not intentionally

supplied. However, when our stage was heated, our deposited zinc produced zinc vapor.
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According to Gibbs Thomson potential®’, high zinc vapor partial pressure was produced when
the zinc was nearly exhausted. Thus at the final stage of oxidation, the conditions were suitable
for nanosheet formation. There was zinc vapor, the correct oxygen/argon flow ratio, and gaps
between the nanowires to create a supersaturated environment.

Set 3 exhibited a new ZnO hybrid structure showcasing hexagonal microtubes with
highly organized nanowire and nanosheet branches. Though microtubes, nanowires and
nanosheets are well known, the combination of these structures has not yet been reported,
regardless of synthesis method. The hybrid structures’ dimensions range between 200-400nm in
diameter and 0.5-15um in length, which can be seen in figure 5a. At higher magnification
(Figure 5b) cross sections of Set 3 products could be observed. The hybrid structures exhibit
hexagonal characteristics with nano-branches growing from the hexagonal vertices. TEM
analysis, in Figure 5c, reveals that the ZnO hybrid structures were hexagonal tube with
organized nanowires and nanosheets along the hexagonal vertices. The nanowires were then
measured to be 10-30 nm in diameter and 100-300 nm in length. Under higher magnification
shown in Figure 5d, closer observation was made of the nanosheets. The nanosheets appeared to
be thinner and shorter than the nanowires. The sheets are 5-10 nm in thickness, 100-200 nm in
width, and 50-200 nm in length. Comparison between the nanowire and nanosheet was
straightforward because the nanosheets are situated in-between the nanowires and are more
transparent than the nanowires. Selected area diffraction (area is circled) was taken of the
particle showing a zone axis of [1213] with highlighted reflections of (0111), (1010) and
(1101). Two important observations were noted in this diffraction pattern: no metallic zinc
reflections were identified and satellite spots beyond the first order diffraction indicate that the

particle is not a single crystal.
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In order to explain the ZnO hybrid structure’s growth mechanism from Set 3,
interpretations of Sets 1 and 2’s results are combined. From Sets 1’s results, it was shown that
low that temperature oxidation encourages tubes formation. Set 2’s results show higher
temperature oxidation encourages nanowire and nanosheet formation. Under Set 3’s heating
experiment, both conditions were met starting with low temperature oxidation. As a result,
hybrid structures were created featuring tubes with nanowires and nanosheets can be formed.
The evolvement of the ZnO hybrid structure is shown in Figure 6a where a zinc wire transforms
into a ZnO tube with highly organized nanowire and nanosheet branches. Figure 6a includes
images of a zinc wire from Set A, tubes from Set 1, and the hybrid structure from Set 3. A
schematic (Figure 6b) is provided for better clarity of the hybrid ZnO structure evolvement.

The transformation began when initial zinc wires quickly developed into ZnO tube upon
low temperature oxidation. The dimensions of Set A, Set 1, and Set 3’s products were found to
be similar both in diameter and length. As temperature increased, the tubes diameter began take
a hexagonal shape, which is common for ZnO tubes. During this process, cracks were formed at
the ZnO tube’s hexagonal vertices. These cracks would allow trapped metallic zinc to migrate
towards the surface through grain boundary diffusion. Upon reaching the surface, the zinc
would quickly oxidize and develop into ZnO nanowires. According to the Gibbs Thomson
potential, zinc vapor was produced as the metallic zinc became exhausted. These zinc vapors
would condense with oxygen at the corners of the nanowires bases and the tube. As more vapor
condensed, sheets would form between the nanowires. Nanowires and nanosheets are
characteristic of higher temperature (250°C) oxidation as seen in Set 2. As result of this heating
experiment, ZnO hybrid structures were produced, showcasing hexagonal tubes with highly

organized nanowires and nanosheet branches.
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Interest in hybrid nanostructures is beginning to develop because these structures have multiple
morphologies that have different properties. A new hybrid ZnO micro/nanostructure was
developed through substrate heating in a Zn thermal oxidation experiment. This structure is
composed of a ZnO hexagonal tube with highly organized nanowire and nanosheet branches.
Nanosheets formed between the nanowires when the zinc source was nearly exhausted. Though
there are ZnO hybrid structures in literature, none show the combination of a hexagonal tube
with highly organized nanowire and nanosheet branches. These nanosheets are not common for
thermal oxidation experiments, but given the available zinc vapor, oxygen flow, and small gaps
between nanowires, the conditions became suitable for nanosheet formation. These hybrid
structures can be used as more effective catalyst for their significant increased in surface area to
volume ratio. In addition, these hybrid structures can be possibly used as effective light filters
because the combination of a larger tube, nanowire, and nanosheet will allow for a larger
spectrum of photo absorption. As the synthesis of hybrid ZnO nanostructures continues to

develop, future work must focus on correlating specific structures to specific properties.
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2.5. Figures and Tables

x)1120)
" -

(01T0)8g = (1070)

»

Figure 2. 1: Zn particle morphologies (Set A) synthesized via thermal evaporation followed by vapor transport. (a) SEM image
shows zinc nanowires and nano-platelet (arrows). (b) TEM of zinc nanowire, with selected area diffraction. (c) TEM image of a
zinc nano-platelet and its related selected area diffraction. The aligned Zn (HCP) and ZnO (WZ) patterns show the epitaxial
formation of a ZnO film on a Zn platelet.
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Figure 2. 2: Set B shows zinc deposition followed by a 10-minute heat treatment at 250°C. These products are about 7 +
2 times larger than Sdet A’s products. a) Zn morphologies shows interconnected hexagonal zinc plates and occasional zinc
whiskers (arrowed). b) Higher magnification shows well-defined facets on the zinc particles and a small, elongated platelet
branch (arrowed).
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Figure 2. 3: Zn and ZnO particles morphologies (Set 1) formed after from Zn particle morphologies were exposed to controlled
oxygen flow. (a) Wire morphologies are similar to Set A’s wires; no platelets were found in Set 1. (b) Higher magnification
shows particle’s rough surfaces compared to Set A’s particles. (c) TEM image shows zinc oxide tubes; dark metallic zinc cores
(arrowed) can be seen. (d) Higher magnification showing the oxide layer (arrowed). (e) EDS spectra (taken at 5kV) show a non-
stoichiometric ratio of zinc and oxygen.
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Figure 2. 4: Zinc deposition (Set 2) followed by a 250°C heat treatment and oxidation. (a) The sizes of Set 2’s particle
morphologies are similar to Set B’s particles morphologies. (b) Higher magnification shows highly oriented zinc oxide
nanowires perpendicular to well-defined faceted surfaces (circled). (c) Higher magnification shows nanosheets (arrowed)
between the nanowires. (d) Schematic of a faceted Zn particle developing a non-uniform ZnO shell. Nanowires are developed
through Zn diffusion through ZnO grain boundaries and Zn interstitial diffusion in the newly formed, surface ZnO grains

(crystal).
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Figure 2. 5: Set 3 shows zinc oxide tubes with highly organized nanowires and nanosheets, developed though VCTO. (a) SEM
shows ZnO particle morphologies with similar dimensions to Set A and Set 1, but also features long whiskers (arrowed). (b)
Higher magnification shows hexagonal cross section of the observed particle morphologies. (¢) TEM image shows the ZnO
particle morphology is a tube with highly organized nanowires and nanosheets. No reflection corresponding to metallic zinc
patterns were identified in the selected area diffraction (circled). Area of investigated nanowires and nanosheet is arrowed. (d)
Higher magnification shows a nanosheet grown between nanowires (arrowed).
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Figure 2. 6: The evolvement of ZnO hybrid structure during thermal Oxidation. a) A Zinc wire (from Set A) transforms into a
ZnO tube (from Set 1) during low temperature oxidation and becomes a ZnO hybrid structure (from Set 3). b) A schematic of
hybrid ZnO morphology evolution: a zinc wire transforming into a tube with highly organized nanowires and nanosheets.
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: Experimental Parameters

Deposition Oxygen flow after Oxygen flow time

Set Tevap (C) time (sec) Thur (C) P, (mTorr) T b (C) deposition (sccm) | P, (mTorr) (min)

A 700 20 650 300 100 0 300 10

B 700 20 650 300 250 0 300 10

1 700 20 650 300 100 10 440 10

2 700 20 650 300 250 10 440 10

100->250
3 700 20 650 300 (200C/min) 10 440 10

P, = Pressure before Zn deposition
P, = Pressure during oxygen flow (after deposition)
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Set

Material

Morphology

A Zn + (1-3% Zn0) Wires23 and few pIateIets24

B Zn + (1-3% Zn0) Faceted particles2 and few whisker24

1 ZnO +Zn Microtubes®’ with metallic Zn core

2 Zn0 Faceted particles with Nanowires22 and nanosheetsg’g’10
3 Zn0O Microtubes with nanowires and nanosheets
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Chapter 3: Consistent Large ZnO Nanosheet Synthesis at Lower
Temperatures

3.1 Introduction
ZnO is a useful wide band gap (3.37¢V) semiconducting material' with photoelectrochemical®

and piezoelectric’ properties. ZnO can be produced in bulk crystals®, thin films*°, and a variety
of nanostructures”*. These nanostructures, which can be grown through Chemical Vapor
Deposition (CVD) include nanowires, nanosheets, combs, ribbons, and tetrapods. These
structures can be grown via Vapor Liquid Solid (VLS) or catalyst free. Nanostructures are
particularly interesting because their size alters certain properties”'’.

One particular nanostructure of interest is large ZnO freestanding ribbons'' or often
referred to as sheets'?. Optical'® and piezoelectric'® properties have been investigated. Though
VLS growth through the use of a catalyst'? has been used, it showed little effect on ribbon
growth'®. These nanostructures can be grown in vapor through ZnO thermal evaporation at
1400°C'*®; carbothermal evaporation at 950°C'; or zinc evaporation at 650°C'*. Each
successive growth temperature experiment introduces improvements to the system’s design that
take advantage of Zn’s vapor required conditions.

Despite the different temperatures, one thing that remained consistent is that ribbons and
sheets grown in vapor are heavily influenced by the oxygen: argon flow ratios'*'®. Oxygen is
used as the reactant gas; and argon is used as the transport gas. Literature has suggested that
two-dimensional ribbon and sheet grow under an oxygen: argon ratio range between 5:100-
10:100. Below this ideal ratio, one-dimensional nanowires growth is quite dominant. At higher
ratios between 10:100-20:100, three-dimensional structures’ growth, such as multipods, is
dominant. At ratios above 20:100, ZnO tetrapods are commonly found.

Some groups have discussed mechanism of the nanosheet growth under the VLS
mechanism'?. Park provides a schematic of sheet growth where a gold droplet catalyst would
initiate nanowire nucleation and growth'?. However ZnO ribbons and sheets have been grown
without a catalyst. During the nanowire growth, secondary nanowires begin to grow from the
side of the original nanowire growth. The pattern of these nanowires looks like a comb, which

has been well documented. Between the secondary nanowires, heterogenous sites are formed for
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sheet growth. The sheets show a concaved meniscus between the nanowires, which corresponds
to a capillary mechanism. The filling of the spaces helps lower the surface energy of the ZnO
nanostructures. Literature has suggested that the main nanowire backbone grow in the [0001]"
direction. However, the growth of sheet can be in the [0001]"°, [1010]", and [2110]"
directions.

Reported ribbon and sheet growths grown through zinc evaporation were mixed with
various nanostructures, such as nanowires and three dimensional nanostructures'*. This was not
seen in ZnO ribbon or sheet growth grown through ZnO evaporation or carbothermal
evaporation. The variation in structures seen in Zn evaporation growth can be attributed to the
variation in Zn vapor pressure. For ZnO evaporation and ZnO carbothermal evaporation, Zn
vapors are not released until a certain temperature is released that helps keep the Zn vapor
pressure consistent.

One approach to grow ZnO ribbons sheets at low temperature is to use flash heating for
Zn evaporation to minimize the Zn vapor pressure variation. In addition, an extended oxygen
outlet can be used inside a vacuum tube furnace to localize the reaction region. An extended
oxygen outlet was used in a Zn evaporation experiment to mass-produce ZnO tetrapods>’. This
experiment showed that tetrapods were formed homogenously where the core would be
produced at high temperature and would grow legs at lower temperature regions. Unfortunately,
there was not a lot of uniformity in the tetrapod results because flash heating of Zn evaporation
was not used. The gradient furnace heating caused a gradient in Zn’s vapor pressure. Without a
constant vapor pressure, tetrapods of different sizes were created. An additional step of
chromatography was required to separate the desired nanostructures.

To keep cost low, Zn evaporation CVD is still the most economically viable technique
amongst CVD systems. However to lower the temperature of production, the growth chamber

needs to be designed to meet Zn evaporation challenges.

To grow ZnO nanosheets more efficiently, a vacuum tube furnace CVD system was assembled
with a 25 cm long tubular clamshell furnace, 2.5 cm in diameter quartz tube, and separate gas
flow controllers for argon and oxygen. The system used a roughing pump to reach a minimum
pressure of 0.005 torr. The CVD system was adapted with a tungsten filament wound Al,O3

crucible and an extended gas outlet for oxygen flow. The filament wound crucible sat outside
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the back end of the furnace and connected to a power supply for independent heating for zinc.
Argon was used as the carrier gas while as oxygen served as the reagent material. The argon
outlet was positioned downstream of the crucible to carry the zinc vapors into the furnace
region. The oxygen line was fitted with an alumina tube that extended inside the furnace region,
bypassing the crucible. The outlet was also positioned near the end of the furnace so that it
created an oxygen environment in the furnace’s natural temperature gradient region.

The CVD system’s assembly was designed to have three zones: the evaporation zone,
stabilization zone, and the reaction zone. A diagram of the furnace, its components, and zones
can be seen in Figure 3.1. The evaporation zone was positioned just outside the tube furnace and
was controlled by the filament wound crucible. The speed of the evaporation provided a large
injection of Zn into the tubular furnace. The tungsten filament wound crucible allowed for quick
evaporation for Zinc, capable of a 200°C/s temperature rate versus the clamshell furnace’s
heating rate of 35°C/min. The stabilization zone is a 25c¢cm pathway inside the tube furnace. The
evaporated zinc is carried by the argon gas flow into the temperature stabilization zone, set at
700°C, and into the reaction zone. The reaction zone was Scm long, which began at the tip of
the oxygen gas inlet and ended at the tube furnace’s edge. The temperature profile of the
reaction zone ranged from 700°C at the inlet tip and 400°C at the furnace edge. The extended
oxygen gas inlet is important because it allowed for synthesis reaction of ZnO at peak
temperatures inside the furnace zone. The gas inlet extension also bypassed the crucible to
minimize oxidation of the tungsten filament and to prevent an oxide layer formation over the
zinc that could act as a barrier for zinc evaporation.

This design addressed the main concerns for Zn evaporation and reaction control. With a
crucible wound by tungsten, temperatures of the crucible could reach 1100°C very quickly,
enabling the production of a consistent Zn vapor pressure. The temperature of the Zn vapors
was stabilized inside the heated chamber. The extended outlet for the oxygen prevented
premature Zn exposure to oxygen. Only until the Zn vapors traveled past the oxygen outlet were
the Zn vapors exposed to oxygen. The substrates were placed in this reaction region. The
temperature gradient profile of the CVD’s reaction zone was monitored with thermocouples and
recorded with LABview.

To grow ZnO nanostructures, 0.100 grams of metal Zn powders (100 mesh) were placed

in the crucible upstream of the tube furnace and two RCA cleaned Si (111) substrates were
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placed in the downstream of a tube furnace. One Si (111) substrate was placed in the area that
reached 700°C and the other Si (111) substrate was placed at the end of the furnace that reached
400°C. No catalyst was introduced to the Si substrates. After the substrate and the precursors
were placed inside the chamber, the system was pumped down to a pressure of 0.005 torr. To
determine the concentration of oxygen:argon flow ratio, the oxygen flow was set to 2.5, 5, 7.5,
10 or 20 sccm and the argon’s flow was set to 100 sccm. Afterwards, the tube furnace was
brought to a temperature of 700°C at a rate of 25°C per minute.

When these parameters were determined, the Zn powders were heated in the crucible to
reach a temperature of 1100°C in 30 seconds. The temperature of the crucible was held for 1
minute until all of the Zn powder evaporated. As the Zn vapor traveled downstream, the vapors’
temperature would stabilize in the tube furnace region. As the vapors entered the reaction
region, the vapors would begin to oxidize.

Characterization of the ZnO nanostructures were primarily observed through the
Scanning Electron Microscopy (SEM). Energy Dispersive X-Ray Spectroscopy (EDS) was also
used to monitor if any contaminants were found.

Upon discovery of produced nanosheets, the experimental procedures were repeated
with the corresponding oxygen:argon flow ratio on RCA Si substrates with the facets (100) and
(110). Si substrates with different crystal planes were intentionally used to help determine
whether or not the surface energy for a particular facet plane made observable alterations to the
growth of ZnO nanosheets.

Finally, Transmission Electron Microscopy (TEM) was used for higher magnification
and crystallography analysis. TEM preparation required nanosheet transfer from the Si substrate
to a holey carbon film copper grid. Selective Area Electron Diffraction (SAED) was also used
to determine the growth direction of the ZnO backbone, comb nanowire offshoots, and the

nanosheets that form between the nanowire offshoots.

This experiment produced a variety of different catalyst free ZnO nanostructures that
corresponded with the specific oxygen:argon flow ratio and temperature zones, shown in Figure
3.2. The temperature zones are created by the natural temperature gradient at the end of the

furnace. The respective temperatures of the two Si (111) substrates were 700°C and 400°C.
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For the lowest oxygen:argon flow ratios set at 2.5:100, the SEM images showed few
ZnO nanostructures nanowires were found in the 700°C and 400°C regions. Most of the
evaporated zinc was deposited on the walls of the quartz tube, outside the furnace region. The
region showed a dark gray color which corresponded with lightly oxidized zinc. When the
oxygen:argon flow was raised to 5:100, the primary nanostructures observed included
nanosheets and nanowires. Similar nanosheets were also found when the oxygen/argon flow
ratio was set to 7.5:100. In addition, three-dimensional structures that resembled tetrapods were
also found. However, these tetrapods were not complete. They were not autonomous and
appeared to have nucleated from the substrate. At an increased oxygen:argon flow ratio set at
10:100, no nanosheets were found and nanostructures that resembled tetrapods were primarily
found. Many of these ZnO nanostructure clusters appeared to have connecting thin nanowires
with a diameter measured to be Snm. When the oxygen:argon flow ratio was set to 20:100,
autonomous tetrapods and dendritic structures with many non-uniform offshoots were observed.
These tetrapods had diameters of 100nm.

For all of these cases EDS showed only Si, Zn, and O peaks; where the substrate showed
a Si peak and the nanostructures showed strong Zn and O peaks. No other peaks from other
elements were found.

Based on the results from the (111) Si substrate experiment, the ribbon/nanosheet
experiment at an oxygen:argon flow ratio of 5:100 was repeated for (100)Si and (110)Si
substrates. Similar nanosheets were found on (100)Si and (110)Si substrates. The comparison
can be seen in Figure 3.3. The nanosheets were found to have lengths of 5-60um, widths of
500nm-20um, and a thickness of less than 20nm. The thickness of a nanosheet can be seen in
Figure 3.4(a). The nanosheet’s thicknesses attributed to a translucency under the SEM is seen in
Figure 3.4(b). The length of the sheets was dictated by a main backbone nanowire that were 5-
60um in length. Attached to the backbone nanowire were protruding parallel nanowires, which
helped make the width of the nanosheet. Between these parallel nanowires were ZnO sheets.

These large sheets had a tendency to grow at the edge of the substrate. Along the edge,
rough nucleation sites were more prevalent as seen in figure 3.5(a). For surface growth,
ribbons/nanosheets were grown in dense clusters as seen Figure 3.5(b). Though not the
dominant growth, there were also nanowires and thicker rods with tetrapod traits present in the

clusters. The beginnings of new clusters were initiated by individual ZnO nanostructures
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heterogeneously nucleating on the surface of the substrate. These clusters could include as many
as a few hundred sheets in a compacted area. There were very few areas where singular large
nanosheets were observed.

SAED TEM was used to determine the growth direction of a nanosheet. Two diffraction
patterns were found in the (1213) zone and the (2110) zone. The cross product of these zones
suggested the sheet grew in the [1010] or [210] direction. The TEM images are shown in Figure
3.6.

A variety of similar structures were created in this work that consistently corresponded
to similar ZnO evaporation and ZnO carbothermal oxygen:argon flow experiments. The change
in CVD design allowed for increased processing efficiency in comparison to ZnO evaporation
and ZnO carbothermal evaporation CVD designs. The design also allowed for less variation in
nanostructures at lower oxygen flows due to the Zn flash evaporation. The nanosheets had
similar dimensions, comb-like structures, and thicknesses. The nanostructures produced in this
experiment corresponded to similar oxygen:argon flow ratios'’ shown in Park’s paper. This
work also distinguished itself from previous Zn evaporation oxygen:argon flow experiments
because there was less variation in nanostructures. Nanostructures could be distinctly grown
based on oxygen:argon flow because the Zn vapor pressure was consistent due to flash heating.

The new design of the CVD chamber allowed for a furnace chamber to be set at lower a
temperature. For this work, the furnace was set to 700°C which is 100°C lower than required for
carbothermal evaporation'?; and 700°C lower than the minimum temperature for ZnO
decomposition. ZnO sheets were found on substrates that were measured at on both substrates
set at 700°C and 400°C. This growth temperatures of this work falls below range as some
groups that grew ribbons in the range of 650-750°C"'*".

The proposed growth mechanism for these nanosheets is similar to that of Park’s theory.
However, no metal catalyst was used to initiate heterogenous nucleation. Unlike previously
reported nanosheet VLS growth, this work used no metal catalyst. Thus, the primary growth
method for these nanosheets had to be VS growth. As Zn vapors entered into the oxygen region
of the tube furnace, the vapors would begin to oxidize and deposit on the quartz tube and on the
Si substrates. The deposition would create clusters of ZnO nanowires. As some of these

nanowires few into long nanowires, they would experience dendritic growth off the side of the
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long nanowires. Eventually, the space between the nanowires would be filled which would
ultimately create a sheet.

There was not much difference in the ZnO nanosheet morphology on the Si substrates
with different planar surfaces. A look at the different planar spacing in Table 3.1 shows the
lattice parameters for each plane and the corresponding epitaxial ratio difference to ZnO grown
in the [0001] direction. It is clear that the ZnO heterogeneously nucleated without having
coherency to the Si lattice in the (111), (100), and the (110) planar directions. ZnO is known to
show epitaxial growth with substrates like sapphire in the [0001] or the [0112] direction®
However, ZnO is also known to heterogeneously nucleate on many different surfaces regardless
of epitaxial matching.

Ultimately, this work showed a simple method to help reduced the required growth
temperature of large ZnO nanosheet synthesis and fabrication. Based on the design of the
system, the nanosheets grown in this work were produced between 400-700°C, which is up to
250°C lower than the previously recorded work on nanosheets'®. This lower temperature
growth of large nanosheets allowed for greater yield of ZnO nanosheets. This designed allowed
for more discrimination of ZnO particles in a Zn thermal evaporation. Figure 3.7 shows a map
of the nanostructures under specific temperature vs oxygen:argon flow ratios. The system took
into account the reactive nature of Zn vapors upon interaction with oxygen. By using a filament
wound crucible, zinc was able to evaporate quickly without variation in vapor pressure and
stabilize its temperature inside the tube furnace region. An extended outlet for oxygen also

prevented premature oxidation with zinc.

Catalyst free large ZnO nanosheets with lengths between 5-60mm, widths between 5-20mm,
and a thicknesses of less than 20nm were created in a modified tube furnace CVD system set at
700°C and an oxygen:argon flow set at 5:100 and 7.5:100. This is the lowest reported
temperature for large ZnO nanosheet growth for a CVD system. Large ZnO nanosheets have
possible applications in piezoelectric, semiconductor, and photoelectric applications. However,
more work is required because the photoelectrochemical and piezo electric properties of large
ZnO nanosheets are not well known. The large nanosheets grown through this work are
comparable to higher temperature systems. The lower reaction temperature of ZnO nanosheets

fabrication required modifications to a traditional tube furnace CVD system to produce a
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consistent Zn vapor and prevent premature oxidation. Premature oxidation was prevented
through an extended oxygen outlet to bypass the Zn evaporation and stabilization regions. In
this lower temperature growth, it was found that nanosheet growth is highly dependent on
oxygen flow ratios. This work also found that different planar silicon wafers had little effect on
the nucleation and growth of the ZnO nanosheets. Through TEM, the nanosheets’ growth

direction was determined.
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3.6. Figures

r Tube furnace Quartz

Argon Oxygenx W~ Tube
—

Crucible with /’ l J L substrates

Independent heating control

Figure 3. 1: A diagram of the tube furnace system is shown with an independent heating control for zinc vapors and separate
Argon and Oxygen flows. The oxygen flow is injected in the furnace area to initiate the reaction area in the furnace region and
minimize unintended oxidation of the zinc powders and the tungsten filament.
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0,Ar:20:100
400°C

0,:Ar:10:100
400°C
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400°C
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Figure 3. 2: This figure shows the variation of ZnO nanostructures grown in this system. The nanostructures are dictated by
temperature and the Oxygen/:Argon flow ratio. At high O:Ar ratios that were greater than 1:10, three dimension ZnO
nanostructures were commonly found. At O:Ar ratios between 1:20-1:10 freestanding ZnO nanosheets are commonly found. At
O:Ar ratios below 1:20, ZnO nanowires are found.
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(a): Si (100) : (b):Si (110) (c):Si(111) °

Figure 3. 3: The figure shows large freestanding ZnO nanosheet grown on silicon wafers with (100), (110), or (111) surface
planes. The large freestanding ZnO nanosheets were not affected by the different surfaces.

83



Figure 3. 4: The thicknesses
SEM.
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Figure 3. 5: (a) ZnO nanosheets would often grow in clusters that begin as nanowires, which tend to nucleate at rough areas
such as edges of the Si wafer. (b) The figure shows a nanosheet cluster grew on Si particle. (c-d) The figures show the
nanosheet clusters from different angles.
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Figure 3. 7: A map of the observed ZnO nanostructures grown under different synthesis temperatures and Oxygen/Argon flow
ratios.
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: Shows the Si spacing between different planes and the % difference between Zn0(1010): a=3.25A.

Si (100) (110) (111)
d (A) 5.431 3.84 3.136
diff % | 40.158 | 15.371 -3.649
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Chapter 4: ZnO Nanostructure Combustion Synthesis for
Hybridization of ZnO nanostructures on Carbon Fibers

4.1. Current Hybridization Methods of ZnO nanostructures on Carbon fiber and Metal

Oxide Nanostructure Combustion Synthesis
Recent reports have shown successful hybridization of ZnO nanostructures on carbon fiber'*”.

This has enabled photovoltaic and piezoelectric functionalities for carbon fiber composites. For
applications, these will enable structural materials to have energy harvesting’, sensing, and
damping functionalities®. These efforts validate the opportunity for research in multifunctional
materials.

The methods shown in the previous chapters about ZnO nanostructures growth have
provided good fundamental understanding about ZnO nanostructure growth through vacuum
thermal oxidation® and chemical vapor deposition (CVD)®’. The fundamental understanding of
ZnO properties and nanostructure provides a means to develop nanostructures for applications
in semiconductor, actuators, and solar cell research. However, vacuum thermal oxidation and
chemical vapor deposition setups are inherently expensive making initial cost for production
costly. These systems also use high-temperature furnaces that were required considerable
amount of energy and long processing times®’. By their nature, vacuum systems are best suited
for bench top testing. In addition, these systems have a limited allowable volume of operations
because it must be relatively confined to maintain low pressure. Contrary to the high cost of
traditional ZnO nanostructure growth, ZnO nanostructures growth was originally pursued for
cost saving due to its low material cost. Thus if nanostructures growth is expensive, ZnO
nanostructure production loses on of its original purpose. For future viability of ZnO

nanostructure systems, a more robust, low-cost, and faster producing method for ZnO
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nanostructure growth is needed. A robust method that is out of vacuum for large quantity of
ZnO nanostructure production should be considered.

The method must also determine effective ways to incorporate ZnO with carbon fiber. A
few groups have tried a number of different methods. The first method was a post fabrication
method where ZnO powders were incorporated into epoxy resin, which were then infused with
the carbon fiber. Unfortunately, many of these nanoparticles were not anisotropic which is
critical for useful piezoelectric applications. Groups have successfully grown aligned arrays of
ZnO nanowires on carbon fiber by using carbon fiber as a substrate CVD' and hydrothermal
processes’. A hybridized carbon fiber with ZnO nanowires through CVD can be seen in figure
4.1(a)" and a similar hybridized carbon fiber with ZnO nanowires through hydrothermal process
is seen in figure 4.1(b)™.

However, these methods are not economically friendly due their long processing time,
high temperature apparatus, limited yield, and costly equipment. For CVD hybridization, it
requires a furnace growth of 1020°C and a reaction period of 30 minutes to grow ZnO
nanowires that reached 5um' as seen in figure 4.1(a)'. The processing time does not include the
furnace ramp and cool down period, which for most tube furnaces requires 2-3 hours. In
addition, due to the hot oxygen-rich vacuum environment, carbon fiber intrinsic properties are
compromised because graphitic carbon fiber begins to decompose at 300°C in oxygen
environments''; a vacuum environment in a CVD chamber only accelerates that decomposition.
To avoid the degradation of carbon fiber, groups have successfully grown ZnO nanowires on
carbon fiber, using a hydrothermal reaction process™*. The hydrothermal process helped
preserve the carbon fiber’s mechanical strength while still successfully showing the

hybridization of ZnO nanowires on carbon fiber. However, this process is not economically
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viable due to its long cycle time taking 4-5 hours, required chamber temperature of 350°C, and
expensive precursor zinc acetate. In these hydrothermal hybridization process, it has yielded 2-5
um long nanowires with 100 nm diameters as seen in figure 4.1(b)'°.

For over a century, mass ZnO production has been performed out of vacuum'?. By
heating zinc in atmospheric conditions, Zn vapors are produced and quickly react with the
atmospheric oxygen. If need be, supplemental oxygen can be added. This process is known as
Self-propagating High-temperature (combustion) Synthesis (SHS)"?. The process consists of
powder ignition, reaction with ambient or controlled gas systems, and a substantial heat release
(exothermic reaction), which propagates further chemical reaction until all the reactants have
been consumed. The benefits for SHS includes fast heating and cooling rates, optional inert or
ambient conditions, lower costs setups, and faster processing times by orders of magnitude.

When heated too quickly, Zn has be possibility of becoming flammable where it has a
high probability to burn. In the last two centuries, this method is known as the French method,
which has helped produced a large amount of ZnO used for medicinal, pigment, and other
general uses'” . In this process, Zinc vapors are generated to react with the atmospheric
oxygen'*. Upon high enough temperature, enough Zn vapors are generated to form ZnO nuclei
through homogenous nucleation". If the temperatures are low enough, ZnO will deposit
heterogeneously on other structures'®.

Zn burning or Zn combustion, has been well documented. By definition, combustion is
the action of ignition and burning'’. For metals, the combustion sequence consists of melt,
evaporation, and reaction. The metal must first absorb enough heat to break the metallic bonds
priming it as free vapor particles. Different modes of energy transfer can trigger ignition, such

as: hot surfaces, sparks, and mechanical impacts. In this process, metal vapors are generated and
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rapidly react with atmospheric oxygen. Like previous Zn reactions shown in vacuum thermal

oxidation and CVD, the chemical reaction still remains:
1
Zn+ > 0, - Zn0

The oxidation reaction is also highly exothermic and the heat of combustion is 700K]/mol2. The

approximate combustion temperature that has been suggested is 1,8000C18.

Under atmospheric conditions, the oxygen content is 20% at latm'®. This provides an
oxygen concentration of 8.7 moles/m’. Thus for every 0.1gram of zinc, it requires a minimum
of 6,000cm’ for there to be enough oxygen for full explosive thermal oxidation.

Some groups have taken advantage of SHS and have found clever methods produced
ZnO nanostructures through resistive heating and flame synthesis. In both cases, they also used
an out of vacuum approach and performed their work in ambient conditions. The atmospheric
elemental breakdown can be seen in the table 4.1 which shows the atmosphere is primarily
composed of nitrogen and oxygen.

When Zn is heated or burned in atmospheric conditions, one possibility of concern is the
forming of Zinc Nitride (Zn3;N), not ZnO*’. Normally this is an area of concern for metallic
combustion because there could be a lot of byproducts during atmospheric ZnO nanostructure
synthesis. However, it is difficult to create Zn;N, in atmospheric conditions. Zinc nitride must
be formed in an oxygen free environment where Zn is only exposed to ammonia, above a
temperature of 600°C. If the possibility occurred where Zn nitride is created, Zinc nitride will
then thermally decompose in the presence of water vapor and form ZnO and ammonia®'.

Zn3N, + 3H,0 — 3Zn0 + 2NH,

Thus ZnO is the primary material produced under Zn burning under atmospheric conditions.
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Another possible set of by-product concerns is zinc carbides. However, binary zinc
carbides do not form unless exposed to high pressure (>8.0GPa) and high temperature
(>1600°C)*. Due to this requirement, ZnO nanowires can be synthesized in carbon based flame
synthesis without creating Zn carbide compounds®. Characterization has shown no forms of
Zinc carbide. Flame synthesis has become a popular method of ZnO nanowire synthesis because
it can produce large quantities of ZnO nanostructures without expensive apparatus.

By understanding metal (including Zn) atmospheric and compound reactions, a group
has used a simple resistive heating experiment of metal wires and produced arrays of metal
oxide nanowires via thermal oxidation®**. Figure 4.2** shows SEM and TEM images of their
various Fe>Os;, V,0s5, CuO, and ZnO nanowires.

For ZnO nanowire arrays, the group connected a zinc wire to a power supply. As power
was introduced, the Zn wire began to generate heat. If the Zn wire is heated too quickly, a flame
will then be created, consuming the metallic wire to the point where the wire breaks and shorts.
If the wire was heated too slowly, oxidation of the wire through the surface as current continues
to run through the wire. Upon a heating rate that lied between a destructively fast rate and a
slow oxidizing rate, the wire will develop a small flame to generate nanowires without
destroying the wire. According to their proposed nanowire array model, an oxide coat made up
of ZnO scales was initially generated. The measured wire’s temperature was reported as 700°C
with an IR pyrometer. Scales were created when zinc was exposed to high temperatures; low
temperature heating required a uniform oxide layer. The metallic zinc would diffuse to the
surface through the grain boundaries rather than through the scales. At the surface, Zn quickly
becomes an oxide. The newly formed oxide served as a seed for nanowire growth. The metallic

zinc, behind the newly formed oxide, diffused through the oxide seed to become a nanowire.
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Figure 4.3%° shows an illustration of the group’s propose growth mechanism behind the ZnO
nanowire growth. They suggested through their TEM characterization that the nanowire grew in
the basal direction because it had the highest directional diffusion constant for ZnO wurtzite.
This grain boundary diffusion and eventual nanowire growth (through newly formed
ZnO seeds) occurs all over the wire where the density of nanowires was 100/mm. For this
experiment, it was shown that nanowire growth was generated from thermal oxidation, a

diffusion growth based model.

Zinc is a well-known combustible material1?. Before combustion, zinc, like other metals, will melt
and evaporate. Combustion is the process when a material reacts violently with oxygen both in
pressure and temperature.

fuel + oxygen — oxides + heat
If combustion is performed in ambient conditions, the oxygen concentration is set at 20%19 at 8.7
mol/m3. The chemical reaction is highly exothermic and usually last no more than 2-3 seconds.
The combustion sequence is ignition, propagation, and consumption. Ignition is the initial step for
combustion, which is an energy transfer process from one system to another. Ignition can occur
through various means: heat transfer, electrical discharge, or mechanical shocks. Once ignition
occurs, the chemical reaction increases the local temperature, which affects surrounding particles
to become more reactive. This process will continue as it propagates throughout the whole system
until the reactants is consumed. Under typical combustion, the reaction does not stop unless all the
reacts are consumed or the reaction is not violent to transfer the sufficient heat to the reactant
material. There are two major considerations for combustion: Thermodynamics and Kinetics.
Thermodynamics defines the necessary conditions for the combustion ignition and propagation.

Kinetics determines the required heat transfer rate to set of an ignition reaction.
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To calculate the thermodynamic conditions required for combustion, it is important to assume
adiabatic conditions. Due to the highly exothermic reaction, the system can be assumed to be
thermally isolated where there is little time for heat to disperse to surrounding and be affected by
external heat to enter!3.26, This is not perfect assumption but it provides a good model for
combustion. The max temperature that the product reaches is the adiabatic temperature, Taq.

The state function, Enthalpy, can be used to help quantify the required energy for combustion:

Taa

AH® = AHP o5 + f AC, (product)dT
298

where AHO%9g is identified as the standard enthalpy of the product formation at 298K, AC, is the
change in heat capacity for the product formation. ZnO is known to have a standard enthalpy of
formation at -350 KJmol-t at 298K?27. The heat capacity values can be identified in a thermodynamic
databasezs.

When the system is assume to be thermally isolated (adiabatic system) there is no heat

exchange where AH%=0. The previous equation can be simplified:

Taa

—AH)9’298= f AC,(product)dT
298

If combustion occurs at the melting point of species, where Tag=Tmp, the standard enthalpy of
product formation must consider a fraction v of the species turns to a liquid state. This can be

expressed as:

Taa

—AHP 95 = f AC,(product)dT + vAH,
298

where AHy, is the heat of fusion. For Zn, the heat of fusion is known to be 7.32 k] /mol-1.
For zinc, combustion does not occur until zinc vapors are generated. Thus the temperature of the

system must be above the melting temperature where Ta¢>Tmp. An addition component of the
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change in the heat capacity of the liquid state must be taken into account. Thus for Zinc, the

standard enthalpy of formation of ZnO can be expressed through the following equation:

Tmp Taa
—AH19'298 = f AC, (product, solid)dT + vAH,, + f AC, (product, liquid)dT
298 mp

where the change of heat capcities are speicific for each state. For ignition to occur through heat
transfer, there is often preheating which will elevate the temperature. Thus the ignition enthalpy

of formation of ZnO can be expressed through the following equation.

Tmp Taa
—AH;)’TL_g = f AC,(product, solid)dT + vAH,, + f AC, (product, liquid)dT
Tig mp

The adiabatic temperature can be calculated through constants found in literature and data tables.
However, it is difficult to assume that the calculated adiabatic temperature is in agreement with
the combustion temperature because many factors that need to be considered and are difficult to

isolate.

In combustion studies, it was found that the kinetics plays a role in combustion.

If a hot surface is the source of metal powder combustion, the rate at which heat is transferred
must be taken into consideration2939. The heat transfer rate, Rs, must be sufficient to meet the
thermodynamic requirement and also faster than the reaction rate, R¢. If the reaction rate is below
the minimum heat transfer rate, diffusion is the dominant oxidation mechanism, not combustion.
Heat transfer rates above this threshold will cause the powders to become instable, resulting in

combustion, an exothermic reaction.

Kamenetskii’' presented his findings through the following rate equations: R is defined

by the following equation:
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D + fexp (— RE_T)
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where Q is the heat of reaction (700KJ/mol)"’, Cos is the oxygen concentration, D is the thermal
diffusion rate constant, f is the pre exponential or frequency factor, E is the activation Energy
(J/mol), R is the gas constant 8.314 (J/mol K), T is the absolute temperature. For zinc, the

thermal diffusion rate’” can be calculated:

w
D(m—z) _ K _ 113 (me) k] — 4.50E‘5(m2/s)
$° P& 657 (C%) %0.382 (kg—xK>

where « is the thermal conductivity, p is the density, and c, the heat capacity.
Likewise, R can be defined by the following equation:
Rs = h(T —Tp)
where h is the heat transfer coefficient, T is the temperature of the carbon fiber, and Ty is the
ambient temperature.

When mapping out Rg vs different Rg curves, important information can be predicted to
thermal oxidation and combustion. If Rg to the right of the Rr curve, no combustion occurs.
There is a competing oxide diffusion mechanism. If the Rs is to the left of the curve, the Zn
vapors are generated before the creation of an oxide layer. Thus Zn vapors are allowed to leave
the system and react with the oxygen. This reaction also causes an exothermic reaction which
helps propagates other Zn vapors to form. A representation of three different heat transfer

. . 31
curves and the reaction curve can be seen in figure 4.4°".
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For metal combustion, geometry and size play a role in the reactivity of the material. The more
surface area leads to more reactant sites. Kamenetskii calculated the influence of particle geometry

on reactivity. In his equation, geometries are associated with a specific reactivity constant 31.

hP_hF

5 E —E
i RTV%ropfexp(RT

The higher the value of §, the more reactive it is for combustion due to the increase surface area.
This can be attributed to increased surface area to volume ratio, The constants for simple
geometries are shown in Table 4.2. Amongst these geometries, it was found that materials that
have a spherical form have a higher reactivity than other objects.

The combustion sequence is further expedited when spherical metals are reduced to
powder form33. Powder explosives are more violent than their bulk counterpart because the
increased surface area offers more locations for vapor generation and reaction?!®. The sequence for
an explosion includes initiation, propagation, and termination. Due to this higher risk of
combustion, many studies have looked into the flammability of metal powders: Zn is included in
this list. Like many metal powders, zinc powder is considered an explosive because it will rapidly
combust upon ignition. Zinc powder is classified as a Class-219 explosive meaning which will only
burst and burn violently at a local level. At the bulk level, the minimum ignition temperature is

680°C. In powder form, the minimum temperature is 460°C34.

To demonstrate that SHS (combustion) as a possible process for an efficient and robust method
for the hybridization of ZnO nanostructures on carbon fiber, a heat transfer method will be used
to ignite and combust zinc powder on carbon fiber. The source of the heat transfer will be

carbon fiber through resistive heating. As was mentioned in chapter 1, carbon fiber was chosen

because it is a good material for structural applications. Properties such as low density, high
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tensile strength, and high modulus make carbon fiber attractive. Carbon fiber also has good
electoral conductivity. The carbon fiber under investigation is Cytec T300 which has a
resistivity of 18 pQm*. Thus upon subjected current flow, carbon fiber will experience joule
heating. This will allow for carbon fiber to be used as the substrate and as the heat transfer
source’®. The set up would require the carbon fiber to be connected to a D.C. current through
two electrodes. A diagram of this experimental setup is shown in figure 4.5.

Joule heating is defined by the Heat and Ohm’s law equations’ :

H(J) = C,mAT
P =U =VI =I?R (Watt)
U= Pt =VIt = C,mAT
where H is the heat generated, C, is the heat capacity under constant pressure, m is the mass,
and AT is the change in temperature. Ohm’s law shows the power relation to the energy rate (U),
Voltage (V), current (I), and resistance (R). This can then be related back to energy (U)**. The
resistance can be determined when the length, Ls, and the cross sectional area, As, are known.
R = pL/As

Temperature vs power and resistance curves were measured and are displayed in figure 4.7. A
digital pyrometer and a standard laboratory digital multi-meter were used to make the respective
temperature and electrical measurements. The temperature of joule-heated carbon fiber reaches
above 800°C which is above the necessary temperature to ignite Zn at the bulk and powder
through heat transfer.

The zinc precursor used in this work comes from galvanizing spray paint composed of

zinc powders with diameters less than 2-10um. The spray paint is 93% pure zinc and contains
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trace elements. For inorganic paint, Zn powders are mixed in with silicates. Specialized lithium
or potassium silicates are used for self-curing applications'®.

A topic of concern for Zn combustion on carbon fiber is the possibility of galvanic
reaction between the Zn and carbon fiber. Carbides are very prevalent amongst metals
especially aluminum. Fortunately for this system, Zn does not form carbides. Thus there will
not be any reaction between Zn and carbon. However, successful hybridization via combustion
still needs to be proven followed by characterization to prove that Zn carbides and Zn nitrides
are not formed.

Ultimately, a combustion process is the key for the scaling up the hybridization of ZnO
nanostructures on carbon fiber. The method is performed in atmospheric conditions where the
substrate (carbon-fiber) serves as the heating source and transfers heat to the zinc powers. The
oxygen supply would come from the atmospheric conditions that were shown in table 4.1. The
precursor as already mentioned comes from galvanizing spray paint. This can be found in local
hardware stores. The production time is reduced from hours to a matter of minutes (including
preparation time) for each sample. The reaction time takes place in a manner of seconds, which
is up to four-orders for magnitude faster than the reaction period for CVD and Hydrothermal

reaction.

This change in method approach will reduce the cost of hybridization of ZnO nanostructures on
carbon fiber. This method eliminates the need for vacuum or autoclave components, uses a
common material as a precursor material, and reduces production time. The next 2 chapters
discuss the results of ZnO hybridization on carbon fiber. Chapter 5 will discuss importance of

the heat transfer rate to ignite the zinc powder. The results will be characterized by scanning
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electron microscopy (SEM), transmission electron microscopy (TEM), and X-Ray Diffraction
(XRD). Chapter 6 will discuss possible mechanism of the nanostructure observed in the joule
heating hybridization of ZnO nanostructures on carbon fiber. Many of these nanostructures can

be related to the work performed through vacuum thermal oxidations and CVD methods.
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4.5. Figures

Figure 4. 1: (a) An SEM image shows carbon fiber hybridized with a uniform array of ZnO nanowires through a CVD method'.
(b) A SEM image shows a similar carbon fiber hybridized with a uniform array of ZnO nanowires developed through a
hydrothermal process'”.

104



. 24, o B . . . . e .
Figure 4. 27": SEM and TEM images of metal oxide nanostructure grown through resistive heating.
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Figure 4. 3%: The figure shows ZnO nanowire growth through a two-step growth mechanism. Zn ions diffuse through the ZnO
grain boundaries. At the surface, the ions begin to diffuse ZnO seeds. ZnO TEM pictures from Figure 4.2 shows the nanowires
grew in the [0001] direction.
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Figure 4. 4”": The first heat transfer curve is left the reaction curve indicating combustion. The lowest heat transfer curve is to

the right of the reaction curve, representing a diffusion (oxidation) reaction. The curve that penetrates the reaction curve is in a
region that is in a metastable region where both combustion and diffusion (oxidation) reactions occur.
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Figure 4. 5: A diagram of experiment shows bare carbon fiber bundles coated with the zinc powders. The coated carbon fiber is
then placed between two electrodes and subjected to joule heating.
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Element Percentage
Nitrogen 78.083
Oxygen 20.945
Ar 0.934
Cc02 0.035
Ne 0.001818
H2 0.000055
Kr 0.000114
He 0.000524
CH4 0.0001745
Sum 100.000
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Table 4. 2*': Kamenetskii’s reactivity values for different geometries

Geometry 6
Infinite Slab 0.88
Infinite Rod 2
Spherical object 3.32
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Chapter 5: ZnO Nanostructures Grown on Carbon-Fiber through
Joule-Heating

5.1. Introduction
Multifunctional composites offer new opportunities to reduce the weight of structural

materials'. Fiber reinforced composites (FRCs), over the last few decades, have been popular
candidates for structural applications to help reduce weight for many applications especially in
the aerospace industry. Compared with metal alloys, FRCs offer improved tensile strength,
modulus, and lower density. However, applications continue to demand for greater weight
reduction, requiring new materials research and engineering. One approach to help reduce
weight is through multifunctional composites or smart materials. Analogous to the smartphone
revolution (where a multifunctional device has the same capabilities but has less collective
weight in comparison with separate singular functional devices)®. A multifunctional composite
has the same potential to offer an overall weight reduction by eliminating redundancies through
added functionalities. A good example of a recent multifunctional composite is carbon fiber
hybridized with carbon nanotubes (CNT). The CNTs offer addition functionality through
additional strength, capacitance, catalyst, and piezoresistivity.

Like CNTs, Zinc Oxide is a promising candidate for added functionality to FRCs**. For
the past century, ZnO has been a material of interest for its wide-ranging properties. ZnO is a
stoichiometric material. Its most common phase, wurtzite (WZ) has a natural perovskite
structure based on its lattice parameters a=3.2494A and ¢=5.2038A°. ZnO a natural
piezoelectric material because its c/a ratio is 1.602, which is off from the ideal hexagonal c/a
ratio of 1.633°. This offset creates a natural polarization which makes ZnO a piezoelectric. In

addition, ZnO has a high bandwidth of 3.7eV making it a strong candidate for ultraviolet
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photovoltaics’. Although ZnO’s properties have been known for nearly a century, ZnO research
has made significant progress in the past decade to understand ZnO’s anisotropic nature and its
wide-ranging scope of nanostructures® including: sea-urchins, nanowires, sheets, tetrapods.
These nanostructures offer more surface area to volume ratio, which results in more efficient
and tunable properties.

Many fabrication techniques and substrates have been used for ZnO nanostructure
synthesis’. Some techniques include: thermal oxidation'’, chemical vapor deposition'’,
hydrothermal deposition'?, and flame synthesis'’. Each technique offers a specific set of
advantages and disadvantages. Various substrates have been used to understand ZnO

nanostructure growth'*">

. Those efforts have showed a lack of substrate selectivity for
successful ZnO nanostructure nucleation and growth. This has spurned the idea of using carbon
fiber as a substrate to introduce photovoltaic functionalities in carbon fiber composites. Groups
have demonstrated successful hybridization of ZnO nanowires using CVD'* and hydrothermal
processes’. Unfortunately, these hybridization processes are expensive, time consuming, and
low yielding.

A low-cost and robust fabrication technique to produced ZnO nanostructures on carbon
fiber that has not yet been explored in depth is Zn powder combustion under atmospheric
conditions'’. Zn powders are well known dust explosives'®. The Zn explosion is heavily
influenced by a variety of factors, which include: Zn high vapor pressure (0.1 torr at 419°C),
available oxygen, and particle size, and ignition source. The Zn combustion reaction is driven

by a highly exothermic reaction with Zn and O,'°. Despite the similarity of the basic Zn

oxidation/ combustion reaction equation, shown below:

1
Zn+§02 - Zn0
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combustion is different than oxidation because it requires an ignition source which can come
through sufficient heat transfer or sparks. Without an ignition source, oxidation will occur
through a diffusion mechanism.

In this work, carbon fiber is coated with Zn powders. Then the carbon fiber is joule-
heated to heat and ignite the Zn powder. The required heating rate through joule-heating for
combustion and the ZnO nanostructures associated with this reaction are to be determined. At
sufficient loads of joule-heating, Zn will ignite and explode. The explosion will cause the Zn to
vaporize and react with the atmospheric O, while giving off a sudden burst of localized heat for

short duration until the metallic Zn is consumed.

The materials used in this experiment include: commercial Cytec T300 carbon fiber
(3K) bundle and commercial galvanization spray paint (93% pure Zn). The carbon fiber bundles
were prepared in 11 cm strips and lightly coated with commercial galvanizing spray paint until
no visible carbon fiber was present. The carbon fiber bundle would serve as the joule-heating
source as well as the substrate for the ZnO nanowire synthesis. The heat capacity of carbon
fiber is 0.19 Cal/g x °C the electrical resistivity of carbon fiber is known to be 1.7 x 107 Qxcm".

To transform the Zn coat into ZnO nanostructures on the carbon fiber bundle, joule-
heating was performed on the Zn-coated commercial fibers bundles. The ends of the bundles
were placed between two electrodes of a standard laboratory power supply. The contact length
between the carbon fiber and the electrode was 0.5cm. The exposed length of the Zn-coated
carbon fiber was 10cm. A diagram of the experimental setup is shown in figure 1.

The Zn-coated carbon fiber bundles were heated at three joule-heating amperage rates:

0.05amp/s, 0.06 amp/s, or 0.07 amp/s. This translates into respective nonlinear power rates of -
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0.0117(W/s*)+0.045(W/s%), -0.0169(W/s*)+0.065(W/s?), and -0.02303(W/s*)+0.088(W/s?). The
respective internal bundle temperature rates, measured through a pyrometer, were found to be
24.8°C/s, 28.6°C/s, and 35.2°C/s. The power supply was terminated if the Zn particles fully
combusted or reached a maximum current of 1.7 amps. The synthesis was performed in ambient
conditions.

In-situ measurements of the current, voltage, and temperature were recorded during the
joule-heating experiments. The voltage and current were monitored by a digital multi-meter at a
rate of 10 recordings per second. The current and voltage would enable determination of the
power input in the system as well as the resistance using Ohm’s law. The temperature of the
surface of the zinc was recorded through LabVIEW using k-type thermocouples at a rate of 20
recordings per second. Due to the limitations of the thermocouple both in contact and in
measurement, the absolute temperatures were not measured. However, the thermocouples did
provide sharp contrast in the heating rates from the joule heating and from the combustion
reaction. This sharp contrast was used as a time marker to indicate when the moment of
ignition. It must be noted that this contrast could not be observed by the pyrometer due to
different emissivity values of the carbon fiber and the zinc particles. From the time scale of the
reaction, the electrical measurements could be correlated to temperature changes produced by
Zn combustion.

Weight measurements, Scanning Electron Microscopy (SEM) and Powder X-ray
Diffraction (XRD) characterization were performed on each bundle before and after joule-
heating. The weight measurements were used to measure the weight gain/loss from the reaction
through a precision scale. Since the reaction region’s length was 10cm, the preheated specimen

weights were extrapolated for 10cm specimens. SEM was used to observe the microstructure of
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the Zn powder, morphology changes of the Zn powders from joule-heating; and measure the
thickness of the Zn coat, and the diameters of the carbon fibers, Zn powders, and ZnO products.
Within the SEM, the chemical composition was analyzed through Energy- Dispersive X-ray
Spectroscopy (EDS). For crystallographic information, XRD (Cu A,=1.5418A) was used to
measure the Zn to ZnO transformation, using Zn’s known lattice parameter of 2.660A..

Upon discovery of ZnO nanostructures, transmission electron microscopy (TEM) was
used to analyze the growth direction of the Zn oxide nanostructures. TEM sample preparation
involved the physical removal of ZnO from the carbon fiber onto a holey carbon film copper

grid.

Prior to joule-heating, the microstructure and crystallographic characterization of the
carbon fiber and the Zn-coated carbon fiber were observed and are shown in figure 2. In figure
2a, the SEM, the Commercial Cytec T300 carbon fiber appeared to be a tight bundle, covered
with sizing. The fibers were measured to be Sum in diameter. The Zn pigment coat, shown in
figure 2b, consisted of Zn powders, 2-20uum in diameter. The average thickness of the Zn coat
was measured to be 60um. For the most part, the coat appeared to have fully covered the fiber
bundle. However, not all of the fibers were coated evenly. The inner fibers in the bundle were
not covered by Zn particles. Higher magnification reveals that the Zn particles were coated in an
adhesive organic binder. Under higher magnification shown in Figure 2c, the Zn particles
appeared to have smooth surfaces with some surface oxidation. The oxidation layer appeared
rougher and in some cases form hexagonal snowflake-like shapes, which can be related to
ZnQ’s wurtzite structure. According to EDS (figure 2d), the binder, excluding had trace

elements consisting of Al, Si, K, and Ca that make up less that 8% of the metal composition.
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The trace elements are common for self-curing zinc paint. (frank porter) The XRD results,
shown in figure 2e, verified the pre -heating oxidation of the Zn coated carbon fiber. The figure
showed strong Zn peaks: (1010), (0002), (1011), and (1012); and two small ZnO wurzite
peaks: (1010) and (0002). The peaks ratio indicated that there was little oxidation which
compliments the SEM image shown in figure 2d. There were no diffraction peaks of crystalline

carbon or other trace elements or compounds to be found.

The joule-heating experiment on Zn-coated carbon fiber produced two distinct results
and an intermediate state. The first distinct result came from the lowest internal bundle joule
heating-rate was 24.8°C/s. No combustion occurred Zn-coated carbon fiber even when the
carbon fiber glowed red and reached maximum-recorded temperature of 800°C. The second
distinct result came from the internal bundle joule heating-rate set at 35.2°C/s; full combustion
Zn combustion occurred. A surface temperature spike, and a visual bright flame identified this
reaction. The distinct results were evident by visible discoloration, weight, resistance, reaction
temperature, morphology, and crystallography. The intermediate result came from the heating
where the internal bundle joule heating-rate was set at 28.6°C/s. The Zn-coated carbon fiber
experienced partial combustion occurred, where only some of the exposed region ignited,
propagated, and terminated.

Visual observations on joule-heated Zn-coated fibers were denoted by color changes.
The original Zn-coated carbon fiber had a light metallic finished. For joule-heating conducted at
24.8°C/s, the Zn coat had developed a darker tarnished color, indicating oxidation occurred. For
joule-heating conducted at 28.6°C/s, the same darker tarnish color was observed with sporadic

white spots. The white areas were areas of Zn combustion that had ignited but not fully
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propagated throughout the entire Zn-coated carbon fiber. Finally, for joule-heating conducted at
35.2°C/s, the metallic Zn coat on the carbon fiber transformed into a white powdery coat.
Fueled by the atmospheric oxygen, the combustion sequence underwent ignition, propagation,
and termination. As a result of full combustion, no tarnished metallic coat was found in the
reaction region. Due to the combustion, some of the Zn material was expelled from the carbon
fiber as white powder. The white powder is a strong indication of ZnO. An important note, only
the exposed region showed discoloration, the section beneath the electrodes did not show
accelerated oxidation. A schematic of these results are shown in figure 1.

In every case of joule-heating, a small trace of smoke would be produced at 100°C. The
smoke could be traced back to the removal of sizing. Without the sizing, individual fibers would
begin to separate from the carbon fiber bundle. However, individual fibers did not separate from
the carbon fiber bundle when the there was a ZnO coat layer. It appears that the ZnO held the
fiber bundle together despite the burning of the sizing.

There were clear weight differences between the preheated and the joule-heated
specimens. Table 1 showed the average weights of the Zn-coated carbon fiber before joule
heating, average weights after joule-heating, and percent of weight loss. For the specimens that
underwent 24.8°C/s joule-heating, little change in weight was observed. The little change could
be corresponded to the net effect between the loss of the sizing and adhesive of the carbon fiber
bundle and the Zn pigment and the gain of oxygen through zinc oxidation. In the case with the
joule-heating that underwent the highest tested heating rate of 35.2°C/s, an average 28% loss of
mass was observed. This could be correlated to the explosive nature of zinc combustion. A

violent force propelled particles to be expelled from the carbon fiber bundle. As for the joule-

120



heating of 28.6°C/s, mixed results were observed. Due to the partial combustion, a smaller
portion of the original Zn coat was expelled.

The resistance and the corresponding outer surface temperature profiles of the three
joule-heating age rates are shown in figure 3. The point of ignition was designated by a sudden
shift in the heating rate. On the recorded time scale, the point of ignition was marked at zero.
Prior to ignition, it was found that as the power increased, the resistance decreased. However, at
the point of ignition of the Zn-covered carbon fiber, there was an inflection in resistance curve.
As combustion continued, the resistance began to rise. In the first case where the internal
heating rate is 24.6°C, the surface heating-rate was measured to be 6.5°C/s (shown in figure
6.3a). There was no temperature spike or inflection in the resistance curve indicating a
combustion reaction, as seen in figure 6.3b. As expected, the current and temperature continued
to increase there was a decrease in resistance.

In the joule-heating case with the internal bundle heating rate at 35.2°C/s, the surface
temperature profile showed combustion through a sharp change in the surface heating-rate from
16°C/s to 400°C/s. The point of ignition had been marked at the zero second, as seen in figure
3e. According to figure 3f, the resistance began to decrease with the increase in current, but
began to increase at the point of ignition.

The intermediate joule-heating, at the internal bundle heating-rate at 28.6°C/s, resulted
in a metastable combustion reaction where some of the samples would combust and some
would oxidize without combustion. When combustion occurred, like the case with the internal
bundle heating-rate at 28.6°C/s, the temperature profile showed a sharp change in heating rate.
Correspondingly, the resistance began to increase when ignition occurred. For the samples that

did not combust, like the case with the internal heating rate of 24.8°C/s, the heating rate and the
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resistance did not have an inflection point. These rate changes or lack of rate changes can be
seen in figure 3¢ and 3d.
5.3.2. Effect of Heating Rate on ZnO Microstructure

From a microscopic perspective, there were dramatic differences in the microstructure
and nanostructures between the non-combusted and combusted samples. For the non-combusted
samples resulting from the internal bundle heating-rate at 24.8°C/s, the Zn particles showed
significant oxidization through increased surface roughness and pitting (figure 4a) in
comparison with the original Zn balls shown in figure 2d. Under higher magnification, small
nanowires were found protruding from the oxidized Zn balls, shown in figure 4b. The thickness
of the nanowires were10-50nm and the lengths were measured to be 100-500nm. The clusters
and placement of these nanowires were sporadic where the density was 10/um?.

At the highest internal bundle heating-rate at 35.2°C/s, the carbon fiber bundle was
covered by ZnO nanostructures primarily composed of tetrapods and nanowires (figure 4g). No
oxidized Zn balls with the rough surface and pits were found. The nanowires varied in diameter,
ranging form 40- 200nm; and the lengths ranged from 500nm-5pm. At higher magnification,
shown in figure 4h, the tetrapods appeared to be detached from the carbon fiber bundles and sat
above a layer of ZnO nanowires. The legs of the tetrapods were very thin and were measured to
be less than 50nm in diameter.

The intermediate internal bundle heating-rate at 28.6°C/s, both types of morphologies
were present, oxidized Zn particles and ZnO micro/nanostructures. A low magnification image
(figure 4c) showed a section of the carbon fiber bundle where both the non-combusted and
combusted portion were present. In the areas that had not combusted, oxidized Zn particles were

found with surface roughness and pitting, as seen in figure 4d. Upon higher magnification,
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nanowires protruding from the oxidized Zn particles. The density of nanowires from the
oxidized particles present was higher in comparison with the samples from the 0.05amps/s
joule-heating rate. In the areas that had ignited, ZnO whiskers and nanostructures were present,
as seen in figure 4e. The ZnO whiskers looked similar to the ZnO nanowires found in the
samples heated by the internal bundle heating-rate at 35.2°C/s. At higher magnification, the
nanowires were thicker in comparison with the nanowires, seen in figure 4f. The nanowires had
diameters ranging from 200nm-1um with lengths up to 15um to be thicker. Surprisingly,
tetrapods were not found readily available in intermediate case.

Under XRD, the relative intensities of ZnO peaks increased for each increase in joule-
heating rate while the intensities of Zn peaks decreased in comparison with the preheated
samples. The XRD results are shown in figure 5. The identified ZnO peaks included: (1010),
(0002), (1011),(1012), (1013), (2200), (1122), and (2201); and previous mentioned, the
identified Zn peaks included: (0002), (1010), (1011), and (1012). In the internal bundle
heating-rate at 24.8°C/s sample set, shown in figure 5a, the rise in ZnO peak intensity could be
attributed to the oxidation of the Zn particles. Likewise, the decease in Zn peak intensities could
be accounted for the consumption of Zn through oxidation. For the internal bundle heating-rate
at 28.6°C/s sample set, shown in figure 5b, the futher rise in ZnO peak intensity could be
attributed to partial combustion that had transform Zn into Zn oxide nanostructures. Finally, in
the internal bundle heating-rate at 35.2°C/s sample set, shown in figure Sc, there were only ZnO
peaks present; no Zn peaks were identified. The Zn combustion thoroughly consumed all of the
Zn and transformed them into ZnO nanostructures.

Though there had been a tremendous amount of TEM work on ZnO nanowires and its

growth direction, it was nonetheless important to verify the growth direction for these
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nanowires produced by Zn combustion through joule-heating. Figure 6 showed a TEM image of
a ZnO nanowire produced from the internal bundle heating-rate at 35.2°C/s specimen. Using
double stage rotation, selected area electron diffraction (SAED) was taken of the particle
showing two different zone-axis electron diffraction patterns were found: [2110] and [0110].
Using the g vector, the nanowire was found to grow in the [0002] direction where [2110] L
[0002] and [0110] L [0002]. There were no identifiable metallic Zn reflections identified for

this particular nanowire.

The experimental results showed that the respective internal bundle heating-rates at
24.8°C/s, 28.6°C/s, and 35.2°C/s, produced stable oxidation, metastable combustion, and
combustion results. The results of the these heating rates are well representative of Frank
Kamenetskii’s work on heat transfer and heat of reaction graph'® shown in figure 7. For many
systems, not just Zn particles, fast heating rates cause combustible materials to explode. At slow
heating rates, stable reaction in the form of diffusion occurs. The precursor ignites when the
heat of reaction (Rg) becomes equal or less than the heat supply rate (Rs). According to
Kamenetskii, the rate of reaction describes the amount of heat released per unit surface area per
unit time and will rise exponentially as temperature is increase. As temperature further
decreases, the curve enters into the diffusion region where the reaction rate only slightly
increases because it is dependent on the flow of gases. Using this model, the heating rate
boundary conditions for auto-ignition of Zn combustion can be established.

Ry is defined by the following equation:

QCosDfexp (_ Ri)

T
D+fexp( E)

R =
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where Q is the heat of reaction (700KJ/mol)'®, Cos is the oxygen concentration, D is the thermal
diffusion rate constant, f is the pre exponential or frequency factor, E is the activation Energy
(J/mol), R is the gas constant 8.314 (J/mol K), T is the absolute temperature. Likewise, R can
be defined by the following equation:

Rs = h(T —To)"
where h is the heat transfer coefficient, T is the temperature of the carbon fiber, Ty is the
ambient temperature, and n is the exponential constant.

For this work, the internal bundle heating-rate at 24.8°C/s produces the curve
Rgs(oxidation), which is placed on the right side of the Ry curve; the internal bundle heating-rate
at 28.6°C/s produces the curve Rg(metastable), which intersects with Rg curve at three points;
and internal bundle heating-rates at 35.2°C/s produces the curve Rs(combustion), which is on
the left side of the Rgr curve. The joule-heating rate curves Rg(oxidation) and Rg(combustion)
serve as the boundary conditions for thermal oxidation combustion reaction, or a metastable
reaction. For joule-heating rates that are greater than the Rg(combustion) curve, the prepared
Zn-coated carbon fiber always resulted in full combustion. In cases of heating rates that are
below the Rg(oxidation) curve, the prepared Zn-coated carbon fiber always resulted in full
oxidation. The joule-heating was terminated before the specimens decomposed. Between these
boundary heating rate conditions, the Zn-coated carbon fiber reaction was metastable, where
both thermal oxidation and combustion occurred.

When correlating these observations to the characterization results, there is a clear
understanding of why low heating rates of Zn particles do not result in explosive combustion.
Upon looking at the microstructures through SEM, the increase surface roughness and pitting of

the Zn balls implies thermal oxidation occurred, where atomic diffusion was the major
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mechanism. As Zn was consumed by thermal oxidation, less material was susceptible for
combustion. In addition, the growing oxide shell acted as a barrier for the trapped Zn to
vaporize and spontaneous ignite and explode. From the XRD, readings, it was clear that there
was still Zn, not all of it had been consumed. Thus, even at high temperature exposure that
would have normally ignited Zn particles, there was either not enough Zn to be vaporized or the
Zn was trapped behind the ZnO barrier. In the case with higher heating rates, it was clear
through the SEM, the Zn combustion produced ZnO nanostructures. This nanostructure growth
technique has been well known in the ZnO industry, but hybridization with carbon fiber through
the joule-heating has not been attempted. XRD also showed that the combustion was thorough
with Zn consumption as no Zn reflection peaks were obtained.

From the weight measurements, there was an observed lack of weight conservation. In
the non-combusted material, the final weight showed loss between 2-8%. Interestingly, despite
the reaction of the oxygen during oxidation, the weight did not increase. Instead, the net weight
loss could be accredited to the burning of the sizing and adhesive. For the fully combusted
samples, there was a 25-35% weight loss. This higher percentage loss was derived from the
ejected powder. Since Zn is a Class-2 explosive, mass transfer from shock forces was part of the
nature of combustion. From SEM analysis, the powders appeared to be independent ZnO
tetrapods. For the partial combusted samples, the weight lost was between these two extremes.
A lack of tetrapods could explain the lower loss in mass.

The XRD findings showed no other reflections from other elements or compounds.
There are a couple of possibilities for the lack of trace elements that were found through EDAX.

First, the adhesive of the paint could have been amorphous, thus showing no reflections based
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on periodicity. Second, the pigment adhesive, like the sizing, could have burnt off during joule-
heating.

It was found in this report, the averaged measured ignition temperatures was 270°C, well
below the known Zn’s melting temperature of 419°C. According to many pure Zn data sheets,
explosivity or flammability is not expected until the temperature reaches the melting
temperature. Based on joule-heating of the carbon fiber and the zinc powders, the calculated
temperature reached more than 800°C at the point of ignition. This is well above the required
temperature to melt and vaporize the zinc powders, which is required for Zn combustion. The
difference in the recorded temperature and the calculated values could be a lack of direct contact
with the thermocouple and the carbon fiber. The zinc powder layer acted as a barrier between
the carbon fiber and the thermocouple. Despite the lack of direct contact, the thermocouple
provided a direct time measurement that was used to locate the ignition and ultimate
combustion.

In this effort, ZnO nanostructures were successfully grown on carbon fiber through
joule-heating of zinc-coated carbon fiber bundles in atmospheric conditions. This technique
offers a simple method to hybridized ZnO nanostructures on carbon fiber bundles, without
expensive laboratory apparatus. In addition the processing time is seconds in comparison with
other techniques that requires multiple hours. This hybridization process can also be potentially
used for woven textile fabrics that possess resistive heating capabilities. Before these carbon
fiber can be utilizes as effective multifunctional composites, the hybridization of ZnO
nanostructures on carbon fiber bundles produced through joule-heating will need further study.
These research areas include: growth mechanisms, mechanical properties, carbon fiber

preservation, capacitance and piezo properties, and the interfaces of matrix materials and the
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hybridized carbon fibers for composite layup. These factors are important when considering

potential industrial scale up production.

Joule-heating was applied on Zn-coated carbon fiber bundles to produce a layer of ZnO
nanoparticles. This method is fast, simple, and inexpensive and can be applied to advance
textiles for the creation of multifunctional composite applications. If the rate of joule-heating is
below the threshold requirement, undesired oxidized zinc is produced. If the joule-heating rate
is in the metastable region, there is only partial combustion of Zn. Thus, to produce, consistent
layers of ZnO nanoparticles on carbon fiber bundles through combustion, sufficient a joule-
heating rate must be applied. The thermal oxidized, metastable combusted, and fully combusted
specimens were characterized chemically and microscopically through XRD, SEM, EDS, and

TEM.

128



5.6. Figures
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Figure 5. 1: This shows the experimental schematic where a bare carbon fiber is coated with zinc powders. It is then
subjected to resistive heating at one of three amperage rates. The resulting reactions are either thermal oxidation,
combustion, or a mixture of the reactions.
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Element Line Weight % Atom %
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Figure 5. 2: Preliminary Characterization of the carbon fiber and zinc powders were taken before joule heating. The
carbon has a diameter of Sum and is covered in sizing. The zinc powders range from 1-10pm in diameter. At high
resolution, surface oxidation can be observed. EDX was taken of the zinc powders (carbon was excluded). XRD showed
only metallic Zn and ZnO peaks of the carbon fiber coated with Zn powders.
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Figure 5. 3: This shows the surface temperature and resistance profile for the three different carbon fiber heating rates.
Combustion is noted by an abrupt increase in the surface heating rate and an increase in the resistance. The lowest
heating rate had no indication of combustion. The highest heating rate always indicated combustion occurred. The
intermediate heating rate showed mixed results, indicating a metastable combustion.
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Figure 5. 4: SEM Profile of microstructure and nanostructures produced through joule heating of the Carbon fiber
coated with Zn powder. At the lowest rate, the zinc powders show accelerated oxidation through the pitting on the
surface. Small nanowires through diffusion growth are seen. At the middle rate, some areas show thermal oxidation
through surface pitting, and some areas show combustion through ZnO nanostructures. At the highest rate, only ZnO
nanostructures were found.
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Figure 5. 5: XRD confirms the consumption of metallic zinc and the increase in ZnO. At the lowest heating rate, metallic
zinc had not been fully consumed. At the metastable heating rate, the metallic Zn peaks have decreased as the ZnO
peaks increased. At complete combustion, metallic zinc is consumed as it transforms into ZnO.
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Figure 5. 6: A TEM image shows a ZnO Nanowire obtained through one of the samples. The growth of the ZnO was
found to be in the (0001) direction through SAED.
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Figure 5. 7: A representation of Frank Kamenetskii’s combustion modelwas plotted. The Supply rates are shown to be
above, intersecting, or below the Reaction Rate (Rg). Above the (RR), the reaction would result in combustion. Below the

(RR), the reaction would result in thermal oxidation. If the supply rate intersects with the (Rgr) a metastable reaction
occurs.
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Chapter 6: Growth Mechanisms of ZnO Nanostructures Hybridized on
Carbon Fiber through Joule-Heating Induced Combustion

6.1 Introduction
In the previous chapter, it was shown that zinc oxide (ZnO) nanostructures can be

synthesized on carbon fiber in a low-cost and highly reproducible procedure. Carbon fibers are
hybridized with ZnO nanostructures for the creation of multifunctional composites'*. To create
hybridized carbon fibers, carbon fiber bundles are coated with Zn powders and followed by joule
heating under atmospheric conditions. A minimum heating rate is required to ignite the Zn
powders’ to produce ZnO nanostructures. These nanostructures include tetrapods, sheets,
nanowires, and hollow structures. If the minimum heating rate or minimum heat threshold were
not reached, the zinc balls would undergo accelerated oxidation, but would not ignite or explode.
Effort has been made to understand the minimum heating rate, but the growth mechanisms of
these ZnO nanostructures are still to be determined. Schematics of the experiment and SEM
images of the variety of ZnO nanostructures produced from this work are shown in fig 1.
Hybridized carbon fibers with ZnO nanostructures present a unique opportunity to develop
multifunction composite. Each material, carbon fiber and ZnO, offers different sets of desired
properties. Carbon fiber is a well-known lightweight structural material with a tensile strength of 1-
7 GPa%, ayoung’s modulus of 230-900 GPa5, and density of 1.7-2.2 (g/cm3)5. It has a resistivity of 1.7
x 107 Qxcm making a good candidate for resistive heating. In contrast to carbon fiber, ZnO is not a
good structural material but is a well-known wide-band (3.7eV) semiconducting material®é. It
properties also exhibits piezoelectric?, photovoltaic8, and catalytic properties®. Zinc oxide has three
different phases: wurtzite, zinc-blend, and rock salt, where the order is dictated of lower to higher

states?0. ZnO’s basic synthesis is the combination of a zinc precursor and oxygen, shown below.
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ZnO has received a recent wave of attention to the variety of nanostructures such as: tetrapods'’,
ribbons'?, sheets'?, nanowires'®, and hollow urchins'”. This variation of ZnO nanostructures can
be traced back to Zn’s high vapor pressure'® (0.1 torr at 419°C). This results in high levels of
sensitivity to different parameters such as heating rate, pressure, and oxygen content. ZnO is also
naturally an anisotropic. All of these factors lead to the diverse array of nanostructures. By
understanding the different ZnO nanostructure fabrication techniques, it is possible to match
specific nano/microstructures produced by joule heating. From there, growth mechanisms can be
proposed.

Traditional zinc oxide nanostructure fabrication methods include: thermal oxidation”,
Chemical Vapor Deposition (CVD)°, flame synthesis'®, and hydrothermal process'’. Amongst
these methods, thermal oxidation and CVD have many similar ZnO nanostructures to those seen
in zinc coated carbon fiber combustion reactions experiments. Thermal oxidation is based on
diffusion, which is known to repeatedly produced ZnO nanowires™, tubes®', hollow spheres™,
and hollow sea urchins®. CVD is known to produce nanowires>*, sheets'®, ribbons®, and
tetrapods’. These two methods will serve as the models to explain the ZnO growth mechanisms

hybridized ZnO nanostructures on carbon fibers.

For this work, the growth mechanism ZnO nanostructures through joule heating
hybridization method is under investigation. To understand the ZnO nanostructures growth
mechanisms on carbon fiber through explosion induced by joule heating, a series of different
thicknesses of Zn precursor are applied to carbon fiber. The different thicknesses were labeled as

light, medium, heavy medium, or heavy zinc coating. The respective weight gains for a 10cm
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sample were 0.025 g, 0.04 g, 0.05 g, and 0.06 g. A high precision scale took weight
measurements of the coated carbon fiber, with an accuracy of 0.0001 grams. The weight was
measured for 10cm long samples, representing the reaction region of the zinc-coated carbon
fiber. Scanning Electron Microscopy (SEM) observation showed that the. SEM showed a variety
of different zinc particles with diameters ranging from 2-20um. Cytec T300 3K Carbon fiber
bundles were used as the carbon fiber source. It has a known resistance of 1.7 x 107 Qxcm, a
weight density of 0.002gm/cm, and average fiber diameter of Sum. The bundles were cut into
11cm strips and were coated with commercial galvanization zinc paint (93% pure zinc).

To conduct joule heating, the fibers with the zinc coat were placed between two
electrodes and connected to a standard power-supply. The electrical contact region at each
bundle’s end was measured to be 0.05 cm to ensure good electrical contact. This left 10cm of the
zinc-coated carbon fiber exposed to the atmosphere. The power-supply set to current control
mode allowing the voltage to change accordingly to the resistance of the bundle. Since each
bundle had a different amount of zinc coating, it was expected that each set would have a
different minimum-heat transfer rate to ignite the zinc coat. To find this minimum-heating rate,
different amperage rates were applied which could be correlated to temperature rates. The
current would continue to rise until it reached a maximum of 1.7 amps.

The joule heating work was performed in a 2m’ fume hood under atmospheric conditions.
The surface temperature, voltage, and current were actively recorded during the joule heating.
The surface temperature of the samples was monitored with thermocouple and recorded
LABview at a rate of 20recordings/sec. This temperature recording would allow the monitoring
of the sudden changes during ignition and the maximum temperature generated by Zn powder

combustion. The voltage and current were recorded by a digital multi-meter at a rate of 10

140



recordings/sec. With these two parameters, the power and resistance of the coated carbon fiber
bundle could be calculated during joule heating. In addition, the power and resistance changes
can be correlated with the heat transfer rate and the ignition temperature.

After each reaction, the electrical contact ends were removed, leaving just the reaction
region. The weight of the reaction region of each coated fiber bundles was measured and
compared with preheated weight. The zinc coat morphology changes on the surface and cross

section were examined through SEM.

ZnO nanostructures were successfully hybridized on carbon fiber through joule heating. The
concentration of Zn particles on the carbon prior to joule heating played a role in the minimum
heat transfer rate for combustion. Nanostructures associated with these transfer rates could also
be distinguished. Finally, the cross-section analysis of the ZnO nanostructures can provide a
means to understand the growth mechanism for the nanostructures.

For each joule heating experiment, a couple of events would occur. At 100°C, the sizing
began to burn and was seen as a wisp of smoke. Upon further heating, the coated carbon fiber
would either not explode or explode. For the non-exploded samples, the heating rate was below a
particular threshold, which would cause the coated carbon fiber to glow red but not cause the Zn
powders to combust despite reaching 1.7 amps. However, if the rate was above the threshold, the
coated carbon fiber would ignite and combust before reaching 1.7 amps. The faster the heating
rate, the more probable the combustion. The combustion would continue until all of the zinc was
consumed. The consumption period could be as little as microseconds once ignition occurs.

It was found that the additional zinc concentration required a lower minimum-heat

transfer rate for Zn ignition. Figure 2 shows the heating rates performed on different
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concentrations of zinc powder on the carbon fiber. On the graph, the ignited samples are
represented by diamonds and the non-ignited samples are represented by squares. Two trend-
lines are shown to show the regions where the majority of the samples ignited or not. The region
between these two trend-lines is considered metastable where the sample may or may not ignite.

These three regions corresponded well with Frank Kamenetskii’s heat transfer and
reaction rates”’, which can be seen in figure 6.3(a). If the heat transfer rate is above the reaction
rate, the combustion of the zinc particles would occur. If the heat transfer rate is below the
reaction rate, thermal oxidation of the zinc particles would occur. Finally if the heat transfer rate
intersects the reaction rate, the reaction may or may not result in combustion. Based on the
experimental results, the increased zinc concentration causes reaction rate to shift left. This
means an increase in zinc concentration will require a lower heat transfer rate is cause zinc to
combust. A visualization of this shift can be seen in figure 6.3(b).

Using the SEM, four distinct ZnO nanostructures were found on the combustion samples:
tetrapods, nanosheets, nanowires, and hollow sea-urchins. The occurrence of these
nanostructures could be correlated to the heating rate. The location of the nanostructures in the
ZnO coat provides clues to the growth mechanism. On samples that did not combust, only
oxidized Zn particles were found. Figure 6.4 shows images of all of observed distinct
nanostructures. Table 6.1 shows the observed nanostructures and their placement in the
thicknesses relative to the carbon fiber.

For combusted samples that were heated above the minimum threshold heat transfer rate,
all four nanostructures were found. Figure 6.5 shows a cross section image of the ZnO coat and
the respective positions these nanostructures through higher magnification images. Furthest away

from the carbon fiber bundle, tetrapods were found. Directly beneath the tetrapods, ZnO
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nanosheets were formed. Below the sheets, nanowires could be found. Finally, between the
nanowires and the carbon fiber bundles, hollowed sea urchins were found. The nanowires found
in these samples have lengths between 500nm-5um. The diameters were found to be less than
100nm.

For the combusted sample that was heated in the metastable region, nanowires and
hollow sea-urchins were found. Figures 6.6 shows a cross section of the ZnO layer with higher
magnification images showing the distinction between the nanowires and hollow sea-urchins. In
some cases, uniform ZnO nanowire arrays were found on the carbon fiber. The nanowires found

in the metastable samples have longer lengths > Sum and diameters greater than 500 nm.

To explain the growth mechanism behind these observe nanostructures, correlations can
be made to work performed in chemical vapor deposition and thermal oxidation synthesis. The
first three nanostructures are products of vapor deposition, whereas hollowed sea urchins are
products of diffusion. Between CVD and Thermal oxidation models, the main variant between
the two models is the oxygen availability. According to CVD growth different nanostructures
could be repeatedly grown under the particular temperature regions and O, flow. Thermal
oxidation begins with existing Zn structures at lower temperature and then exposes them oxygen,
forming oxide structures. With the growth mechanism, the threshold heat transfer rate can be

explained and why it is influenced by additional zinc concentration.

Tetrapods are a product of vapor deposition, which require a high temperature and high

concentrations (>20%) of oxygen. The tetrapod is an independent ZnO nanostructures that have

four legs and connected by a core. According to literature, this core is ZnO with zinc-blend
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structure. The legs are composed are ZnO in the wurtzite structure. Due to ZnO’s anisotropic
nature, the legs grow in the [0002] direction.

A ZnO tetrapod is a unique structure, which has a zinc-blende (ZB) core and wurtzite
(WZ) legs. The ZB phase, is a metastable phase of ZnO, which it requires higher temperature
and pressure than WZ growth. The WZ phase is the lowest energy phase of ZnO and more easily
produced. For tetrapods to form, Zn vapor react (in a high temperature region) with oxygen to
form a ZB core. As core travels into a lower temperature region with less oxygen, WZ legs begin
to form. In CVD growth, the initial growth of a ZnO tetrapod will initiate by homogenously
nucleation forming a Zinc-blende core structure. As the ZnO core travels down the tube furnace,
two conditions changes: the temperature becomes cooler near the end of the furnace and oxygen
concentration flow decreases because it getting consume by Zn vapors up stream. This it
becomes more thermodynamically stable for continual ZnO growth to occur heterogeneously in
the wurtzite form on the ZB ZnO cores. In the case with the hybridization of ZnO nanostructures
on carbon fiber, tetrapods are located on the outer perimeter of the ZnO layer because it had the
highest exposure to oxygen.

For this work, Zn vapors are produced through the joule heating of the carbon fiber and
are then exposed to high temperature (>1600°C) ZnO through the exothermic reaction. The Zn
vapors will quickly react with the atmospheric oxygen and begin to form a ZB core. As the
vapors move further away from the carbon fiber and surround oxygen is consumed, WZ legs
begin to form on the ZB cores. Figure 6.7 shows a schematic of how ZnO tetrapod are formed

from the zinc particle precursor.

ZnO sheets are particular are also formed through vapor deposition. Typical ZnO sheet growth is

developed through medium concentrations (5%) of oxygen. Seen in many CVD experiments,
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initial growth of sheets begins as an array of ZnO nanowires (also known as combs). After these
comb structures are formed, the space between the nanowires are filled with ZnO. Figure 6.8
show schematic of the sheet growth along with SEM images of the sheets grown through this
work. The image shows clear nanowires arrays and sheet growth between the array. The sheet
also shows a meniscus shape, which is representative of capillary growth which uses the

nanowire array as heterogenous nucleation sites.

6.4.3. ZnO Nanowire Growth
ZnO nanowires are formed through vapor deposition and through diffusion. For

deposition, nanowires formed under lower temperature synthesis and minimum O,
concentrations, sometimes one fourth the requirement to produce tetrapods. The growth
orientation of this nanowires is in the [0002] direction, which is the same for the legs of the
tetrapods. Nanowires were found in the samples that were heated in the combusted regions and
in the metastable regions. Figure 6.9 shows a schematic diagram of how ZnO nanowires can
form through deposition or through diffusion. In deposition growth, vapors begin to form
heterogenous ZnO structures in the [0002] direction. The anisotropic growth continues as the
ZnO vapors deposit on the tip of the nanowire to help lower the surface energy of the (0001)
plane. Diffusion growth occurs through metallic zinc diffusing through the ZnO. Zn has a higher
diffusivity in ZnO than oxygen. Thus the growth direction is towards the oxygen rich
environment. Zn diffusion towards the surface can be accelerated if there are grain boundaries,
which provide a lower energy pathway.
6.4.4. Hollow ZnO Sea Urchins Growth

ZnO hollow sea urchins structures can be identified as spherical structures that have
hollowed shell structures with nanowires protruding from the surface. Reports have shown

hollow sea urchins are initially grown through a thermal oxidation process. The initial growth
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begins with a Zn particle exposed to oxygen, instantaneously creating an oxide layer. This oxide
layer hinders further oxidation of metallic zinc. For the metallic zinc to reach the oxygen rich
environment, diffusion through the ZnO crystal, diffusion through the ZnO grain boundaries, or
evaporation through a crack in layer must occur. Both of these mechanisms can help cause a
hollow structure to form. Through diffusion, hollowed structures are formed through the
Kirkendall effect where Zn diffusion through ZnO is faster than oxygen diffusion in ZnO.

After the shell is formed, anisotropic nanowires are formed. The exact mechanism for the
transition between a shell formation and the nanowire growth is not well established. Different
groups have suggested various mechanisms: diffusion growth, stressed induced diffusion growth,
and vapor deposition growth. In all of these reports, ZnO hollow sea urchin nanostructures are
formed under elevated temperatures. Figure 6.10 shows a schematic of how these sea-urchin
nanostructures form correlating to structures observed in the SEM images.

6.4.5. ZnO Nanowire Arrays on Carbon Fiber Growth

Upon further investigation, there was one more unique ZnO nanostructure observed, a
uniform array of ZnO nanowires in direct contact with individual carbon fiber. These
heterogenous structures were found beneath all of the nanostructures, directly on the carbon fiber
bundle. It appears that the these covered carbon fibers were isolated from the carbon fiber bundle
allowing them to be surrounded by zinc particles to allow for the wetting of zinc upon melting
and then uniform explosive oxidation to create a uniform array of ZnO nanowires. Figure 6.11(a)
shows a carbon fiber with a uniform array of zinc oxide nanowires. A zoomed in picture, figure
6.11(b), shows that the nanowires are 1-5um in length and 100nm in diameter. From the
different sections of the carbon fiber array, the density of these nanowires was found to be to be

10/um?2 as seen in figure 6.11c. In some cases, there are small cluster of ZnO nanowires attached
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to the ZnO shown in figure 6.11d, we can see that these ZnO appears to be connected to the
carbon fiber.

From the layering of these nanostructures, it can be deduce the order in which these
nanostructures were produced. Thus, the proposed mechanism for the ignited ZnO structures is a
function of available oxygen. Initially, when ignition occurs, there is plenty of oxygen (20%) for
tetrapod formation. Vapor Zn will react with oxygen and homogenously nucleate with a zinc
blende structure. As it moves away from the system, the temperature decreases it becomes more
preferential for wurtzite legs to form.

As the local O; is being consumed, the Zn beneath the outer layer will have less oxygen for
reaction. Thus, there will not be enough O, for further ZnO tetrapod formation. Instead ZnO
nanosheets and nanowires are formed. More evidence of oxygen depletion through consumption
is evident by the hollow sea urchins beneath the nanowires. This is a slower method of growth
since it is diffusion limited. Initially, there is only a small portion of O, available which is
allowed to create a thin oxide layer. As the O, recovers due to the void left by the outer ZnO
formation, the metallic zinc beneath the ZnO shells will begin to form into nanowires and create
a sea urchin nanostructure. Similar to the hollowed sea urchin structures, ZnO coated carbon
fiber bundle, uniform ZnO nanowire arrays that covered individual carbon fibers. The uniformity
of the ZnO nanowire array provides evidence of Zn melting and wetting over the carbon fiber
before explosion. The wetting of the zinc prior to explosion could explain the drop in resistivity
of the zinc coated carbon fiber bundle as the heating rate increase. However, as combustion
occurred, the resistivity increased because there was no more Zn contribution. For future
systems, if uniform ZnO nanowire arrays over carbon fiber or other conductive advanced textiles

are desired, wetting of the precursor of the fiber is crucial.
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The presence of specific nanostructures provided many clues to the growth mechanisms
behind the ZnO nanostructures through the joule heating of carbon fiber. These growth
mechanisms can be used to help explain why the additional zinc concentration requires a lower
threshold heat transfer rate for zinc combustion. Initially, this was not well understood. However,
by understanding that some of the nanostructures grown near the metastable heat transfer rate
were influenced by thermal oxidation, it can be proposed that at low concentrations, there is a
more surface area/concentration exposed to the atmosphere. This exposure creates many oxide
layers that prevent metallic zinc from vaporizing. For samples that have additional zinc
concentration, many particles are not in beneath the outer layer are protected from the
atmosphere and can heat and vaporized before being oxidized. Thus, lower heat transfer rate is
required for Zn combustion. For samples with less zinc concentration, a higher heating rate is
required to vaporize the zinc before an oxide barrier is created. These findings correlate well to
Frank Kamenetskii’s work on heat transfer rate, which describes that heat transfer rates above a
reaction rate, combustion occurs. In this work, that reaction rate is correlated to the diffusion
thermal oxidation rate. Above this rate, the vapors are produce and a reaction occurs in the vapor

phase. This reaction is highly exothermic and defined as combustion.

By identifying the ZnO nanostructures and their location on the hybridized carbon fiber,
their growth mechanism could be proposed based on the understanding of the same
nanostructures found CVD and thermal oxidation growths. These growth mechanisms were used
to help explain the additional zinc’s concentration influence on the threshold heat transfer rate. It
was found that at higher rates or additional zinc concentrations allow zinc vapor to form before

being consumed by thermal oxidation. In this work, it was found that heat transfer rates and

148



precursor concentrations influence the nanostructures produced on hybridize carbon fibers.
These nanostructures will influence the overall functional properties for multifunctional

composites.
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6.6.Figures

Figure 6. 1: Shows different ZnO nanostructures commonly found in ZnO hybridization process: (a) Oxidized ZnO particles (no
combustion); (b) Hollow sea-urchins ZnO; (¢)ZnO nanowire arrays on carbon fiber; (d) ZnO tetrapods.
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Figure 6. 2: This figure shows that combustion through heat transfer is dependent on the zinc coat density. At low coating
densities it requires a faster heating rate. There are more surface areas exposed for thermal oxidation. As the zinc coat density is
decrease, there is surface to volume ratio decreases allowing the Zn to vaporize before being trapped by an oxide layer barrier.
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Figure 6. 3: A qualitative observation showed a left-shift in the Reaction Rate curve when fewer Zn precursors are applied on the
carbon fiber. The few Zn particles offer more surface area for the oxidation reaction to occur which requires a faster heating rate
to vaporize the zinc particles before oxidation occurs. Once oxidation occurs, the oxide layer serves as a barrier to prevent
combustion.
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Figure 6. 4: Various ZnO nanostructures from CVD and thermal oxidation show similar features from Zn combustion. (a) and
(b) show a multipod and a sheet respectively. Both nanostructures were grown in CVD. (¢) and (d) show Zn plates with ZnO
nanowires and hollow ZnO tubes respectively. These ZnO nanostructures were grown through thermal oxidation. ZnO
nanostructures grown through these methods can be used to help provide a mechanistic understanding of ZnO developed through
Zn combustion.
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Figure 6. 5: (a) The cross section of a sample heated in the combusted region is shown. (b) A magnified version of the
highlighted area is shown with the ZnO nanostructures identified. These nanostructures include Multipods (including tetrapos),
nanosheets, nanowires, nanowire arrays, and hollow structures.

154



Figure 6. 6: (a) A cross section of a combusted sample that was heated at a metastable heating rate. Magnified images (b) and (c)
show thick nanowires and hollowed structures.
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Figure 6. 7: A schematic of tetrapods grown through vapor deposition is shown. Core nuclei are formed homogenously. As the
cores are carried into lower temperature regions, legs begin to grow on the cores. SEM images show the variation in size of
different tetrapods.
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Figure 6. 8: A schematic of ZnO nanosheets growth is shown. As ZnO nanowires arrays are created, zinc vapors and oxygen
begin to deposit between the sheets. In figure (b), an SEM image shows a large quantity of nanosheet growth. A magnified image
is shown figure (c), where the sheet is growing between the nanowire arrays.
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Figure 6. 9: (a) An SEM image shows the cross section of a sample heated by metastable heating rate. (b) A schematic dhows
how ZnO nanowires can grow through deposition or diffusion mechanism. (¢) A magnified image shows ZnO nanowire clusters
on the surface of the ZnO coat. Zn vapors that are generated redeposit on the ZnO.
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Figure 6. 10: The figure shows observed Zn and ZnO structures and a schematic of the progression of Zn particle evolution to
become ZnO hollow sea urchins.
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Figure 6. 11: Different images of uniform ZnO nanowire arrays show the variation nanowires grown on carbon fiber. A
schematic of the ZnO nanowires is shown where the Zn particles wet the surface of the carbon fiber, which leads to the uniform
array of ZnO nanowires on the carbon fiber.
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Chapter 7 Future Work and Conclusion

7.1. Summary
The culmination of this work focused on understanding the growth mechanism of ZnO

nanostructures to apply them on carbon fiber for multifunctional composites. The growth
mechanisms of ZnO nanostructures were understood through thermal oxidation (diffusion) and
chemical vapor deposition systems were investigated. Both of these systems provided clear
understanding of ZnO nanostructure growth. Unfortunately both of the systems are not practical
for applying ZnO nanostructures on carbon fiber because they produce ZnO nanostructures at
low yields. This low yield derives from the required vacuum systems and high temperature
furnaces, which require additional processing time for pumping, heating, and cooling. Instead, a
new method was created and investigated to enable a low cost-robust method to hybridize ZnO
nanostructures on carbon fiber. This method uses Self-propagating High-temperature
(combustion) Synthesis to ignite and combust metallic zinc powders. Through various
characterization techniques, it was found that many of the nanostructures through the SHS
process were similar to those seen in thermal oxidation and CVD processing. Thus, the growth
mechanisms of the nanostructures through the SHS process were proposed.
7.2. Developing a Multifunctional Composite

With hybridized ZnO coated carbon fiber, multifunctional composites can be created.
Four different carbon fiber layup designs were created shown in Figure 7.1. Traditional carbon
fiber wet layup procedures were followed. The matrix material, EPON 862, was mixed with a
curing agent, Epikure W, in a 100:26 ratio. Degassing was followed after mixing. The epoxy
mixture was applied on each sheet of carbon fiber. The resin soaked carbon fiber sheets were
they laid in the appropriate stacking sequence. The bagging procedures included a mold

(aluminum coated with a nonstick coat), the carbon fiber sheets, Teflon release film, a bleeder,
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and a nonporous bagging material. The bagging unit was placed under 29 inches Hg of vacuum,
sufficient for pulling out excess resin and further degasing the composite structure. The
vacuumed bagging unit was then placed in an oven at 180°C for 5 hours.

To test for piezoelectric properties, the composites were placed under two conducting
plating plates (aluminum foil) and wired to an oscilloscope. The samples are then placed with on
two cylindrical points at the ends and tap in the middle, like a 3-point bend test. An illustration of
this set up is shown in figure 7.2. Amongst the four samples, voltage responses were seen in
1ZNO-2C-1Zn0O, 1C-2-1C, and 4Zn0O layup sequence. No response was seen in the 4C layup
sequence. The highest observed voltage response was .1V, which is two orders of magnitude
higher than noise produce by surface contact. In these preliminary tests, it has been observed that
the piezoelectric functionality has been successfully added to carbon fiber through the added

ZnQO nanostructures.

The Preliminary results open up a new avenue for work for high impact applications. The
piezoelectric response will open up a new avenue for sensing and damping harvesting
applications for carbon fiber reinforced composites'. Other reports have use ZnO in photovoltaic
energy harvesting applications”. In the case large commercial avionics, there is a lot of real estate
on aircraft wings, which can take advantage of these multifunctional composites.

Piezoelectric composites can be used for active sensing especially at the front edges of
aircraft wings to monitor sites of impact with birds or other debris during flight. This monitoring
system can be used as active non-destructive testing, which can assess possible structural damage
such as delamination or cracking. This can increase the amount of time the aircraft is in the air

because current composite aircrafts are required NDT assessment after each flight. Current NDT
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methods required the aircraft to be grounded. An active monitoring system can provide
assessment in the air and pinpoint locations where possible damage occurred on impact for
specific location NDT assessment. Such assessments can help prolong predetermined aircraft
lifetimes.

Piezoelectric composites can also be used in structural dampening applications.
Currently, lead-zirconium titanate (PZT) fibers are used in sports equipment such as tennis
rackets, skis, and snowboards. As the users routinely experience impacts in the respective sports,
joint and muscle fatigue are more probable. With active dampening, the piezoelectric composites
help stiffen the equipment through an indirect response where an external voltage is applied to
prompt a mechanical response. Similar responses can be useful to help stabilize aircraft wings.
Carbon fiber hybridized with ZnO nanostructures may find application in these applications
because successful carbon fiber composites have been shown with piezoelectric responses.

Though it is out of the scope of this work, carbon fiber hybridized with ZnO
nanostructures can be used for energy harvesting. Reports have shown ZnO nanostructures
hybridized on carbon fiber (through separate CVD and hydrothermal processing work) were dye-
synthesized to produce photovoltaic devices. With the given real estate on aircraft wings,
multifunctional composites exhibiting photovoltaic energy harvesting may help prolong flights.
Currently UAV use silicon based solar cells to help prolong flight.

The work on multifunctional composites is far from complete. By no means are the produced
composite coupons ready to be tested in modern aircraft such as the Boeing 787. A complete
analysis of multifunctional composites produced by the SHS method is out of the scope of this
thesis. However, this work has opened up a new avenue of research, which should provide a

feasible opportunity to develop multifunctional composites through our ZnO nanostructures
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hybridized on carbon fiber. Areas of work that can be pursued include quantifying the
piezoelectric response. These avenues include the measuring the piezoelectric response in
relation to the ZnO quantity, quality, and layup sequence.

ZnO quantity can be simply be quantified as the amount of ZnO is hybridized on the carbon
fiber. The previous chapter discussed the effect of Zn precursor on the heat transfer rate for
combustion. However, it was not yet investigated on the effect it would have on the piezoelectric
response.

ZnO quality can be related to ZnO nanostructures produced in the combustion process. It was
shown in the previous chapters that different ZnO nanostructures could be related to different
heat transfer rates. At heat transfer rates in the combustion region, many ZnO nanostructures
such as tetrapods, sheets, nanowires, and hollow sea-urchins were found. For samples found in
the metastable region, ZnO nanowires and hollow sea-urchins were found. The respective
structure and sizes of these structures still needs further investigation at the microscopic and
macroscopic level.

The layup sequence may also affect the piezoelectric response. In preliminary composite
manufacturing results, no distinction was made between the layup sequence 1C-2-1C and 1-2C-
1. However, further investigation of the layup sequence is required when ZnO quantity and
quality is considered.

Another avenue of research needs investigation is the mechanical durability of these
carbon fiber composite hybridized with ZnO nanostructures. To synthesize the ZnO
nanostructures, a zinc powder combustion process is used. The process requires carbon fibers to
be joule heated to temperatures that exceed 7500C. The combustion temperature of the zinc

powder reaches a measured temperature of 17000C. The possible damage to the carbon fiber
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through this process can compromise the structural integrity of the carbon fiber. To understand
the damage on the carbon fiber, tensile testing at the individual fiber and composite level should
be investigated. Tensile testing can provide can help determine the damage assessment on the
carbon fiber. The results can also be combined with microscopic observations. The fracture
features can help assist the type of failure mechanism.

Another area of structural integrity that must also be considered is the fatigue strength of
the multifunctional composites. Fiber reinforced composites are highly pursued for their superior
fatigued strength compared to their metal counterparts. However, if the fibers are weakened by
the combustion process, these multifunctional composite may not be pursued for the
compromised mechanical behavior.

Thus it is important developing ways to hybridize ZnO nanostructures on carbon fiber
while considering fiber preservation. A couple possible routes can be pursued, though they do
not guarantee the effectiveness of fiber preservation. The first route can include using
appropriate amounts of precursor. It was found that under additional zinc precursor helped lower
the joule-heating rate for the carbon fiber for zinc combustion. This lower temperature synthesis
can help preserve the fiber’s structural integrity. Another possible route can include a high
temperature coating on carbon fiber to help minimize the oxygen contact at high temperatures.
Oxidation of carbon fiber is well known and can destroy fibers at low as 400°C under prolonged

3
exposure’.

These are just some of the new avenues that work can be pursued towards the

development of multifunctional composites using carbon fiber hybridized with ZnO

nanostructures. This work was designed to find an affordable means to develop a multifunctional
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composite by integrating different disciplines of materials science and engineering through both
literature and experimental understanding. Crystal growth through thermodynamic and kinetic
understanding has provided means to understand the growth mechanism of ZnO nanostructures.
Electrical properties have provided insight on the unique properties of ZnO: semiconducting,
photochemical excitation, and piezoelectricity. Carbon fiber reinforced composites (known for
their high strength, high modulus, and low density) have provided a substrate medium for ZnO
nanostructures. By taking advantage of carbon fiber’s resistive heating, Zn powders can be
ignited into ZnO nanostructures. The hybridized fibers can then be integrated in a composite and
used for future applications that require multiple properties: high strength, low weight, energy

harvesting, damping, and sensing.
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7.5 Figures
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Figure 7. 1: Carbon fiber bundles with and without a ZnO coating are laid up in different sequences. A traditional wet hand layup
method is used to make different composites.
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Figure 7. 2: A schematic of piezoelectric verification a multifunctional composite produced with ZnO nanostructures hybridized
on carbon fibers.
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