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Abstract

Three dimensional (3D) hybrid architectures are new types of materials that have a
number of technological applications. However, the synthesis of such materials has been
problematic to date. The objective of this study is to fabricate 3D hybrid architectures composed
of sp2—carb0n nanomaterials and inorganic nanostructures using a convenient microwave assisted
technique.

SpZ—Carbon nanomaterials such as carbon nanotubes (CNTs), graphene and its derivative
graphene oxide (GO), have been explored by researchers as major components of hybrid
materials due to their exceptional electrical, thermal, mechanical and biological properties.
However, most of the research has been devoted to the hybrids with randomly dispersed phases.
The present study explores the feasibility of using aligned 3D spz—carbon structures in a bottom-
up microwave-assisted chemical synthesis approach to fabricate various 3D sp2—carbon/inorganic
hybrid architectures. The carbon nanostructures, either tubular or planar, not only contribute to
the functionalities of the hybrids, but also template the ordered assembly of phases on nanometer
scale.

Mimicking nature is a key to develop novel types of materials with enhanced physical
and mechanical properties suitable for advanced applications (e.g. lightweight and yet tough
materials that are extensively needed in automotive and aerospace industries). One approach to
obtain such materials or devices is to mimic nature processes and synthesize hybrid materials
with ordered structures on the nanometer scale. Those functional structures are fabricated in this
thesis through an in-situ microwave synthesis of inorganic materials on 3D spz—carbon
architectures. Generally, in chapter 1, it was shown and discussed the procedures to fabricate 3D

architectures of carbon nanotubes and graphene oxide as basic components for template
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synthesis of the hybrids. Then in chapter 2 the microwave chemical synthesis approach was
introduced as a convenient route for fabricating inorganic materials such as zinc oxide (ZnO)
which was shown to be used as UV sensors.

Through photolithography patterning of the iron catalyst thin films on Si/SiO; substrates,
3D aligned CNT structures were fabricated and were coated in-situ with inorganic materials such
as cobalt oxide, zinc oxide and manganese oxide using a microwave synthesis approach (chapter
3). The obtained aligned strips of CNT/Co3;04 were chosen as an example to illustrate the
application of such 3D hybrids in energy storage applications. The capacitance of the aligned
CNT/Co0304 strips was measured to be 123.94 F/g.

Using graphene oxide as template for manufacturing the 3D sp2—carbon/inorganic hybrid
structures, interesting novel layered configurations are obtained that are similar to the layered
structures of exoskeleton of the mollusks nacre. The layered hybrid structure shown to be
mechanically improved compared to its constituents (chapter 4). Finally in chapter 5, some of the
future routes have been proposed for further research on this novel field of 3D hybrid materials

composed of sp2—carb0ns and inorganic nanomaterials.
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CHAPTER 1. Background

1.1. Introduction

During the past decade, lots of important and exciting fore-front fields have emerged in
Physics, Chemistry, Engineering and Biology due to the advancements in nanotechnology which
deals with the structure and properties of materials at nanometer scale (less than 100 nm). The
scaling down of materials and devices through nanotechnology hold the promise of not only
reducing the manufacturing costs compared to conventional technologies, but also increasing the
efficiency of the systems and making them more environmental friendly (1).

Carbon allotropes (eg. Carbon nanotubes, Graphene sheets, Diamonds and Buckyballs) in
this regard have received huge attention (2). Among them, more research has been devoted to
carbon nanotubes (CNTs, 1D) and graphene structures (2D) owing to their exceptional properties
including high electrical conductivity and mechanical strength. They have been used widely as
components of composites to obtain new categories of materials with superior characteristics
than the constituents (3). As it was mentioned before, the essence of fabricating new materials
that can fulfill the requirements of advanced applications led to the development of hybrid
structures composed of different components with diverse properties (4). The hybrid structures
which are inspired from nature have unique features resembling the biological systems i.e. self-
assembly of the building blocks, hierarchy and multi-functionality of the structures (5). Such
novel hybrid materials are favorable mechanically and have potential applications in various
fields for instance in energy storage or electronics (6—10). Chapter 1 of the current thesis deals

with the background information and literature review on the synthesis processes and parameters



that affect the production of carbon nanotubes, graphene oxide films, inorganic nanoparticles and

their hybrid structures.

1.2. Carbon nanotube

1.2.1. What are carbon nanotubes?

Carbon nanotubes are the tubular allotrope of carbon with sp> hybrid C-C bonds. They
can be formed as single walled (SWNT), double walled (DWNT), or multi walled (MWNT)
concentric carbon tubes with different chiralities, diameters, lengths, and be organized into
various shapes such as films, mats, forests, and yarns (11-14). Figure 1.1.a shows a TEM image
of the DWNTs and MWNTs with different diameters and number of walls. Figure 1.1.b shows
schematically the hexagonal order of the carbon atoms in the graphene sheet.

Basically carbon nanotubes can be defined as 1D materials composed of rolled-up
graphene sheets. Depending on the direction and vector that the graphene sheet rolls around, the

chirality of the obtained CNT is determined. The chirality of SWNTs is defined by a vector

called chiral vector C:

[N

C =na;, + ma, (1
in which n and m are integers and a; and a, are the unit cell vectors in the two
dimensional lattice of graphene sheet (15). The CNT axis is perpendicular to the chiral vector C.
The value of (n,m) determines the chirality of a CNT (i.e. armchair, zigzag and chiral) and it’s

electrical, optical and mechanical properties.
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Figure 1.1. (a) TEM images of double wall and multi wall carbon nanotubes(Adopted from ref. (16) with permission). (b)

Schematic image of hexagonal order of carbon atoms in the graphene sheet showing the chiral vector C and chiral angel 0
for a (2,4) nanotubes(Adopted from ref. (17) with permission).

For instance if In-ml=3p, the CNTs are metallic and if In-ml=3p£1, the CNTs are

semiconducting (p is an integer). The circumference of the CNTs is equal to the chiral vector

length (15):

c = |c| = avn? + nm + m? (2)
Therefore the diameter of the CNTs can be obtained by the following formula:

D= 3)

<
VA

MWNTs can be considered as a tubular structure with several concentric SWNTs which
are observed in TEM images (Figure 1.1). The intertubular distance between the concentric

SWNTs is defined as:

d = 0.344 + 0.1exp (— i) 4)

in which ﬁ is the radius of the CNTs and c is the length of chiral vector.



Not all the (n,m) combinations in the chiral vector are defined for MWNT chirality. The
structure and electronic properties of MWNTs are not as diverse as SWNTs and they are metallic

(18).

1.2.2. CNT synthesis
SWNTs and MWNTs have been produced through various processes among which arc
discharge, laser ablation and chemical vapor deposition are the most relevant ones for mass

production.

1.2.2.1. Arc discharge

Arc discharge is the method that CNTs were first discovered with in 1991 by lijima (16).
In this method CNTs are produced when a direct-current arc voltage is applied between two
graphitic electrodes placed in an inert gas such as Helium or Argon (Figure 1. 2). At a
temperature of about 4000K, the solid carbon atoms evaporate from the electrodes and
consequently the CNTs form during the condensation of hot gaseous carbon atoms. Buckyballs,
MWNTs and SWNTs can be made through this process. When the pure graphitic electrodes are
used, buckyballs are produced inside the chamber and MWNTs on the cathode. In order to
synthesize SWNTs, a metal catalyst is needed (Fe, Co or their mixtures) with a pure graphite
cathode (11,19). Although the arc-discharge method is very simple and common, it’s hard to
separate the obtained CNTs from the crude product including soot, catalytic metals, and various

side products such as buckyballs, amorphous carbon and graphite particles.
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Figure 1. 2. Schematic drawing of an arc discharge oven for CNT synthesis.

1.2.2.2. Laser ablation

Laser ablation technique involves the evaporation of solid graphitic electrodes into a hot
carbon gas under inert atmosphere using a pulsed or continuous laser beam. The carbon gases
condense on a collector as soot that has CNTs in it. The same as arc discharge, here the pure
graphite electrodes produce MWCNTs and the electrodes mixing with catalyst particles (Fe, Co),
produce SWCNTSs (20). While the quality of the MWCNTSs depend on temperature more
effectively when the pure graphite electrode is used, the quality of SWCNTs depend on the
catalyst particles (20).

However, these two methods (arc discharge and laser ablation) are less favored for
production of CNTs since they need expensive instruments and they consume a lot of energy.
Also, only entangled bundles of nanotubes in powder form can be produced and it’s less favored

for controlled synthesis of ordered CNT structures on substrates (11).



1.2.2.3. Chemical vapor deposition

In chemical vapor deposition (CVD) method, a volatile compound of carbon such as
ethanol or a hydrocarbon like ethylene or acetylene decompose at high temperature (500 to 1100
°C) assisted by catalyst particles (Fe, Co, Mo or mixtures) which also act as nucleation site for

CNT growth (Figure 1. 3) (11,20).
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Figure 1. 3. Schematic drawing of a chemical vapor deposition (CVD) chamber.

Both SWNTs and MWNTs can be well made through CVD process and it’s possible to
control and manipulate the morphology and structure of the obtained nanotubes. For instance
various forms of CNTs e.g. mats (21), yarns (22), vertically aligned CNTs (23), horizontal CNT
arrays (24) and patterned CNT structures (25) have been synthesized through CVD method.

Using plasma CVD instead of thermal CVD, the growth temperature can be reduced and
it is possible to grow individual, free-standing, vertical CNTs. When the gases are in the plasma
state, they become ionized and have high energy electrons (few electron volts). These electrons
supply the energy needed for chemical reactions while the gas itself is relatively cooler (300-500

K) compared to that in thermal CVD methods (26).



1.2.3. Aligned Carbon Nanotubes

Improvements have been made to CVD methods to reduce the production of amorphous
carbon on the catalyst particles and therefore increase the growth yield of nanotubes (13,14). It
has been shown that small amounts of water vapor or oxygen together with the synthesis gases
can reactivate the catalysts and enhance their performance to produce nanotubes. Therefore
longer CNTs can be obtained (14,27). Also using thin film catalysts instead of nanoparticles
results in the formation of aligned CNT structures. At growth temperature, catalyst thin films
turn into catalyst nanoparticles dispersed homogenously all over the substrate. The density and
size of the catalyst nanoparticles depend on the thin film thickness and the annealing temperature
and therefore defines the final morphology of the CNTs. A denser catalyst dispersion leads to a
more compact CNT structure, because the nanotubes lean on each other during the growth via
van der Waals forces (28). Wei et al. (28) have shown that the thinner the catalyst film, the
smaller the particles are during thermal annealing and the denser are the obtained CNTs (Figure
1.4).

It has been reported that presence of a thin alumina supporting layer enhances the catalyst
activity and density of the CNTs as well as their length and these features are influenced by the
porosity of the alumina layer (29). It’s possible to grow CNTs as tall as 1 millimeter with the

help of alumina supporting layer (30).



Figure 1. 4. AFM images (top) of Fe catalyst particles on a Si(100) substrate with 500 nm thick SiO, layer after thermal
annealing at 660 °C for 10 minutes. SEM images (bottom) of the corresponding CNTs grown on the substrates shown
above. The thickness of Fe films are (a) 20 nm, (b) 10 nm and (c) 5 nm (Adopted from ref. (28) with permission).

1.2.4. Patterned Aligned CNT Structures

Owing to the advancements in Micro and Nanotechnology, several fabrication techniques
have been developed to use the patterning processes in designing various catalyst configuration
and shapes on the wafer substrates. Photolithography is a technique in which a substrate with a
desired pattern design is made that can be deposited later with a catalyst thin film. The patterned
catalyst, when it’s used for CNT growth result in a patterned CNT structure with a three
dimensional configuration.

Basically the substrate is coated with a light-sensitive chemical called “photo-resist”, or
simply “resist”. Later, a light source (UV for example) is used to transfer a geometric pattern
from a photo-mask to the photo-resist coated on the substrate. Then the exposed area is treated
chemically either to stabilize and fix the patterned design on the photo-resist or to etch it away,

depending on the photo-resist type (i.e. negative or positive respectively, Figure 1. 5).
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Figure 1. 5. Schematic steps in photolithography and design of a patterned catalyst substrate.

The obtained pattern on the substrate can be coated with a metal catalyst through electron
beam deposition or sputtering techniques. At the end, when the photo-resist is gone at the lift-off
step, the patterned designs of the desired metallic catalyst remain on the substrate. The obtained
substrate with the patterned catalyst design can be used to grow CNTs through CVD process.
Figure 1. 6 shows typical structures of the aligned CNTs grown through a CVD method on a
patterned design of Fe catalysts on a Si/SiO; substrate. It has been shown schematically that
during the growth in the CVD chamber and at high temperatures, synthetic gases dissociate on
the catalyst patterns on the substrate, dissolve in it and later CNTs only grow at those areas
where catalyst film presents. Therefore lots of different shapes of aligned CNTs can be made
with this technique which can be beneficial for various applications and will be discussed later in

chapter 3.
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Figure 1. 6. SEM images of the patterned aligned CNT structures grown on a Si/SiO, substrate by CVD method. (a) CNT
wall shape structures, (b) Maze-like CNT pillars, (c&d) typical zoomed-in image of aligned CNTs, (e) schematic
representation of the growth mechanism of the patterned aligned CNTs on the Si/SiO, substrate, (f) ultra-tall CNT forest.
(a&b adopted from ref. (25) with permission. c,d&f adopted from ref. (31) with permission).

X20

1.2.5. Transfer of CNT patterns

One of the major applications of CNT structures is in electronic circuits as for example
inter-connects. The vertical alignment of nanotubes can enhance the isotropic electrical behavior
of the devices built with such patterns. In advanced applications, flexible substrates are of great
importance to make modern light weight flexible devices. Therefore it’s useful to find a way to

transfer CNT structures from a rigid substrate (used in CVD) to a soft polymeric substrate. Zhu
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et al. (32) transferred aligned CNTs to different substrates such as glossy paper, cloth, polymers,
glass slides, iron and copper foils at low temperatures using polydimethylsiloxane (PDMS) as an
intermediate. They first coated the target substrate with PDMS mixture and then inverted a piece
of the patterned CNT array on it and pressed. Then the whole substrate was subjected to a curing
process at 90-120 °C for 10 min. After the PDMS polymerization, they lifted off the Si substrate
and the CNTs were left on the target substrate (32).

In another approach Tsai and co-workers (33) transferred aligned CNTs directly to a
polycarbonate (PC) or polyethylene terephthalate (PET) flexible substrate. They heated the
substrates to temperatures slightly higher than glass transition of the polymers while they are
inverted and pressed on the aligned CNTs. The surface of the polymers melts down gradually
and the CNTs penetrate into the polymers and they can be taken off the original substrate when
the polymer cools down (Figure 1. 7). Sunden et al. (34) showed that the transfer of the CNT
patterns can also be done through a microwave assisted heating. During microwave irradiation,
localized heating zones induced at the silicon/CNT interface result in local temperature
exceeding the glass transition temperature of the polymer. At the same time the pressure is
applied by the weight of the silicon substrate. Therefore CNTs penetrate into the polymer and

when cooled down, they can be lift-off the silicon substrate (34).
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Figure 1. 7. Schematic drawing of direct transfer of CNT patterns into flexible polymeric substrates. (a) Deposition of a
patterned catalyst on Si substrate. (b) Growth of vertically aligned CNTs on the catalyst patterns through CVD method.
(c) Putting a flexible polymeric substrate on the CNT patterns and heating above glass transition temperature. (d)
Cooling down. (e and f) Lift-off the polymeric substrate from the Si substrate. (g) Optical image of a transferred CNT
forest on the PDMS substrate (adopted from ref. (32) with permission).

1.2.6. Capillary Condensation and Bending of CNTs

The meso and microporous gaps between aligned nanotubes can be places for diffusion
of liquids through capillary and van der Waals forces. During drying these forces compress the
nanotubes together and form solid bundles of aligned nanotubes (35-39). In CNT films, the

shrinkage and condensation of the nanotubes result in a cellular pattern structure of random

12



Figure 1. 8. SEM images of aligned CNTs structures before and after capillary induced condensation and
bending (a) semi-rod (Adopted from ref. (40) with permission), (b) concentric circular hollow rods (Adopted from ref.

(39) with permission), (c) Solid walls (Adopted from ref. (38) with permission).
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perturbations. However condensation of patterned aligned nanotubes leads to interesting new
architectures.

Figure 1. 8 shows scanning electron microscopy images of the aligned CNT structures
before and after condensation with water vapor. Volder et al. (39) demonstrated that with
controlling the initial shape and size of the CNT patterns as well as the density of the nanotubes
in the aligned structures, it’s possible to design and obtain various three dimensional
architectures which are difficult to fabricate via conventional routes. Also using the capillary and
surface tension forces, the aligned CNT patterns can be folded and bent on a substrate at a
desired direction (38) (Figure 1.8c). In chapter 4 of this thesis, it’s further discussed how this

approach was used to make aligned strips of CNT/Inorganic hybrids.

1.3. Graphene

Graphene is the 2D single atomic layer allotrope of carbon which has a honeycomb
structure of C-C bonds with sp> molecular orbital. It can be considered as the building block of
other allotropes of carbon such as buckyballs, carbon nanotubes and graphite (which is stack of
graphene layers). Graphene has been theoretically studied for over sixty years now but it was just
in recent years that Novoselov and Geim turned it to an experimental tool and started a new era
in graphene research (41,42). In 2010, Novoselov and Geim were awarded the Nobel Prize in
Physics for “groundbreaking experiments regarding the two-dimensional material graphene".

Graphene has superior electrical (intrinsic mobility~200000 cm®v™'s™), mechanical
(Young’s modulus~ 1.0 TPa), thermal (thermal conductivity~5000Wm_1K_l) and optical

properties (optical transmittance~ 97.7%) as well as a high specific surface area (~2630 m°g™")
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(43). To obtain those properties and fabrication of graphene based devices, graphene should be
isolated properly as a single layer sheet. Several approaches have been developed including gas
phase deposition on catalytic substrates (44), mechanical cleavage of graphite (45), and chemical
exfoliation of graphite flakes. The last two have received more attention due to the inexpensive
procedure they require (46). The challenge to exfoliate the graphite structure is to overcome the
hydrophobicity (most importantly to chemically exfoliate in water) and the exfoliation energy
resulted from the van der Waals attraction between the graphitic layers. The exfoliation energy is
about 61 meV/C atom and the interlayer distance is 3.34 A (47). To address this problem, one
approach is to oxidize the graphite to graphite oxide which has wider interlayer distance and is
also hydrophilic due to the polar oxygen groups formed on it. Later, the obtained graphite oxide
is dispersed and exfoliated through sonication in water to form isolated graphene oxide sheets
(GO). The GO sheets are soluble in water and can be chemically modified via various wet
chemistry approaches. Also the GO sheets can be reduced partially to the graphene sheets (43).
In this thesis, GO solutions are made chemically and used as precursors to make GO/Inorganic
layered hybrid materials (Chapter 5). Therefore next section is devoted to the literature data on

the chemical synthesis of GO.

1.3.1. Synthesis of Graphene Oxide (GO)

Chemical exfoliation of graphite in solvents is an interesting approach to make single
graphene layers due to its inexpensive precursor material (graphite powder) and its high yield.
GO is an interesting material by itself too, since it can be chemically modified and functionalized

and therefore be used as an organic material in chemical reactions.

15



Several approaches have been developed to synthesize graphite oxide, in which all of
them are similar in terms of oxidation of graphite flakes with a strong oxidative agent (48). One
uses potassium chlorate (KClO3;) and nitric acid (HNOj) to oxidize graphite (Brodie and
Staudenmaier methods), and the other one (Hummers method) uses potassium permanganate
(KMnQy,) and sulfuric acid (H,SO4) (43). The obtained graphite oxide is hydrophilic (due to the
presence of hydroxyl, carboxyl and epoxy groups bonding on its surface) and is composed of
stacks of so called GO sheets and can be easily exfoliated in an aqueous environment with
simple sonication or stirring.

In this thesis a modified Hummers method was used to produce GO solutions which will
be discussed further in Chapter 4. As in the case of other nanomaterials, large scale handling and
applications need integration and assembly of the nanomaterials into 3D architectures. Graphene
derivatives also should be made in 3D assemblies for industrial applications. To address this
issue, several approaches have been developed and various structures such as films, foams, and
sponges have been made (49). In the current study, layered GO films have been used as initial
components to make GO-Inorganic layered hybrid architectures (Chapter 4). The literature

survey on how such layered films can be produced is presented here.

1.3.2. Graphene Oxide (GO) Films and Papers

Similar to carbon nanotubes films, GO sheets can be made into thin film. Dikin and co-
workers (50) first used vacuum filteration of GO solution through an Anodisc filter to make the
GO films with different thicknesses ranging from 1 to 30 um. Through a slow filtration process,

GO sheets stack together and make a layered thin film. Water is removed through filter as well as
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evaporation from the surface. The sheets that are placed on the filter first orient randomly
because the water goes down rapidly at the very first moments of filtration. But as a very thin
film forms, the filtration speed slows down and therefore the GO sheets have more time to
sediment and stack together and make a uniform layered structure. Thus, the obtained final film
have a more ordered structure in the middle (50).

Figure 1. 9 illustrates the SEM and digital images of a typical free-standing GO film
which is made through vacuum filtration on an Anodisc membrane. The surface of the film as it
can be seen is more crumpled and wrinkled and the middle part is more uniformly layered. After
filtration and during drying, the GO sheets bond together via van del Waals forces. The obtained

film is mechanically strong and the tensile modulus can be as high as 32-42 GPa (50).

Figure 1. 9. (a) Digital image of the free-standing GO film, (b&c) SEM images of the GO film made by vacuum filtration
(Adopted from ref. (50) with permission).
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Another approach to produce GO films and papers which is relatively faster than the
filtration technique is simply heating of the GO solution. During heating and as water evaporates,

a film forms at the air/water interface (49) (Figure 1. 10).

GO solution  Water Evaporation GO Film

Figure 1. 10. Schematic drawing of GO film fabrication through evaporation.

In the current study, GO films were fabricated through vacuum filtration and were used
as templates to make layered GO/Inorganic hybrids via nanostructure synthesis approaches

(Chapter 4). The inorganic synthesis approaches are discussed in the following section briefly.

1.4. Chemical Synthesis of Inorganic Nanostructure Materials

Chemical approaches are convenient routes to produce inorganic nanostructure materials
due to their inexpensive process and the ability to control the morphology and assembly of the
constituents as well as the density of the obtained material easily. Several ways have been
developed in order to fabricate lots of different inorganic materials with enormous morphological

variations. Different 0D, 1D, 2D and 3D architectures have been produced and used in
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experimental and industrial applications. The main routes however utilized similar activation
energies for the synthesis such as temperature and pressure (hydrothermal synthesis) (51),
microwave energy (microwave synthesis) (52), ultrasound energy (ultrasonic synthesis) (53) or
their combinations (microwave-hydrothermal synthesis). The affecting parameters can be
pressure, temperature, concentration of precursor materials, pH, and the solvent type. These
processes can be either templated (directed self-assembly using soft or hard templates) or
template-free (54—61). Here in this study, microwave synthesis was used as a facile approach to
fabricate inorganic nanostructures such as ZnO, Co304, MnO,, Ag, Fe;04, and hydroxyapatite. In
chapter 2, patterned synthesis of ZnO nanostructures is demonstrated as an example for UV-
sensory applications. In chapters 3 and 4, the CNT/inorganic and GO/inorganic hybrids were

fabricated through the microwave synthesis approach.
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CHAPTER 2. Microwave-assisted Chemical Synthesis of Zinc Oxide Patterns

2.1. INTRODUCTION

During recent years considerable attention has been devoted to the preparation of
semiconductor micro/nano structures, e.g. Zinc oxide (ZnO), on Si/SiO, substrates for electronic
and photonic applications (62,63). Different top-down and bottom-up approaches, such as vapor-
liquid-solid (VLS), metal-organic chemical vapor deposition (MOCVD) and self assembled
layers, have been proposed for site-selective growth of ZnO structures as a prerequisite for the
integration into applicable devices (64—66). However these methods are mostly time-consuming
and either need high temperature or require a catalyst which may introduce undesirable
impurities into the final product (67). Another deficiency is their limitation in morphological and
property variations compared to chemical synthesis methods (68). On the other hand, ZnO is a
promising material for using in photovoltaic devices and sensors, due to its intrinsic UV and
photo-sensitivity arising from its large band gap and exciton binding energy (69). Therefore
finding a simple and rapid way to make patterned arrayed structures is beneficial in developing
advanced devices and sensors.

In the current Chapter (Chapter 2), a fast and scale-upable approach is demonstrated for
direct on-substrate patterned growth of ZnO nanostructures, which is a synthesis method
designed to be compatible with a wide range of substrates and aimed to easily integrate
nanostructures into arrayed devices and circuits. For the rapid production of ZnO nanostructures
at controlled densities and locations, this method combines standard micro-fabrication
techniques with microwave-assisted chemical synthesis. This microwave-synthesis approach is

used later to fabricate CN'T/Inorganic and GO/Inorganic hybrids.
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Figure 2.1. Direct on-substrate synthesis of ZnO nanostructures (Adopted from Ref. (56) with permission).

2.2. Experimental Procedure

Using a two mask photolithography technique, electric contact (50 nm Pt on 2 nm Ti) and
photo-resist (Shipley 1808) patterns were made on a Si/SiO, substrate (50 nm thermally grown
oxide). The substrate was then immersed in a solution with zinc containing precursors and
irradiated with microwave using a home-style microwave oven. The substrate, now carrying ZnO
nanocrystals, was final washed in acetone (Figure 2.1a-c). The final step rendered patterned ZnO
in only designated areas on SiO, bridging Pt electrodes and thus semiconductor-on-insulator
(SOI) type of devices were made and ready for electrical measurements. The detailed synthesis
procedure is presented below.

A mixture of ammonia and deionized water was made (1:3 ratio). Then zinc acetate
dihydrate powder (ZnAc, Zn(COOCH3),*2H,0, 1 g, ACS grade) was added to the mixture while
vigorously stirring. When all the powder was dissolved, a clear solution was obtained (pH = 12).
Then the substrate having the Pt electrodes on it was placed horizontally in the solution in a
beaker, put into a microwave oven (2.45 GHz, 900W), and irradiated for 30 s. The solution
temperature is about 75 °C right after the synthesis. Then it was rinsed repeatedly with DI water

and acetone.
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The microwave-assisted synthesis process (30-60 seconds in duration) is compatible to a
wide range of substrates, including glass, plastic (PET), metal (Pt, Au), and polymer (PMMA)

thin films.

2.3. Results and discussion

X-ray diffraction (XRD) pattern of the obtained ZnO nanostructures was measured using
an X'Pert Pro X-ray powder diffractometer manufactured by PANalatycal and is shown in Figure

2.2. The peaks are attributed to a well crystallized ZnO structure with wurtzite crystal lattice.
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Figure 2.2. XRD pattern of the obtained ZnO nanostructures by microwave-assisted synthesis (Adopted from Ref. (56)
with permission).
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Figures 2.3a-b show the SEM images of a device array with rectangular patches of ZnO
nanostructures connected to macroscopic electrodes. The array is a part of a larger circuitry, of
which an optical image is shown in Figure 2.3f. The devices have channel length varying from 2
pm to 100 pm. The width of each device is 100 pm. A zoomed-in image of one device shows a
monolayer of interconnected ZnO particles bridging two electrodes (Figure 2.3c). The ZnO
nanostructures have a flower-like morphology with some hollow petals (Figure 2.3d).

The ZnO synthesis is done in an ammonia water solution:

NH; + H,O — NH;" + OH (1)

After addition of zinc acetate powder, ammonia and hydroxyl ions in the solution form
ammonia-zinc complexes and zinc hydroxide ions (70).

Zn** + 4NH; — Zn(NH3),’ 2)
Zn* + 40H — Zn(OH),~ 3)

When the mixture is irradiated with microwave Zn(NH3)42+ and Zn(OH)42' act as growth
units for the formation of ZnO structures (71,72).

Zn(NH3)s*" +20H —> ZnO +4NH; + H,O  (4)
Zn(OH)s* — ZnO + H,0 + 20H° (5)

Microwave energy is known to decrease synthesis time and increase the crystallinity of
the obtained materials (73-75). Ammonia, which produces a large amount of hydroxyl anions
quickly in the aqueous solution, acts as the mineralizer. Zn(NH3)42+ and Zn(OH)42' physi-
absorbed on the substrates act as active sites for ZnO crystallization and further serve as

nucleation sites for the growth of star-shaped or flower-like structures (Figure 2.3). ZnO formed

23



on Si0,, glass, and Pt surfaces are alike, which indicates that the exact chemical composition of

substrates is not important.

Active sites Aggregation Growth

Figure 2.3. SEM and digital images of the integrated device array and the ZnO nanostructures. (a-c) ZnO clusters at
designated locations with long metal connections. (d) A single ZnO flower-like nanostructure with hollow petals (inset), (e)
Schematic of the possible growth mechanism, (f) Digital image of the device with the Pt electrodes patterned on a Si/SiO,
substrate (Adopted from Ref. (56) with permission).
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Further, surface-anchored ZnO structures are identical to their counterparts in solution
phase, only devoid of large aggregates and therefore more uniform in size. The density and
morphology of the on-substrate patterned ZnO can be controlled by adjusting process parameters
such as zinc containing precursor concentration and pH. Microwave irradiation can be repeated
multiple times to further increase ZnO density if desired. The microwave synthesis condition
allows extremely fast growth in a short period of time, thus sharp petal-like structure is favored.
The basal (0001) plane, which has the highest growth rate, is believed to result in a sharp tip

along c-axis (76).

2.3.1. Photo-response of the patterned ZnO devices

Figure 2.4 shows the typical photo-responsive characteristics of the device with patterned
Zn0 interconnects. The dark current is about 500 nA at 5V bias. Under UV (wavelength = 358
nm, filtered beam of 100W Hg lamp) illumination, the current is about 100 times higher,
demonstrating a large UV response in comparison with white illumination or dark current which
implies that the patterned arrays act as a relevant optical switch.

Interestingly all the I-V curves show non-linear, asymmetric patterns which is likely due
to Schottky barriers formed by metal-semiconductor contacts. ZnO-Pt Schottky diodes have been
reported previously where Schottky contacts were necessary for certain electronic and
optoelectronic applications such as UV detector, transistor, sensor and particularly
nanogenerators (77-82). In these reports, several gas-phase deposition techniques (e.g. molecular

beam epitaxy (MBE) and pulsed laser deposition (PLD)) and post-synthesis transfer were used to

25



make ZnO-Pt contacts. In this study, arrayed ZnO-Pt Schottky diodes were easily made as

optical sensory/switch devices using a microwave-assisted chemical route.
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Figure 2.4. I-V curves of a ZnO device in darkness and during exposure to white and UV lights. Inset shows the small
dark current (Adopted from Ref. (56) with permission).

The response of current transported through a microdevice to UV was further monitored
over time while applying a constant 5V bias across the Pt electrodes (Figure 2.5). The device
showed a fast initial response to UV illumination (from ~160 nA to ~210 pA in 120 seconds) and
then slowly reached saturation (~250 pA) after about 1000 s. The current decayed rapidly after
UV was turned off, indicating a fast recombination of electron-hole pairs in the ZnO

nanostructures due to the highly crystallized structure and low surface defects (83). Such device
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behavior can be beneficial in applications demanding short on-off cycles like optical switches.
Figure 2.5b shows the on/off UV-response of the device while it reaches the saturation. The
curves show that the rate of increasing current elevates with number of on/off cycles. In other
words, the current reaches the saturation faster for more cycles. Figure 2.5¢ shows the on/off
behavior of the device at different time intervals before saturation time (1min, 2min, 30s, 10s,
5s). The current increases both with the number of on/off cycles and larger time intervals. Short
on/off times show the fast response of the device to UV light confirming the potential application

of the device for rapid UV sensing applications.
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Figure 2.5. I-t curves of a ZnO device in response to UV illumination showing (a) full range, (b) on/off cycle operations to
saturation, (c) fast on/off cycles (I:1min, II:2min, III:30s, I'V: 10s, V:5s), (d) zoomed area of on/off cycles showing only
sections IIL, IV and V (Adopted from Ref. (56) with permission).
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2.4. Conclusion

In conclusion, patterning and integration of flower-like ZnO nanostructures into
electronic circuits using a rapid microwave-chemical method was reported which can be readily
used on wafer scale. Fabrication of ZnO UV sensors with high sensitivity and rapid on/off
response time was demonstrated. The microwave-assisted chemical synthesis is compatible to a
wide range of substrates and also photo-resists commonly used in lithography. Our results
suggest that on-substrate crystallization did not alter the morphology of the ZnO nanostructures
compared to those in solution. The microwave synthesis approach presented in this chapter is
used to fabricate 3D architectures of CNT/inorganic (Chapter 3) and GO/inorganic hybrids

(Chapter 4).
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CHAPTER 3. Carbon Nanotube/Inorganic Hybrids

3.1. Introduction

Carbon nanotube (CNT) is considered a class of particularly interesting functional
materials for any changes to their surface or structure results in novel materials with improved
physical (electric, thermal, and mechanical) and chemical properties for a diverse set of
applications. One approach is the enhancement of CNT properties using inorganic materials.
This is done through the decoration of the CNT with a thin layer of nanoparticles and fabrication
of CNT/Inorganic hybrid materials (84-96).

Ajayan et al. (84) first reported fabrication of CNT/V,0s structures by grinding purified
CNT with vanadium oxide powder followed by a sintering step. They made a thin layer of V,0s
on the surface and in the inter-tube space of the CNTs (84). Later, several groups reported the
decoration of CNTs with inorganic particles such as ZnS (85), ZnO (86-88,96), Cu,0O (89),
Ce,03 (90), CoO, NiO (94), Fe304 (95) and Fe,03 (97).

One can divide these reported synthesis methods into two main categories:

1) In-situ synthesis: includes the dispersion of CNTs in a metallic precursor
solution followed by a direct chemical synthesis of inorganic nanoparticles on
the CNT surface using a convenient chemical synthesis approach such as

hydrothermal (97,98), microwave synthesis (85) or ultrasonication (86)).

2) Ex-situ synthesis: is to functionalize CNT sidewalls with organic functional
groups followed by the physical or chemical attachment of previously

synthesized inorganic nanoparticles on the CNT surface (89,95).
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Both categories of methods, however, use dispersed CNT and lead to bulk composite
materials with randomly oriented CNT among an inorganic matrix(3). Such structures make a
poor connection between the CNTs and the matrix and ultimately affect the hybrid properties.
Furthermore, it is not suitable for fabricating 3D architectures and hierarchical nanostructures
with specified CNT orientations. To do so, new types of hybrid architectures are introduced with
organized orientation and alignment while maintaining their 3D configuration. Such hybrids are
fabricated through direct synthesis/coating of inorganic materials on the surface of aligned 3D

CNT structures.

3.1.1. Aligned CNT/Inorganic Hybrids

A few studies were reported recently on the decoration of aligned CNTs with metal
oxides (MO) to fabricate CNT/Inorganic hybrids (91,93,99,100). Hu et al. (91) coated CNT
forests with ZnO using ALD and measured its piezoelectric characteristics after transferring it
onto a flexible polyurethane substrate. Li et al. (92) also used ALD to coat the plasma enhanced
chemical vapor deposition (PECVD) grown vertically aligned CNTs with ZnO nanoparticles and
measured its optical properties. Fang et al. (99) sputtered RuO, directly on arrayed multi-walled
carbon nanotubes and showed a significant enhancement in supercapacitor performance. In
another approach, Reddy et al. (101) used porous alumina templates to first make the MnO,
tubular shells, then filled the inside core with CNTs using the CVD method. Although these
methods are great steps toward the fabrication of 3D hybrid CNT/MO structures, they lack
generality in terms of structure geometries, oxide types and morphologies. In addition, ALD

methods are relatively time consuming and expensive and have limited coating depth. It is
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desirable to develop chemical synthesis methods that are cheaper and more versatile in
production of various inorganic materials. However, only few studies attempted so far and they
were on the CNT forest structures (100,102). Raney et al. (102) have shown that when the
empty space among the aligned CNTs in a forest structure is filled with SnO, and MnO,, the
foam-like energy dissipative response of the hybrid is higher than a CNT forest alone.

In the current study, a fast and convenient microwave-assisted chemical approach is
presented to fabricate a wide variety of complex geometries (through patterning or capillary
forces) of three-dimensional (3D) aligned CNT/Inorganic hybrid architectures which is also
suitable for making various metal oxide structures; among these are Cobalt oxide, Zinc oxide and

Manganese oxide which are demonstrated here (Chapter 3).

3.1.2. Synthesis of Mesoporous Materials

Another significant feature of the presented approach is that CNTs can act as sacrificial
templates that can be removed from the CNT/Inorganic hybrid structures leaving behind
architectures of mesoporous inorganic materials. Previous attempts at fabricating mesoporous
materials used either organic templates, such as surfactants, or inorganic frameworks, such as
silica (e.g. MCM-41, SBA-15, and KIT-16) (103-105).

For many applications including sensors and catalysis, 3D ordered mesoporous structures
are beneficial and functional since they have higher surface area compared to randomly ordered
porous materials. Using soft and hard templates, such structures have been made and reported
extensively (103,106—110). For instance, 3D mesoporous silica powders (KIT-6 and SBA-16)

were used by Xia and co-workers (106) to prepare cobalt oxide mesoporous ordered structures

31



with improved catalytic activity. Hard templates should be removed after the synthesis using
highly basic solutions or HF (106). However the template removal can affect the structure and
porosity of the obtained mesoporous material.

Soft templates are the original source of making the mesoporous materials since the hard
templates are also made from highly ordered soft templates. However the micellar ordered
structures are not very stable and can be disrupt during the synthesis due to the changes in
surface charges or temperature and it’s not favored for fabrication of all kinds of mesoporous
metal oxides (107).

The new CNT-based synthesis approach presented here can be a unique alternative for
the fabrication of 3D mesoporous structures either in the form of CNT/Inorganic hybrids or
inorganic nanostructures, which could have significant applications in optoelectronics and
energy generation/storage such as photovoltaic, battery and supercapacitors. In another words,
aligned CNT patterns not only act as templates with tunable ordering for synthesis of all kinds of
mesoporous 3D metal oxides, but also are functional component in the hybrid structure.
Therefore 3D mesoporous architectures can be fabricated directly through the process discussed
in the current thesis. Also, the template removing step is more convenient as a thermal annealing
procedure compared to acid or base washing routes because it’s possible to control the annealing

atmosphere and temperature to manipulate the metal oxide structure.

3.1.3. Microwave Energy vs CNT Interactions
Microwaves are part of electromagnetic spectrum with frequencies in the range of 0.3-

300GHz. They have a broad range of applications including radar and telecommunications.

32



However in synthetic chemistry and for heating purposes, the instruments operate at 2.45 GHz.
Microwave energy has received significant attention in research and industry for the synthesis of
organic and inorganic materials due to the advantages it has over the conventional thermal
synthesis processes (56,60,111-113). Higher yield and reaction rates as well as uniform heating
fashion throughout the solution in comparison with the conventional approaches made the
microwave energy a convenient source for materials synthesis. However different materials and
species absorb diverse amount of microwave energy due to the various mechanisms govern the
absorption of microwave energy. One of them is dipolar mechanism and the other one is ionic
conduction.

Dipolar mechanism happens when polar molecules (e.g. water) are irradiated with
microwaves. The alternating electric field of the microwaves results in the rotation of polar
molecules, trying to follow the alignment of the electric field, thus makes friction and collision
among molecules and therefore an increase in the dielectric heating.

The other mechanism which is called ionic conduction is when ionic species travel in the
solution in the direction or against the direction of the applied alternating electric field by
microwave irradiation. This also results in the rapid temperature increase. The amount of the heat
generated by the mentioned mechanisms is governed by the dielectric properties of the irradiated
substance (114,115) .

Sp*-carbon materials such as CNTs and graphene absorb microwave energy through a
Joule heating mechanism that is related to their electrical conductivity (116,117). The local
heating zones on the sp’-carbon structures created by the microwave irradiation act as relevant
sites for inhomogeneous nucleation of inorganic materials (116) which leads to rapid formation

and precise coating of the CNT and graphene architectures with inorganic nanoparticles.
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Therefore in this thesis microwave synthesis was used as a convenient route to fabricate

. . . 2 . . .
inorganic materials on sp”-carbon materials in situ.

3.2. Experimental Procedures and Results

3.2.1. Synthesis and manipulation of aligned CNTs

Vertically aligned CNTs were grown using the chemical vapor deposition (CVD) method
with high purity ethylene, hydrogen and argon as the synthesis gases (70:70:70 sccm) in a 1-inch
tube furnace (Lindberg). The growth temperature was 725°C and the catalyst used was a 4 nm Fe
film E-beam evaporated on Si<100>/SiO, wafers. The Fe film was patterned by standard

photolithography using AZ3330 photoresist and LOR15A as the lift-off resist.

Figure 3.1. SEM images of the aligned CNT patterns obtained by CVD method. (a) Solid pillars, (b) Star-like pillars, (c)
Hollow pillars, (d) CNT forest (inset is the high magnification image, scale bar is 2um). (c&d) are Reprinted with
permission from ref. (118). Copyright 2013 American Chemical Society)
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Basically, the patterns are transferred from a photo-mask on the photoresist using UV
exposure. Then the exposed areas are washed away with a developer and finally Fe thin film is
deposited on it. The final pattern is washed with acetone and isopropanol to remove the
photoresist. Thus, the Fe pattern remains on the substrate where it’s directly deposited on it. If no
patterning is done and just a thin Fe layer is deposited on Si/SiO, substrate, one can grow aligned
CNT forests via CVD. Figure 3.1 illustrates the aligned CNT that can be grown in our CVD
synthesis process. The porous nature of the initial CNT patterns and the alignment of the large-
aspect ratio CNTs are the key enabling factors for manipulating the CNT through liquid
condensation and for deposition of inorganic nanoparticles on the CNT surfaces (Figure 3.1d).
With a simple thermal atmospheric CVD system, an extremely high yield of 46 mg/cm® with

CNT reaching a length of 1mm was achieved (Fig.3.1d).
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Figure 3.2. TEM image of the CNTs grown by CVD method at 725 °C using 4 nm Fe thin film. Inset show the AFM image
of the Fe nanoparticles which were annealed at 725°C (Reprinted with permission from ref. (118). Copyright 2013
American Chemical Society).

TEM image (Figure 3.2) shows that the CNTs grown by CVD have an average outer
diameter of 7 nm, which are well correlated to the density and size of the Fe catalyst particles
(Figure 3.2; Inset).

Using liquid condensation, one can fabricate new designs of 3D CNT structures.
Condensation makes a network of honeycomb like patterns when the CNT forest dries (Figure
3.3a). The patterns with sharp sides, become sharper when condensed (Figure 3.3b&c) and the
solid pillars make a needle-like structure (Figure 3.3d). Such condensation and bending feature

can be used to manipulate the structure of the 3D architecture when inorganic material is being
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synthesized on CNTs through the chemical reaction. Later in this chapter, it is illustrated how
aligned CNT walls were used to be coated with cobalt oxide nanoparticles and be bent on the

substrate to make continuous strips simultaneously.

Figure 3.3. Capillary induced condensation of vertically aligned CNT structures.

3.2.2. Metal oxide (MO) Precursors
To demonstrate the CNT-templated synthesis of CNT/Inorganic hybrids, three different

metallic precursor solutions were used respectively:
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3.2.2.1. Cobalt oxide/CNT

In 30 mL DI water, 10 mL ammonium hydroxide solution (NH4OH, 30%, ACS GR, Alfa
Aesar) was added while stirring. Then 0.11 g cobalt acetate powder (C4H¢CoOs, ACS GR,
Sigma-Aldrich) was added to the mixture. The darkish solution was then used as the precursor

solution for the synthesis of Cobalt oxide/CNT hybrid structures.

3.2.2.2. Zinc Oxide/CNT

10 mL ammonium hydroxide solution (NH4OH, 30%, ACS GR, Alfa Aesar) was mixed
with 30 mL deionized (DI) water while stirring. Then 0.2 g zinc acetate dihydrate crystalline
powder (Zn(OOCCH;),.2H,0, ACS GR, Alfa Aesar) was added slowly to the solution. The
homogenous clear solution was then used as the precursor solution for the fabrication of

ZnO/CNT hybrid structures.

3.2.2.3. Manganese oxide/CNT

0.158 g potassium permanganate crystals (KMnO4, ACS GR, EMD chemicals) were
dissolved in 40 mL DI water while stirring. Then 1 mL of hydrochloric acid (HCl, 37%, EMD
chemicals) was added drop wise to the mixture. The clear blue solution was then used as the

precursor solution for the synthesis of Manganese oxide/CNT hybrid structure.

3.2.3. Microwave Synthesis of Aligned CNT/Inorganic hybrids
Figure 3.4 shows the experimental steps involved in this chemical approach for the

synthesis of 3D CNT/MO mesoporous architectures using CNT patterns as templates. Three
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dimensional CNT patterns were plasma cleaned in an oxygen atmosphere to become more
hydrophilic. Then they were immersed into a metallic precursor solution (Figure 3.4, step 1)
under mild vacuum conditions (27 inHg Vac.) and left there for 30 minutes in order to have the
precursor molecules infiltrate the inter-tube space. The solution is then irradiated in a microwave
oven (2.45 GHz, 900W) for 30-60 seconds (Figure 3.4, step 2).

Microwave is known to accelerate the nucleation and formation of MO nanoparticles
(52,55,56,119). This quick irradiation step renders a monolayer of crystalline metal oxide
nanoparticles (10-30 nm in diameter) grown directly on the surface of individual CNTs, while
preserving the overall configuration and shape of the original CNT patterns. Later, the
nanoparticle-decorated 3D CNT arrays are taken out of solution and dried at 80 °C in air (Figure
3.4, step 3) or annealed at 650 °C (Figure 3.4, step 4). With this method, one can fabricate a wide

range of 3D architectures.

Aligned CNT Soak in the Microwave CNT/Metal Oxide 3D mesoporous
tt precursor synthesis mesoporous metal o_xnde
patiem hybrid structure nanoarchitecture

1 2 3 4 ..
Q
Figure 3. 4. Schematic representation of the experimental steps showing the fabrication of 3D mesoporous hybrid

CNT/MO architectures and 3D mesoporous MO structures (Reprinted with permission from ref. (118). Copyright 2013
American Chemical Society).

The detailed chemistry dealing with the synthesis of ZnO nanostructures was discussed in
Chapter 2. The chemistry in the synthesis of Co3O4 nanoparticles involves the Co®* ions making

hexamine complexes [Co(NH3)g]?t and [Co(NH;3)¢]?" in aqueous ammonia, which are then
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absorbed onto the CNT surfaces and decompose to Co304 when irradiated with microwaves
(120):

4[Co(NHs)g)?t + 0, + 2H,0 — 4[Co(NHs)c]3+ + 40H™  (6)

12[Co(NH3)e]3+ + 360H™ - C050, + 72NHs + 0, + 18H,0  (7)

The detailed chemistry for synthesizing MnO, nanostructures with microwave irradiation
is that in the acidic media, manganate ion (Mn0Z") is stable and works as the growth unit for
synthesis of MnOx :

3Mn0; +4H* — 2Mn0O; + MnO, + 2H,0 (8)

The initial CNT patterns can be defined by standard photolithography. By varying the
precursor specie, concentration, pH, as well as the microwave irradiation condition, the MO type,
size, and density can be determined. During drying, the CNTs (coated with MO nanoparticles)
go through elastocapillary induced densification and thus offer additional flexibility in tuning
density and morphology of the final structure. The final annealing step in Figure 3.4 offers
another supplementary advantage, which allows further tuning of the hybrid structures via the
gas environment and temperature. This annealing step can be used for instance to increase
crystallinity and size of MO nanoparticles with CNT preserved (in an inert gas, e.g. Argon) or
CNT removed (in O, or air), to reduce MO to a metallic phase (e.g. in H, atmosphere) or to dope
them with desired dopants (e.g. in N gas).

The shape and morphology of the obtained CNT/MO patterns were characterized by
scanning electron microscopy (SEM, Zeiss LEO 1550). Depending on the photo-lithographically
defined Fe catalyst patterns (typical dimensions of 10 to 500 um), various geometries of

vertically aligned CNT structures can be made, for example walls and hollow pillars as shown in
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Fig. 3.5a & 3.5f '. Furthermore, the possibility of altering the spatial feature of the 3D CNT
structures with liquids, termed elastocapillary condensation, was studied (39,121). CNT walls
were bent using DI water to form aligned strips on the surface, which were shown to preserve the
CNT alignment after bending (Fig.3.5b &3.5c). It was hypothesized that similar structure
modification could be achieved with precursor solutions, which was confirmed experimentally.
Fig.3.5d shows the aligned CNT strips laid down on the substrate and coated with cobalt oxide
(Co304) nanoparticles as synthesized. When using patterns of aligned CNTs in the hollow pillar
format (Fig.3.5f), the densification during the drying step transforms them to a more condensed
and needle-like structure (Fig.3.5g). By manipulating the original size of the CNT hollow pillars,
it is possible to obtain various shapes, from needle-like structures (smaller objects) to volcano-
like morphologies (larger objects). Recent reports suggest that a wide range of interesting 3D
architectures can be fabricated through liquid condensation processes such as these and are

potentially applicable in making 3D CNT/MO hybrids (39,121).

! Photo-Lithography of some of the patterns was performed thanks to the help of my colleague Mrs. Samaneh

Shadmehr.
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Figure 3.5. SEM images of the aligned CNTs, 3D hybrid CNT/MO architectures and 3D MO architectures. (a) CVD-
grown vertically aligned CNT walls, (b) laid down CNT walls to form strips on a SiO, substrate using DI water, (c)
zoomed-in image of the corresponding CNT strips, (d) CNT strip/Co3;0, hybrid(Inset shows EDX), (e) Co30, strips after
annealing of the corresponding CNT/Co30, hybrid in air at 650 °C (Inset shows EDX),(f) Hollow pillars of vertically
aligned CNTs, (g) liquid condensed hollow needles, (h) ZnO hollow needle, (i) zoomed-in images of ZnO hollow needle, (j)
CNTs decorated with Co;04 nanoparticles (Inset is the TEM image of Co;0,4 nanoparticles), (k) SEM image of a typical
fibrous structure made of ZnO nanoparticles after annealing and removal of the CNT template (Reprinted with
permission from ref. (118). Copyright 2013 American Chemical Society).
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TEM investigation also shows the coverage of individual CNTs with cobalt oxide
nanoparticles with average diameter of less than 20 nm. For TEM sample preparation, sonication
is necessary to disperse aligned CNTs which are so entangled. Therefore, some of the
nanoparticles were detached from the CNT surface during sample preparation with sonication

(Figure 3.6).

(I T T T I I O
HD-2000 200kV x100k ZC 300nm

Figure 3.6. TEM image of a single CNT coated with Co;0,4 nanoparticles.
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3.2.4. 3D Mesoporous Inorganic Architectures

As is evident from the energy dispersive X-ray spectroscopy (EDX) analysis and
scanning electron microscopy (SEM) images (Figures 3.5d&e and 3.7), annealing of the
CNT/Co0304 and CNT/MnO;, strips in air at 650°C removed the CNTs and increased the size of
the Co304 and MnO, nanoparticles and pores, while preserving the original alignment. Figure
3.5h shows that a highly porous, hollow needle-like ZnO architecture can be achieved after

annealing of the CNT/ZnO hollow pillars in air.
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Figure 3.7. (a) Hybrid CNT/MnQO, mesoporous structure. (b) Mn,0; aligned structure after annealing and removal of
CNTs (Reprinted with permission from ref. (118). Copyright 2013 American Chemical Society).

These results suggest that thermal annealing is effective in removing CNT templates and
achieve high-porosity 3D architectures of nanoparticulated MOs, applicable to various MO types
and geometries. The high fidelity of the remaining MO architectures is only possible when there
is a complete and yet uniform layer of MO nanoparticles decorating individual CNTs, as shown
in Fig. 3.5].The inset of Fig. 3.5j is a TEM image of Co3;0O4 nanoparticles after annealing in air
and dispersed in ethanol solution for the purpose of studying their size and shape, which is

estimated to be 30 nm in diameter. Fig.3.5k shows a single fibrous structure made of 15-20 nm
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Zn0O particles after annealing and removal of its single CNT template. It appeared that
neighboring ZnO nanoparticles joined together during annealing and therefore became self-
supporting after CNT removal. This data indicate that our method could also be a novel approach
for the one-dimensional assembly of nanoparticles, which is a subject under intensive research

(122).

3.2.5. BET and Pore Size Distribution of the CNT/MO hybrids

The pore characteristics of the initial CNT patterns, CNT/MO hybrids, and the MO
architectures were studied. The surface area and pore size distribution measurements were
performed by Brunauer-Emmett-Teller (BET) technique using a Quantachrome Autosorb
Automated Gas Sorption System. BET measurements showed that the CNT patterns have a
specific surface area of 548 m”/g, which is closely matched to the theoretical specific area of
MWNTs with 5 nm inner diameter and 7 nm outer diameter. This indicates the accessibility of
individual CNTs devoiding bundles as often encountered in solution dispersed methods. In
addition, it is suspected that the alignment of CNTs allowed N, gas molecules to penetrate
deeper into the structure and thus the higher BET surface area achieved in this study compared to
randomly ordered CNTs reported by others (123). The adsorption-desorption curves (inset of
Figure 3.8) of the vertically aligned CNTs and aligned CNT/Co304 hybrid structures both show a
typical hysteresis attributed to a mesoporous structure, while having different pore sizes and BET
surface areas. The first two peaks in Figure 3.8 are attributed to the intra tubular pores, which
were preserved before and after Co3O4 synthesis. The size of the mesopores attributed to inter

tubular spaces increased after Co3O4 formation (refer to the shaded boxes in Figure 3.8). The
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BET specific surface area of the nanoparticle decorated aligned CNTs is approximately 357 m*/g
and the pore sizes are between 9-18 nm.

CNTs were able to absorb high levels of microwave energy and cause localized heating,
which enabled the rapid decoration of Co3;0O4 nanoparticles on CNT outer surfaces
(116,117,124). The nanoparticles that decorate the CNT surfaces can also fill the mesopore
spaces in aligned CNT arrays, make new connections between adjacent CNTs and form pores of

various sizes that result in the formation of new surface configurations.
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Figure 3.8. Pore size distribution of the aligned CNT structure (red) and aligned CNT decorated with Co3;O4 nanoparticles
(blue). Inset shows the corresponding Adsorption-desorption isotherms (Reprinted with permission from ref. (118).
Copyright 2013 American Chemical Society).

3.2.6. X-ray Diffraction Results
Phase and crystalline structures of the oxides were identified with X-ray diffraction
analysis (XRD, PANALYTICAL X’Pert Pro MRD X-ray diffractometer). Figures 3.9a&b show

the XRD patterns of the CNT/ZnO and CNT/Co304 hybrid structures after microwave irradiation
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(before annealing) as well as after annealing in air. It is evident from the differences between the
sharpness of the XRD peaks that annealing has increased the crystallinity of the ZnO and Co30;4
structures. XRD results show that manganese oxide nanostructures were present after annealing

of the synthesized CNT/MnO; hybrids in air (Figure 3.10).
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Figure 3.9. (a) XRD spectra of CNT/ZnO hybrid architecture after microwave synthesis (blue) and annealing at 650 °C in
air (red). (b) XRD spectra of CNT/Co304 hybrid architecture after microwave synthesis (blue) and annealing at 650 °C in
air (red) (Reprinted with permission from ref. (118). Copyright 2013 American Chemical Society).
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Figure 3.10. XRD of manganese oxide structures after annealing at 650 °C (Reprinted with permission from ref. (118).
Copyright 2013 American Chemical Society).
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3.3. Application of CNT/Co030,4 3D Hybrid Architecture for Energy Storage

3.3.1. Electrochemical Measurements'

Using the BIOLOGIC-VMP3  model potentiostat/galvanostatic ~ apparatus,
electrochemical measurements were conducted on as-fabricated aligned strips of CNT/Co0304
structures laying on a Si/SiO, substrate. The sample was coated partially with gold to make the

proper connection for performing the test. A digital image of the sample is shown in Figure 3.11.

Figure 3.11. CNT/Co050, aligned strips laid down on the Si/SiO, substrate. The top part has been coated with gold to make
a connection for the test (Reprinted with permission from ref. (118). Copyright 2013 American Chemical Society).

A 3-electrode cell was utilized for measurements in which the substrate was used as the
working electrode, a platinum wire as the counter electrode and a double junction Ag/AgCl
electrode filled with 3.5M potassium chloride (KCI) half-cell served as the reference electrode.
The electrolyte used was an aqueous solution of 2M potassium hydroxide (KOH). Galvanostatic
cycling and cyclovoltametric with potential limitation (-0.2V to +0.3V vs Ag/Agcl) were used to

measure the capacitance and charging/discharging current density of the CNT/Co30y strips.

! E-Chem tests were performed thanks to the help of Mr. Yverick Rangom, PhD. student at Dr. Linda Nazar’s Lab (our

collaborative).
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Galvanostatic and cyclic voltammetric (CV) tests were performed to illustrate the
capacitive characteristics of the aligned CNT/Co030; strips. CV tests were conducted at scan rates
of 10, 30, 50 and 100 mV/s, between 0 and 0.5 Volts (vs. NHE) in 2M KOH aqueous electrolyte.
The CV curve (Figure 3.12) reveals two peaks: an oxidation peak around 0.3V and the
corresponding reduction peak around 0.25V for 10 mV/s scan rate. This is in agreement with
results for Co304 electrodes (125,126) where the same quasi-reversible redox reaction takes

place at the same potentials. Reduction-oxidation of cobalt oxide Co3Q; is as follows (125,126):
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Figure 3.12. Electrochemical measurement data of aligned strips of hybrid CNT/Co;0,4 in a 2M KOH electrolyte. (a)
Cyclic voltammograms at scan rates of 10, 30, 50 and 100 mV/s. (b) Cyclic voltammograms of SiO, substrate, pristine
aligned CNT, and aligned CNT/Co30, hybrid strips at a scan rate of 100 mV/s. (c) Galvanostatic charge-discharge vs.
time at 200 pA constant current. (d) Areal capacitance and Coulombic efficiency during 1000 charge-discharge cycles

(Reprinted with permission from ref. (118). Copyright 2013 American Chemical Society).
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Co304 + H,O + OH™ & 3CoOOH + e~ 9

In CNT/Co304 hybrid mesoporous architectures, aligned CNTs act as the current
collector and transfer the charge from the CNT surfaces and CNT/Co30;, interfaces during the
electrochemical measurements. The oxidation and reduction of Co3O4 occured at a fast pace,
measured as up to 100 mV/s. Furthermore the oxidation/reduction peak potentials did not change
significantly when the cycles were performed at higher scan rates (compare 10 and 100 mV/s in
Figure 3.12a), indicating the ease at which the ions diffuse to the electrode surface. This is due to
the highly mesoporous nature of the CNT/Co30;4 electrode. Another important feature of such
hybrid electrodes is that both electric double layer capacitance and pseudocapacitance occurs. In
another word, charges are stored both in a double layer of electrons and holes inside the
mesopores and through the redox Faradaic reaction of Co30O4 nanoparticles on the CNT surfaces.
Figure 3.12 shows the huge change occurred in the capacitance and mechanism when CNTs
were coated with Co30O4 nanoparticles, indicating that pseudocapacitance had a greater effect in
this case. The shape of the CV curve when the electrode has only aligned CNTs (without Co304)
is typical of electric double layer capacitors, whereas the CNT/Co30, shows significant
pseudocapacitance behavior. The contribution from the supporting SiO; substrate is negligible.

The aligned CNT/Co30; strips showed excellent stability in the Galvanostatic Cycling
test, with a fixed charge and discharge current of 200 pA (Figure 3.12c) after approximately
1000 cycles. At 200 pA (377 pA/cm2), the CNT/Cos04 strips managed a consistent and
repeatable areal capacitance of 30.84 mF/cm?, and specific capacitance of 168.22 F/g (based on
weight of Co3z04) or 123.94 F/g (based on weight of CNT/Co304). The measured thickness of the
CNT/Co0304 strips was about 10 pm, which makes the volumetric capacitance 30.84 F/cm’. The

Coulombic efficiency was about 87 to 92% and the capacitance did not change significantly
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(within 5%) during the 1000 cycles, suggesting the stability of such an electrode in capacitor
applications (Figure 3.12d).

The capacitance of cobalt oxide structures in the forms of mesoporous composites or thin
films ranges from 70 to 400 F/g (126). These numbers are much less than the theoretical specific
capacitance of Co304 (3560 F/g). Researchers worldwide are striving to improve the capacitance
value achievable experimentally. Proposed recently is an approach that calls for the use of binder
free hybrid materials as they provide direct contact between the metal oxide and the current
collector without blocking the electrical conductivity of the electrode. In this regard, Yuan and
co-workers (127) recently made a free standing Co3Os/reduced Graphene oxide/CNT paper
electrode and measured its electrochemical capacitance to be 378 F/g at 2 A/g and 297 F/g at 8
A/g. The method presented in this thesis can be another approach to achieve such binder-free
hybrid materials with compatible or superior capacitance, and it is applicable to a variety of
oxides besides Co30y4. It is anticipated that an order of amplitude improvement can be achieved

through optimization of the test setup and the architecture geometry.

3.4. Conclusion

In conclusion the template effect of aligned 3D CNT patterns in fabricating mesoporous
CNT/MO hybrid structures as well as 3D mesoporous MO architectures using a microwave-
assisted chemical technique was shown. The porous nature of aligned CNT patterns along with
their high specific surface area (548 m*/g) allowed the decoration of single nanotubes with MO
nanoparticles in this microwave-chemical coating process. The fabricated CNT/MO hybrid

structures preserved the alignment, three dimensional morphology and porous nature of the
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original CNT patterns while still having a high surface area (e.g. 350 m%/ g for CNT/Co0304) and a
slightly larger pore size of 9-18 nm. It was demonstrated that this microwave-chemical approach
is highly universal in terms of oxide type and architecture geometry. It is also shown that such
mesoporous structures are relevant candidates for use as electrodes in energy storage
applications. An example electrode composed of CNT/Co304 aligned strips exhibited an areal
capacitance of 30.84 mF/cm?, specific capacitance of 123.94 F/g and a Coulombic efficiency of

about 87-92% over 1000 charge-discharge cycles.
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CHAPTER 4. Bio-inspired Graphene Oxide (GO)/Inorganic Layered Hybrids

4.1. Introduction to Bio-inspired Materials

Nature is always a wonder for researchers in how it fabricates the materials with
extraordinary characteristics and structures coming from several interrelated features including
the self-assembly of the counter-parts, multi-functionality of the structural frameworks and
hierarchy of the building blocks. Therefore a lot of research activities pursue mimicking the
mechanisms that enable the duplication of such naturally formed assemblies (128). Bio-inspired
materials, as they are named, have been developed through mimicking the structure of the
biological systems or mechanisms that they use in making the living organisms and structures,
for fabricating the engineering materials.

Seashell nacre for instance inspired researchers due to its high stiffness and toughness
arising from the layered brick-and-mortar (B&M) order of aragonite (CaCOs) platelets (0.5um
thick) and chitin fibers (~30nm thick) which act as a cushion for damping the propagation of
micro-cracks and therefore elevates the toughness of the material (6)(5)(129). Figure 4.1
illustrates the optical and SEM images of the Abalone nacre which confirms the layered structure
composed of aragonite platelets bridging together with chitin fibers and the protrusions of the
ceramic component. The organic layer in nacre structure has pores of about 50 nm in diameter
which enables the formation of mineral bridges between the aragonite layers (130). Mimicking
the nacre structure in materials fabrication and design results in developing advanced layered
ceramics with superior mechanical properties (5).

In an attempt to mimic the layered structure of nacre and producing novel layered hybrid

ceramics, an ice-templated approach was presented in 2008 by Munch and co-workers (6). They
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a

Abalone shell: Nacre

Figure 4.1. (a) Optical and electron microscopy images of the Abalone nacre showing the layered structure (Adopted from
ref. (5,131,132) with permission). (b) the schematic drawing of the nacre layered structure.

basically made a layered ice template by directional rapid cooling of ceramic slurries. When
cooling, ice crystals make layered branches and at the same time the ceramic particles precipitate
out of the solution and trap between the ice layers (6). Then the ice template is removed by

lyophilization (133) and finally the structure can be sintered to increase the mechanical
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interconnection of ceramic or infiltrate with a polymer to make a ceramic-polymer hybrid
(Figure 4.2) (6,129,133,134).

Although the ice template method is a simple and inexpensive top-down method, it is
limited by the thickness of the layers which can be controlled by freezing rate to values not lower
than 10 um (134). Also for the preparation of slurries surfactants should be used to stabilize the
particles in the colloids which is not very bio-favorable. On the other hand, sintering the final
structure is needed which can affect the size and morphology of the ceramic particles.

Another approach is layer by layer assembly of thin films to obtain the layered structure
at the end. For instance nacre-like heparin (HEP)/layered double hydroxide (LDH) ultrathin film
was made by Shu and co-workers (135) through alternative coating of HEP solution and LDL
colloidal solutions on a silicon substrate. The layered HEP/LDH film showed improved
mechanical properties and blood compatibility.

The approach which is developed and presented in the current thesis is to use a bottom-up
approach and in-situ synthesis of layered materials using GO films as templates. The GO film as
what was discussed previously in this thesis (Chapter 1), has a fine layered structure which can
be fabricated in different sizes and shapes. Also the GO surface is hydrophilic and due to the
presence of epoxy, hydroxyl groups and vacancies, it provides a relevant site for nucleation and
growth of nanoparticles. This method can be used to directly synthesize various types of bio-
inspired GO/Inorganic layered hybrids having diverse technological applications. In addition, the
GO film can later be eliminated from the structure while sintering the ceramic counter-part,
leaving a porous layered ceramic structure with very small layer thickness (as low as a GO single

sheet thickness ~ 10-20 nm).
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Figure 4.2. Schematic drawing of the ice-templated fabrication of layered ceramics.

4.2. Synthesis of Graphene Oxide (GO) Films'

The GO solution was prepared by using a modified Hummer’s method. First, 30g NaCl
was mixed with 3.6g graphite flakes and the mixture was grounded for 20 minutes. Then, NaCl
was washed and filtered away from the mixture using plenty amount of water and filtration. The
so obtained graphite was dried at 60°C for 1.5 h and about 3.0g of it, was added into a solution of
potassium persulfate (K,S,0g, 2.5 g), phosphorus pentoxide (P,Os, 2.5 g) and concentrated
sulfuric acid (H,SOy4, 12 mL). After 4h of stirring the mixture at 80°C in an oil bath, the dark
blue mixture was cooled to room temperature, DI water was added, followed by filtration and
rinsing with lots of water and then drying at 60 °C for 1.5 h. The as obtained pre-oxidized
graphite was treated later by Hummers method.

In a typical procedure, 69 mL of concentrated H,SO4 was added to the pre-oxidized

graphite and the mixture was kept in a 0°C ice bath. Then 9g of potassium permanganate

! GO solution was made by my colleague Mr. Xiguang Gao.
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(KMnQy) was added to the solution slowly while stirring to keep the temperature of the mixture
below 20 °C. The mixture later was kept at 35~40 °C and stirred for 1 h. The mixture was diluted
with 560 ml water followed by addition of 30 mL H,O;, (30%) and suddenly the color of the
suspension turned bright yellow. Repeated steps of centrifugation (at 11,000 rpm), washing with
HCI (5%) and water was performed and each time the precipitate was collected. Then obtained
precipitate was re-dispersed in DI water (350 mL) and stirred for 5 minutes followed by
sonication for 40 min. After sonication, a suspension is obtained that was centrifuged repeatedly
for 4~5 times at 4000 rpm to remove any insoluble particles. After each centrifugation the
supernatant was collected. The brown homogenous solution thus made was dialyzed against

Milli-Q water for 1 week and stored for future use (Figure 4.3).

Figure 4.3. The obtained GO solution through the modified Hummer’s method.
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Figure 4.4. AFM images of the GO flakes obtained in our synthesis process using a modified Hummers method.
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The concentration was determined by filtering 8.0 mL GO stock solution using a 0.02 um
Anodic alumina membrane filter (Whatman) and weighing the mass of resultant GO film. The
concentration of GO solution is about 3.0~4.0 mg/mL using the preparation method described
above.

The thickness of the as-synthesized graphene oxide flakes was characterized using atomic
force microscopy (AFM, Figure 4.4). The size of the GO flakes shown in Figure 4.4a&b is below
Sum. The thickness of the GO flakes (Figure 4.4c) is about 1 nm, suggesting that the obtained
GO flakes are single-layered. It has been shown that the distance between the graphene sheets in
graphite structure is about 0.34 nm which transforms to about 0.78-1nm when oxidized. The
oxidized graphene is thicker than pristine graphene since the oxygen-containing groups attaching

to the graphene plane increases the thickness (136,137).

4.3. Synthesis of Layered GO/Inorganic Hybrids and Inorganic Thin Films

To make the free-standing GO films, Smg of the as-obtained GO solution was filtered
using vacuum filtration and polycarbonate (PC) membranes with pore size of 100 nm to get the
GO thin film. The filtration was done overnight at room temperature. The free-standing film was

taken out later to do the interlayer synthesis of inorganic nanoparticles (Figure 4.5).
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Figure 4.5. (a) SEM image of the vacuum filtered GO thin film, (b) Digital image of the free-standing GO film.
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In a general procedure to fabricate the layered GO/Inorganic hybrids, the GO film soaked
in a precursor solution of desired material under vacuum so that the solution infiltrates between
the layered structures of GO film. The whole solution was then irradiated in the microwave
(900W, 2.45 GHz) oven for 30-60 seconds. Figure 4.6 shows schematically the steps involved in

in-situ fabrication of the GO/Inorganic layered hybrids.

Microwave Thermal
Filteration Synthesis Annealing

s ERPges. B e
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Graphene Oxide (GO) Solution GO Free Standing Film Layered Hybrid |ngl€-lan|0
Film iim

Figure 4.6. Schematic representation of the synthesis steps involving the formation of layered GO/Inorganic hybrids and
layered inorganic free-standing films.

As what was mentioned previously, the GO template can be removed through a thermal
annealing process leaving a porous layered inorganic film behind (Figure 4.6). Such approach is
very novel in fabricating free-standing inorganic thin films and can be beneficial in design and
development of devices based on inorganic thin films such as energy storage applications (138).

The method described here can be used to fabricate various GO/Inorganic layered
hybrids. For example GO/Ag, GO/ZnO, GO/Fe;04 and GO/Hydroxyapatite (HA) layered

hybrids are produced and described in this thesis.
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4.3.1. Synthesis of Layered GO/Ag Hybrids and Ag Thin Film

The precursor solution for making the GO/Ag hybrids was prepared as follows. In a 200
ml beaker, 10 ml ammonium hydroxide solution (NH4OH, 30% NH3) was mixed with 50 ml DI
water and then 50 mg AgNOs was added into the mixture and stirred vigorously to completely
dissolve. Afterwards, 2ml H,O, was added to the as obtained clear solution and stirred again to
homogenize. Later, the GO film (as what was described before) soaked in the solution under
vacuum to infiltrate the solution between the layers. Then the whole solution together with the
GO film was irradiated in a microwave oven (900W, 2.45 GHz) for 30-60 seconds. The GO/Ag
film was then taken out and dried at 80 °C. In order to make the free-standing layered silver thin
film, a GO/Ag film was annealed in air at 650 °C for 10 minutes. Figure 4.7 shows the typical
digital images of the obtained free standing Ag film after annealing and removing GO from the

hybrid structure.

Figure 4.7. Digital image of the typical free-standing Ag film after GO burn out.
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X-ray diffraction characterization was performed on the obtained inorganic materials
after microwave synthesis to find out the phase and crystal structure of the obtained materials. In
Figure 4.8 the intensity of peaks reflected the high degree of crystallinity of the silver
nanoparticles fabricated through the microwave assisted technique. All the peaks are assigned
with Miller indices (hkl) correspond to pure silver metal with face centered cubic (FCC)

symmetry (139).
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Figure 4.8. XRD pattern of the Ag nanoparticles synthesized by microwave chemical process.

The SEM images (Figure 4.9) show that the GO film is covered with silver particles (less

than 1um in diameter) and they grow and bind together when annealed to make the free-standing
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Figure 4.9. SEM images of (a) the GO/Ag hybrid film (inset is a single Ag nanoparticles, the scale bar is 100nm), (b) Ag
free standing thin film and (c) EDS analysis of the Ag nanoparticles.
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film with layer thickness of about 200 nm. Also the SEM images prove the porous structure of
the Ag thin film after annealing and GO removal. The EDS analysis further confirms the
fabrication of Ag nanoparticles with this method.
The chemistry involved in synthesis of silver nanoparticles with microwave energy is
described below:
AgNO3; + NH,OH - AgOH4q) + NH4N O3 (1)

microwave

2Ag0Hqq) + H,0;, —— 2Ag + 2H,0 + Oy 2)
The oxygen bubbles and the yellow color of the solution (due to presence of silver nanoparticles

in the solution) after the experiment confirms the reaction happen.

4.3.2. Synthesis of GO/ZnO Layered Hybrids and ZnO Thin Film

The precursor solution for making the GO/ZnO hybrids was prepared as follows. In a 200
ml beaker, 25 ml ammonium hydroxide solution (NH4OH, 30% NHj3) was mixed with 40 ml DI
water and then 1 g zinc acetate dehydrate (Zn(O,CCHs3),(H,0),) was added into the mixture and
stirred vigorously to completely dissolve. Later, the GO film (as what was made before) soaked
in the solution under vacuum to infiltrate the solution between the layers. Then the whole
solution together with the GO film was irradiated in a microwave oven (900W, 2.45 GHz) for
30-60 seconds. The GO/ZnO film was then taken out and dried at 80 °C. In order to make the
free-standing layered ZnO thin film, a GO/ZnO film was annealed in air at 650 °C for 10
minutes. The synthesis mechanism of ZnO nanoparticles is the same as what was discussed in

Chapter 2. However the morphology of the nanostructures here shows an interesting feature.
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Figure 4.10. SEM images of (a) GO/ZnO layered hybrid, (b) ZnO layered thin film.
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The SEM images in Figure 4.10 illustrate the coverage of the outer surfaces of GO film
with flower-like ZnO structures while the inter-layer sections are coated with small
nanoparticles. In another words, the morphology and growth of ZnO nanoparticles is affected by
the packing characteristics of the inter-layer sheets of GO film. The packing density of the GO
layers can block the diffusion of precursor solution while the rapid synthesis happens during
microwave irradiation. Therefore the nucleated seeds that occur on the surface have the
possibility to grow more due to the direct contact with the precursor solution but the nucleation
sites between the layers can’t be fed with fresh precursor and they don’t grow larger. This
phenomenon can be beneficial in controlling the shape and size of nanomaterials and therefore
affect their physical properties and derive different characteristics out of the surface and
interlayer spaces of the hybrid material. The highly porous free-standing ZnO thin film can be
used in thin film optoelectronic devices. Its empty spaces can be infiltrate with polymers to

increase the mechanical properties.

4.3.3. Synthesis of GO/Fe;04 Layered Hybrids

The precursor solution for making the GO/Fe;O,4 hybrids was prepared as follows. In a
200 ml beaker, 10 ml ammonium hydroxide solution (NH4OH, 30% NHj3) was mixed with 50 ml
DI water and then 17 mg Iron(IIl) acetylacetonate (Fe(CsH-0,)s;, AKA Fe(acac)s;) was added into
the mixture and stirred vigorously to completely dissolve. Then 2ml hydrazine solution (N,Hy)
was added to the solution and stirred to homogenize. Later, the GO film (as what was made

before) soaked in the solution under vacuum to infiltrate the solution between the layers. Then
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the whole solution together with the GO film was irradiated in a microwave oven (900W, 2.45
GHz) for 30-60 seconds. The GO/Fe;0,4 film was then taken out and dried at 80 °C.

The phase and crystallinity of the obtained material was confirmed with XRD (Figure
4.11). The resulting XRD pattern shows the peaks attributed to the magnetite (Fe;O4) phase with
an FCC crystal structure (JCPDS Card No. (79-0417)). The peaks are broad which shows the

small crystallite size of the nanoparticles.
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Figure 4.11. XRD pattern of the obtained iron oxide through the microwave synthesis process.

The obtained free-standing GO/Fe;O4 hybrid film was utilized to synthesize carbon

nanotubes on it using CVD method with parameters that were described in chapter 3. In order to
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make Fe catalyst nanoparticles for CNT growth, the GO/Fe;O4 film was pretreated with H, gas
for 30 min at 750 °C before the CNT growth step. During annealing with hydrogen gas, the iron
oxide nanoparticles reduce partially (depending on annealing time and hydrogen gas flow) and

transform into iron nanoparticles.

Figure 4.12. SEM images of (a) GO/Fe;0,4 hybrid film (the inset shows the EDS of the film), (b) the CNT grown on
GO/Fe;0, hybrid film. The inset show the zoomed in image and the scale bar is 200 nm.
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Fe nanoparticles act as catalysts during the CNT growth step. Also the GO film reduced
to some extend to the graphene. Figure 4.12 reveals the SEM images of the GO/Fe;O,4 hybrid
film and rGO/rFe;O4/CNT hybrid film. The iron oxide nanoparticles covered all around the
surface and between the layers in the GO/Fe;0O4 hybrid film (Figure 4.12a). EDS analysis (inset
of Figure 4.12) confirms the presence of iron oxide on the film. After CVD growth, CNTs grow
randomly on the iron oxide particles which covered the hybrid film. The nanotubes are fluffy and
have diameters about 50 nm (Figure 4.12b). The EDS analysis after CNT growth reveals the
increase in the carbon content and decrease in oxygen content of the hybrid film that further
confirms the partial reduction of GO and Fe;O4 components.

It has been shown previously that the GO/CNT composites are useful in energy storage
applications since they provide high dielectric constant, enhanced breakdown strength and
maximum energy storage density as well as low dielectric loss (9). Therefore the obtained free-
standing rGO/rFe;O4/CNT hybrid film can have potential applications in flexible energy storage

devices.

4.3.4. Synthesis of GO/Hydroxyapatite (HA) Layered Hybrids

In order to make the GO/HA layered hybrids, two separate solutions were made. In a 200
ml beaker, 30 mg calcium hydroxide powder (Ca(OH),) was added to 50ml DI water and stirred
vigorously to dissolve (solution A). Then GO film soaked in solution A to infiltrate the solution
between the layers. The other solution (B) was made in a 100 ml beaker by adding 27 mg
ammonium phosphate dibasic ((NH4)H,POy) into 50 ml DI water. Then solution B was added

drop-wise to solution A while slowly stirring. The pH of the mixture was about 10.8 after adding
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solution B to A. The whole mixture was irradiated in a microwave oven (900W, 2.45 GHz) for

30-60 seconds. The GO/HA film was then taken out and dried at 80 °C.
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Figure 4.13. XRD pattern of the obtained hydroxyapatite.

The XRD pattern (Figure 4.13) is attributed to the hexagonal HA [Cas(PO4);OH]
structure and reveals that the obtained HA has crystalline structure due to the presence of sharp
peaks at higher degrees which are not usually very sharp in amorphous HA (60,119,140).

However the broad peaks are related to the nano sized particles.
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Figure 4.14. SEM images of the GO/HA hybrid film (a & b) side view, (c) top view.
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The SEM images (Figure 4.14) show that the GO film is covered homogenously with
nano sized needle shaped HA particles in between the layers and on the surface of the GO film.
The HA nanoparticles have lengths of about 100 nm and diameter of about 20 nm.

The GO/HA hybrids can be used as templates for bone cell growth and proliferation
because of its composition similarity to the human bone tissue. It has been shown that GO and
reduced GO can improve the mechanical property of the HA ceramics and therefore increase
their application in the load bearing conditions similar to the natural bone (141). So in the next
section the mechanical properties of the GO film and GO/HA film are investigated and the

results are compared with other materials for reference.

4.4. Mechanical Property of Bio-inspired Layered GO and GO/HA Hybrids

Hydroxyapatite (Ca;o(PO4)¢(OH),, HA), is the naturally occurring mineral form of
calcium apatite and is the main constitute of the hard tissues (i.e. bones and teeth) in human.
Owing to its excellent bioactivity, biocompatibility and osteoconductivity, it has been
extensively used as an implant material for bone tissue replacement and in orthopedic surgeries
for enhancing the fixation of bony tissues (58,60,119). However the main drawback of HA in its
mineral form is its weak mechanical properties as a result of its poorly crystallized structure. In
order to increase the mechanical properties, one approach is to crystallize and sinter the HA
nanoparticles. Also it’s possible to use HA nanoparticles in a composite to make it stronger.
Recently, graphene and graphene oxide have been used as reinforcing components to enhance

the HA mechanical properties (141,142). In other attempts to mimic the bone and nacre 3D
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structure and making layered ceramics, freeze-casting was used to make the layered HA
scaffolds which was infiltrated with polymers later (133). The approach that is taken in this
thesis is novel since GO films not only increase the mechanical properties of the HA

nanoparticles but also orient them in layered structures to further increase the strength.

4.4.1. Cantilever Flexure Test

In order to examine the mechanical behavior of the GO and GO/HA samples cantilever
beam bending tests were carried out on the narrow strips cut out of the films. All specimens were
cut using razor blades to sizes between 1 and 3 mm wide. The mechanical bending test was

performed using MicroSquisher instrument at CellScale Biomaterials Testing.

@h

Force

Figure 4.15. (Top) Schematic drawing of the cantilever beam bending test, (Bottom) Digital image of the GO strip during
the beam bending test.
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When an end load F is applied to a flat beam of length L, width w and height h, it starts
to bend while L, w and F are constant (Figure 4.15). The height h is a variable and the bending
moment M at the root of the beam is given by:

M=FL (3)

The second moment of area (I) is given by:

h3
-2

The deflection of the end point of the beam when a simple bending happens is:

_ FL?
~ 3EI

)
Therefore from substituting eq. 4 to 5, the deflection is:

_ 4FL3
" Ewh3

(6)

in which E is the Young modulus of the material.

In the tests that were performed on the GO and GO/HA films, force and deflection were
recorded by the MicroSquisher instrument. Length and width of the strips were measured with a
vernier caliper and the thickness of the films (h) was measured by SEM characterization. The
thickness of the GO film is about 26.23 um and the GO/HA hybrid film is about 8.58 um thick.
Using these data, the average value of the Young’s modulus for the GO and GO/HA free-
standing films are 0.985 GPa and 251.82 GPa respectively.

As it can be seen in Figure 4.16, the Young’s modulus of the GO thin film is close to
polymeric materials and for the GO/HA layered hybrids is above metals and close to dense
sintered ceramics considering the fact that GO/HA is still flexible. The GO-HA hybrid is clearly

far above the composite materials. Therefore we can conclude that the nacre-like layered

structure of the GO-HA hybrids resulted to a huge improvement in the mechanical properties.
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Figure 4.16. Young’s modulus comparison of different category of materials with GO and GO/HA layered hybrid
materials.

In other words, the bio-inspired nacre-like layered hybrids fabricated and introduced in
this thesis, not only can be made in various structures and phases but also their shape,
morphology and mechanical properties can be affected with such ordered design. Therefore
highly mechanically improved hybrids can be made and depending on their inorganic phase they

can be beneficial in different applications such as energy storage and optoelectronics.
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CHAPTER 5. Summary and Future Work

5.1. Summary

Manipulating the structure and properties of materials at nano scale has brought
important advances to almost all aspects of modern technologies including medicine, electronics,
aerospace, transportation and communication. The new materials and designs resulted from
nanotechnology, from efficient diagnostic and treatment ways in medicine to more light-weight
and fast-processing laptops and cellphones, are continually improving our quality of life.
Material scientists around the world are therefore the modern gods/goddesses who “magically”
make the modern human’s wishes come true by manipulating the structure and properties of the
materials.

Nanotechnology offers new approaches to develop bio-inspired materials mimicing
natural mechanisms. Hybrid structures are extensively been used by natural systems to not only
reinforce mechanically the whole complex system but also implement multi-functionality. For
example bones in the endoskeleton of vertebrates tolerate the forces applied by body weight and
at the same time produce the red and white blood cells and store minerals. It’s basically a hybrid
structure composed of organic and inorganic materials (i.e. mineralized bone tissues and living
cells). Another example is mollusks nacre. It’s a layered hybrid structure of mineralized
inorganic platelets and organic inter-layers. The layered structure not only supports the mollusks
against the external forces and attacks, but also makes the smooth inner surface for binding the
soft tissue to the outer shell. From the technological point of view, the hybrid structures are new

classes of 3D functional materials with potential applications in various fields.
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In this thesis, synthetic processes have been proposed to fabricate 3D hybrid structures
composed of CNT or GO and various types of inorganic nanostrcutures. In chapter 1, the
literature data have been assessed on the synthetic and design strategies of fabricating 3D
structures of CNT and GO materials. CVD method was discussed as a relevant technique for the
catalytic synthesis of aligned CNTs with high yield. Photolitography was mentioned as a tool to
design the shape and pattern of the catalysts on the substrate and therefore influence the growth
and spatial configuration of the obtained aligned CNTs in CVD method. Capillary condensation
and bending of the aligned CNTs is also a useful tool to affect the final 3D shape of the structure
for making features which are unattainable in regular microfabrication processes. Graphene and
GO were also discussed as interesting materials in lots of industrial applications such as
electronics, energy storage and catalytic applications. GO has attracted a lot of attentions since it
can be chemically functionalized and be utilized as an organic material in fabricating novel
hybrid materials.

Chapter 2 devotes to the patterned synthesis of ZnO nanostructures using a microwave
assisted chemical approach. The flower-like ZnO nanostructures coated the area between the
electrodes on a device making bridges between the Pt electrodes for electron transport. Under
UV light and green light, the ZnO bridges show Schottkey barrier behavior.

Chapter 3 discusses the fabrication of 3D mesoporous structures of CNT/Inorganic
hybrids using a chemical microwave-synthesis approach. Various aligned CNT shapes were
made though initial photolithographical catalyst patterning and later CNT growth via CVD
method. In nanoscale, the obtained aligned CNT patterns are like a bundle of free-standing
vertical carbon nanotubes which have huge surface area to be covered with inorganic materials

(for instance here the synthesis of CNT/ZnO, CNT/MnO, and CNT/Co304 were shown). Such
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CNT bundles can be used as capacitors and current collectors in an electrochemical process.
While coated with inorganic materials, they are shown to persist high capacitance with fast
charge/discharge cycles. The energy storage application is just an example for this new type of
3D hybrids. Depending on the inorganic phase, the application could be different. Also various
designs can be made by photolithography to further lead to the achievement of complicated 3D
devices.

Chapter 4 discusses a bio-inspired nacre-like 3D hybrid material that is composed of
layered hybrid constituents. The layered materials have been made previously using a freeze-
casting technique. However in this study a direct bottom up process was introduced for in-situ
synthesis of GO/Inorganic 3D free-standing hybrid films. The approach is based on making the
layered template with a GO film and then in-situ synthesis of inorganic material in between and
on the surface of the layers. Therefore a sequential order of GO/Inorganic phases is obtained.
The process was shown to be effective for in-situ synthesis of metal oxides (e.g. ZnO, Fe;0,),
metals (e.g. Ag) and ceramics (e.g. hydroxyapatite). Inspired by the nacre structure, this type of
hybrid structures are designed to enhance mechanical properties. It has been shown that the
obtained GO/HA has a high Young’s modulus compared to different categories of materials (e.g.
metals, composites,...). The same as CNT/Inorganic hybrids, the inorganic constitutes in the
GO/Inorganic free-standing hybrid films largely define the overall properties and final
application of the hybrids. Our approach offers the flexibility to select from a remarkably wide

range of inorganic constitutes best fitting targeted applications.
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5.2. Future Work

Generally, there are a lot of ways that can be taken to further research on the
CNT/Inorganic and GO/Inorganic hybrid structures. Different synthesis conditions can be tested
to affect the morphology of the inorganic constituents that later influence the properties of the
hybrid. For example inorganic nanowires and nanotubes can be grown on the aligned CNTs or
between the GO layers. Some of the examples that can lead to potential breakthroughs in

developing hybrid structures are discussed as following.

5.2.1. Free-standing CNT/Inorganic Thin Films

The CNT/Inorganic hybrids which were fabricated and shown in this thesis were placed
on hard Si/Si0; substrates. In order to integrate these hybrid structures in flexible electronic and
optoelectronic devices, one should be able to transfer them on soft polymeric substrates
(33,143,144). This is possible by simple taping or by stamping the structures on a polymeric

substrate. Another approach is embedding the surface of the hybrid in a polymer matrix.

Figure 5.1. CNT/Co30, hybrid strips transferred on flexible PMMA substrate.
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Figure 5.1 exhibits the transferred CNT/Co3;04 on PMMA. The transfer was performed by
spin coating PMMA solution on the as-synthesized hybrid and later cures the polymer and
detaches it in an HF environment. However this process needs to be developed in order to

maintain the phase and composition of CNTs and inorganic phase.

5.2.2. 3D Metallic Porous Thin Films

Porous metallic thin films are very useful in light-weight applications, in tissue
engineering where the porous structure is needed for tissue growth inside the pores and in
catalysis (145,146). Using the approaches described in this thesis, metals can be deposited on
various 3D CNT architectures or on GO thin films and later by removal of the carbon
constituent, the porous metallic thin film remains (for instance refer to chapter 4 for porous Ag

thin films).

5.2.3. Magnetically oriented GO/Inorganic Hybrid Structures

Inspired from the various mineral configurations in the endo- and exoskeletons (5),
research can be performed on mimicking such 3D orientations using CNT and GO as templates.
For instance the GO flakes in the solution are firstly coated with magnetite nanoparticles so they
can be oriented and patterned using regular magnets. Then the flakes are coated again with
hydroxyapatite nanoparticles. The whole system can still be manipulated with magnets to
construct the desired orientation. To make such biomimetic complex structures, freeze casting

has been used recently and magnetic particles were added to the slurry for controlling the
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orientation at micro scale during freezing (133). The approach suggested here can be applied as
an in-situ process to make CNT or GO/Inorganic hybrids with different orientations using

magnetic field.
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