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Abstract

Three dimensional (3D) hybrid architectures are ngpes of materials that have a
number of technological applications. However, #gthesis of such materials has been
problematic to date. The objective of this studtoigabricate 3D hybrid architectures composed
of spf-carbon nanomaterials and inorganic nanostructusis a convenient microwave assisted
technique.

Sp*-Carbon nanomaterials such as carbon nanotubesg)CiBphene and its derivative
graphene oxide (GO), have been explored by rese@rchs major components of hybrid
materials due to their exceptional electrical, ti&; mechanical and biological properties.
However, most of the research has been devotdtetbybrids with randomly dispersed phases.
The present study explores the feasibility of usifigned 3D spcarbon structures in a bottom-
up microwave-assisted chemical synthesis appraafabticate various 3D §garbon/inorganic
hybrid architectures. The carbon nanostructurdeeetubular or planar, not only contribute to
the functionalities of the hybrids, but also tent@lthe ordered assembly of phases on nanometer
scale.

Mimicking nature is a key to develop novel typesnwdterials with enhanced physical
and mechanical properties suitable for advancedicapipns (e.g. lightweight and yet tough
materials that are extensively needed in automatna aerospace industries). One approach to
obtain such materials or devices is to mimic napnecesses and synthesize hybrid materials
with ordered structures on the nanometer scalesd functional structures are fabricated in this
thesis through an in-situ microwave synthesis ofrganic materials on 3D S$parbon
architectures. Generally, in chapter 1, it was ghawd discussed the procedures to fabricate 3D

architectures of carbon nanotubes and graphenee oa&d basic components for template



synthesis of the hybrids. Then in chapter 2 therewave chemical synthesis approach was
introduced as a convenient route for fabricatingrganic materials such as zinc oxide (ZnO)
which was shown to be used as UV sensors.

Through photolithography patterning of the ironatggt thin films on Si/Si@substrates,
3D aligned CNT structures were fabricated and weseted in-situ with inorganic materials such
as cobalt oxide, zinc oxide and manganese oxidgwsimicrowave synthesis approach (chapter
3). The obtained aligned strips of CNTACa were chosen as an example to illustrate the
application of such 3D hybrids in energy storagpliaptions. The capacitance of the aligned
CNT/Co;04 strips was measured to be 123.94 F/g.

Using graphene oxide as template for manufactutieg3D sp-carbon/inorganic hybrid
structures, interesting novel layered configurati@ne obtained that are similar to the layered
structures of exoskeleton of the mollusks nacree Tdyered hybrid structure shown to be
mechanically improved compared to its constitu¢chapter 4). Finally in chapter 5, some of the
future routes have been proposed for further rekeam this novel field of 3D hybrid materials

composed of spcarbons and inorganic nanomaterials.
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CHAPTER 1. Background

1.1. Introduction

During the past decade, lots of important and exgitore-front fields have emerged in
Physics, Chemistry, Engineering and Biology dutheoadvancements in nanotechnology which
deals with the structure and properties of materdlnanometer scale (less than &61). The
scaling down of materials and devices through reiotology hold the promise of not only
reducing the manufacturing costs compared to cdioel technologies, but also increasing the
efficiency of the systems and making them morerenwmental friendly (1).

Carbon allotropes (eg. Carbon nanotubes, Grapheretss Diamonds and Buckyballs) in
this regard have received huge attention (2). Amibiegn, more research has been devoted to
carbon nanotubes (CNTs, 1D) and graphene strucZiBdsowing to their exceptional properties
including high electrical conductivity and mechaistrength. They have been used widely as
components of composites to obtain new categofiamaterials with superior characteristics
than the constituents (3). As it was mentioned tagfthe essence of fabricating new materials
that can fulfill the requirements of advanced agilons led to the development of hybrid
structures composed of different components witlerdie properties (4). The hybrid structures
which are inspired from nature have unique featueeembling the biological systems i.e. self-
assembly of the building blocks, hierarchy and ifulictionality of the structures (5). Such
novel hybrid materials are favorable mechanicaty &ave potential applications in various
fields for instance in energy storage or electrerfi&-10). Chapter 1 of the current thesis deals

with the background information and literature ssvion the synthesis processes and parameters



that affect the production of carbon nanotubesplggae 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 cashith sg hybrid C-C bonds. They
can be formed as single walled (SWNT), double wallBWNT), or multi walled (MWNT)
concentric carbon tubes with different chiralitiéBameters, lengths, and be organized into
various shapes such as films, mats, forests, amd ya1-14). Figure 1.1.a shows a TEM image
of the DWNTs and MWNTSs with different diameters amgmber of walls. Figure 1.1.b shows
schematically the hexagonal order of the carbomation the graphene sheet.

Basically carbon nanotubes can be defined as 1Derralt composed of rolled-up
graphene sheets. Depending on the direction antdrvénat the graphene sheet rolls around, the

chirality of the obtained CNT is determined. Therality of SWNTSs is defined by a vector
called chiral vector :
(1)
in which n and m are integers and and are the unit cell vectors in the two

dimensional lattice of graphene sheet (15). The @Xi$ is perpendicular to the chiral vector
The value of (n,m) determines the chirality of aTC{ile. 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 carbonnanotube«Adopted from ref. (16) with permission). (b)

Schematic image of hexagonal order of carbon atonis the graphene sheet showing the chiral vectc and chiral angel
for a (2,4) nanotubesAdopted from ref. (17) with permission).

For instance if |m|=3p, theCNTs are metallic and if |m|=3pxl, theCNTs are

semiconducting (p is an integeThe circumference of the CNTs equal to the chiral vect

length (15):

(2)
Therefore the diameter of the CNTs can be obtdnyetthe following formule
- 3)
MWNTs can be considered astubular structure with several concentric SWNTsachl
are observed in TEM imageFigure 1.1).The intertubular distance between the conce
SWNTs is defined as:

— 4)

in which—is the radius of the CNTs and c is the length afativecto.



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

(18).

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

production.

1.2.2.1. Arc discharge

Arc discharge is the method that CNTs were firstavered with in 1991 by lijima (16).
In this method CNTs are produced when a directeturarc voltage is applied between two
graphitic electrodes placed in an inert gas suchHakum or Argon (Figure 1. 2). At a
temperature of about 4000K, the solid carbon at@waporate from the electrodes and
consequently the CNTs form during the condensatidmot gaseous carbon atoms. Buckyballs,
MWNTs and SWNTs can be made through this proceserthe pure graphitic electrodes are
used, buckyballs are produced inside the chamberMWNTs on the cathode. In order to
synthesize SWNTSs, a metal catalyst is needed (BeprGheir mixtures) with a pure graphite
cathode (11,19). Although the arc-discharge metlsodery simple and common, it's hard to
separate the obtained CNTs from the crude prodwtiiding soot, catalytic metals, and various

side products such as buckyballs, amorphous cabdmgraphite particles.
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Figure 1. 2 Schematic drawing of an arc discharge oven for CNsynthesis

1.2.2.2. Laser ablation

Laser ablation techniquavolvesthe evaporation of solid graphitic electrodnto a hot
carbon gas undenert atmosphe using a pulsed or continuous laser beahe carborgases
condenseon a collector as soot that hCNTs in it. The same as arc discharge, here the
graphite electrodes produce MWCNTSs and the eleegranlixing with ctalyst particles (Fe, Co
produce SWCNTs (20)While the quality of the MWCNTs depend on temperatmore
effectively when the pure graphite electrode is used, the tguafi SWCNTs depend on ti
catalyst particles (20).

However, these two methods (arc discharge and laser abjatiom less faved for
production of CNTs since tlgeneed expensive instrume and they consume a of energy.
Also, only entangletbundles of nanotubes in powder focan be producednd it’s less faveed

for controlled synthesis afrderecCNT structures on substrates (11).



1.2.2.3.Chemical vapor depositon

In chemical vapor deposition (CVD) metl, a volatilecompound of carboisuch as
ethanol or a hydrocarbon lilkethylene or acetylene decompose at high temper(500 to 1100
C) assisted byatalyst particles (Fe, Co, Mo or mixtur which also act as nucleation site

CNT growth (Figure 1. 3)11,20.

Synthesis Gases Furnace Quartz Tube
C:2H:2 or Cz2H4 —
! Outlet G
Inlet Gas — > Catalyst Particles 1 —— Outlet Gas
QuArtz Boat ™ g 8uss 3% 30 g ko \\

Reducing Gas H:
Carrier Gas Nz or Ar 725°C

Figure 1. 3 Schematic drawing of a chemicavapor deposition (CVD) chamber

Both SWNTs and MWNTSs can be well made through C\fBcpss and it's possible
control and manipulate the morphology and structifréhe obtained nanotubes. For insta
various forms of CN¥ e.g. mai (21), yarns (22), vertically aligned CNTs (28BprizontalCNT
arrays (24) and patterned CNiructure (25) have been synthesized through CVD metl

Using plasma CVD instead of thermal Cvthe growth temperaturean be reduceand
it is possible tayrow individual, fre-standing, vertical CNTS/Mhen the gases are in the plas
state, they becoe ionized and have high energy electrons (fewtreleorsolts). These electrol
supply the energy needed for chemical reactiongevihe gas itself is relatively cooler (--500

K) compared to that ithermal CVD methoc (26).



1.2.3. Aligned Carbon Nanotubes

Improvements have been made to CVD methods to eethecproduction of amorphous
carbon on the catalyst particles and thereforeeam® the growth yield of nanotubes (13,14). It
has been shown that small amounts of water vapoxygen together with the synthesis gases
can reactivate the catalysts and enhance theionpeshce to produce nanotubes. Therefore
longer CNTs can be obtained (14,27). Also using filim catalysts instead of nanoparticles
results in the formation of aligned CNT structur@s.growth temperature, catalyst thin films
turn into catalyst nanoparticles dispersed homogsglyaall over the substrate. The density and
size of the catalyst nanoparticles depend on tinefitm thickness and the annealing temperature
and therefore defines the final morphology of tHéT8. A denser catalyst dispersion leads to a
more compact CNT structure, because the nanotela@sdn each other during the growth via
van der Waals forces (28). Wei et al. (28) havewshthat the thinner the catalyst film, the
smaller the particles are during thermal anneadind the denser are the obtained CNTs (Figure
1. 4).

It has been reported that presence of a thin alsuipporting layer enhances the catalyst
activity and density of the CNTs as well as theirdth and these features are influenced by the
porosity of the alumina layer (29). It's possibtegrow 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 wit500 nm thick SiC, layer after thermal
annealing at 660 C for 10 minutesSEM images (bottom) of the corresponding CNTgrown on the substrates showi
above.The thickness of Fe films are (a) 20 nm, (b) 10 nand (c) 5 nn (Adopted from ref. (28) with permission).

1.2.4.Patterned Aligned CNT Structures

Owing to the advanceme in Micro and Nanotechnology, several falation technique
have been developed to use the patterning processiesigning various catalyst configurati
and shapes on the wafer substrates. Photolithograpd techniqudn which a substrate with
desired pattern design is matth@l can be deposited later withcatalyst thin film. The patterne
catalyst,when it's used for CNT growth result in a patternédT structure with ahree
dimensional configuration.

Basically the substrate is coated with a l-sensitive chemical called “phcresist”, or
simply “resist”. Later, a light source (UV for expte) is used to transfer a geometric pat
from a photo-mask to the phetesist coated on the substrate. Then the exposadiatreate:
chemically either to stabilize and fix the pattetresgn on the photoesist or tcetch it away,

depending on the photesist typei.e. negative or positive respectiveRigure 1.5).
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Figure 1. 5.Schematic steps in photolithography ad design of a patterned catalyst substra.

The obtained pattern on the substrate can be coatie@ metal catalyst through electr
beam depositionr sputtering techniqueAt the end, when the photesist is gone at the |-off
step, the patterned desigoisthe desired metallic catalyremain on the substra The obtained
substrate with the patterned catalyst design cansked to gronCNTs through CVD process
Figure 1. 6shows typical structus of the aligned CNTgrown through a CVD method on
patterned design of Fe catalysts on a Si; substrate.tlhas been shown schematically t
during the growth in the CVD chamber and at highgeratures, synthetic gases dissociat
the catalyst patternsnothe substra, dissolve in it and late€ENTs only grow at those are
where catalyst film present$herefore lots of different shapef aligned CNTs can be ma
with this technique which can be beneficial forigas applicatior and will be discusselater in

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

1.2.5. Transfer of CNT pattern:

One of the major applications of CNT structuresiglectroniccircuits as for exampl
inter-connectsThe vertical alignment of nanotubes can enhaneasbtropic electrical behavi
of the devices built with such patterns. In advid applications, flexible substrates are of gl
importance to make modern light weight flexible ideg. Therefore it's useful to find a way

transfer CNT structures fromraid substrat (used in CVD) toa soft polymeric substrate. ZI
10



et al. (32) transferred aligned CNTs to differambstrates such as glossy paper, cloth, polymers,
glass slides, iron and copper foils at low tempeest using polydimethylsiloxane (PDMS) as an
intermediate. They first coated the target substnath PDMS mixture and then inverted a piece
of the patterned CNT array on it and pressed. Themnwhole substrate was subjected to a curing
process at 90-120 C for 10 min. After the PDMSypwérization, they lifted off the Si substrate
and the CNTs were left on the target substrate (32)

In another approach Tsai and co-workers (33) tearsfi aligned CNTs directly to a
polycarbonate (PC) or polyethylene terephthalatéT{Pflexible substrate. They heated the
substrates to temperatures slightly higher thassgteansition of the polymers while they are
inverted and pressed on the aligned CNTs. The srdé the polymers melts down gradually
and the CNTs penetrate into the polymers and theybe taken off the original substrate when
the polymer cools down (Figure 1. 7). Sunden e{34) showed that the transfer of the CNT
patterns can also be done through a microwavetaddigating. During microwave irradiation,
localized heating zones induced at the silicon/CMierface result in local temperature
exceeding the glass transition temperature of thlgnger. At the same time the pressure is
applied by the weight of the silicon substrate. rEf@e CNTs penetrate into the polymer and

when cooled down, they can be lift-off the siliceubstrate (34).
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Figure 1. 7.Schematic drawing of direct transfer of CNT patterrs into flexible polymeric substrates (a) Deposition of a
patterned catalyst on Si substrate. (b) Growth of verticlly aligned CNTs on the catalyst patterns through &D method.
(c) Putting a flexible polymericsubstrate on the CNT patterns and heating above gia 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 substrat (adopted from ref. (32) with permission).

1.2.6.Capillary Condensation and Bending of CNT

The meso and microporous gaps between aligned utzagcan beplaces for diffusior
of liquids through apillary andvan der Waals forces. During dryitigese forces compress 1
nanotubes together and form solid bundles of atignanotube (35-39) In CNT films, the

shrinkage and condensation of the nanotubes resaltellular pattern structure of rand:

12



Figure 1. 8. SEM images of aligned CNTs structuresefore 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 ré. (38) with permission).
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perturbations. However condensation of patterngghedl nanotubes leads to interesting new
architectures.

Figure 1. 8 shows scanning electron microscopy @sayf the aligned CNT structures
before and after condensation with water vapor.dgplet al. (39) demonstrated that with
controlling the initial shape and size of the CN&ttprns as well as the density of the nanotubes
in the aligned structures, it's possible to designd obtain various three dimensional
architectures which are difficult to fabricate @@anventional routes. Also using the capillary and
surface tension forces, the aligned CNT patterms lma folded and bent on a substrate at a
desired direction (38) (Figure 1.8c). In chapteof4his thesis, it's further discussed how this

approach was used to make aligned strips of CNighrac hybrids.

1.3. Graphene

Graphene is the 2D single atomic layer allotropecafbon which has a honeycomb
structure of C-C bonds with $pnolecular orbital. It can be considered as thédmg block of
other allotropes of carbon such as buckyballs,aarmnotubes and graphite (which is stack of
graphene layers). Graphene has been theoretitatlied for over sixty years now but it was just
in recent years that Novoselov and Geim turned art experimental tool and started a new era
in graphene research (41,42). In 2010, Novosela Geim were awarded the Nobel Prize in
Physics for “groundbreaking experiments regardiggttvo-dimensional material graphene”.

Graphene has superior electrical (intrinsic mop##00000 criv’s'), mechanical
(Young's modulus 1.0 TPa), thermal (thermal conductiviy0OOWm'K*) and optical

properties (optical transmittanced7.7%) as well as a high specific surface are&30nfg!)
14



(43). To obtain those properties and fabricatiomy@phene based devices, graphene should be
isolated properly as a single layer sheet. Seagptoaches have been developed including gas
phase deposition on catalytic substrates (44), arachl cleavage of graphite (45), and chemical
exfoliation of graphite flakes. The last two haeeaived more attention due to the inexpensive
procedure they require (46). The challenge to &t®lthe graphite structure is to overcome the
hydrophobicity (most importantly to chemically ekébe in water) and the exfoliation energy
resulted from the van der Waals attraction betwibergraphitic layers. The exfoliation energy is
about 61 meV/C atom and the interlayer distanc®34 A (47). To address this problem, one
approach is to oxidize the graphite to graphitedexvhich has wider interlayer distance and is
also hydrophilic due to the polar oxygen groupsried on it. Later, the obtained graphite oxide
is dispersed and exfoliated through sonication atewto form isolated graphene oxide sheets
(GO). The GO sheets are soluble in water and cachleenically modified via various wet
chemistry approaches. Also the GO sheets can heeddartially to the graphene sheets (43).
In this thesis, GO solutions are made chemically ased as precursors to make GO/Inorganic
layered hybrid materials (Chapter 5). Thereforetrsextion 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 iateresting approach to make single
graphene layers due to its inexpensive precursaermab(graphite powder) and its high yield.
GO is an interesting material by itself too, siitogan be chemically modified and functionalized

and therefore be used as an organic material imiclareactions.
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Several approaches have been developed to syrehgsiphite oxide, in which all of
them are similar in terms of oxidation of grapHlakes with a strong oxidative agent (48). One
uses potassium chlorate (KG)Oand nitric acid (HN@) to oxidize graphite (Brodie and
Staudenmaier methods), and the other one (Hummetboeh) uses potassium permanganate
(KMnQ,) and sulfuric acid (kBQy) (43). The obtained graphite oxide is hydrophitice to the
presence of hydroxyl, carboxyl and epoxy groupsdbmn on its surface) and is composed of
stacks of so called GO sheets and can be easibliaed in an aqueous environment with
simple sonication or stirring.

In this thesis a modified Hummers method was usgutdduce GO solutions which will
be discussed further in Chapter 4. As in the cas¢her nanomaterials, large scale handling and
applications need integration and assembly of Hr@materials into 3D architectures. Graphene
derivatives also should be made in 3D assembliesnfiustrial applications. To address this
issue, several approaches have been developedaandsy/structures such as films, foams, and
sponges have been made (49). In the current slaglsted GO films have been used as initial
components to make GO-Inorganic layered hybrid isgctures (Chapter 4). The literature

survey on how such layered films can be producgddasented here.

1.3.2. Graphene Oxide (GO) Films and Papers

Similar to carbon nanotubes films, GO sheets caméeée into thin film. Dikin and co-
workers (50) first used vacuum filteration of GQuéimn through an Anodisc filter to make the
GO films with different thicknesses ranging frontol30 um. Through a slow filtration process,

GO sheets stack together and make a layered tmn\Water is removed through filter as well as

16



evaporation from the surfac&@he sheets thsare placed on the filtefirst orient randomly
because the water goes dowpidly at the very first moments of filtratiolBut as a very thi
film forms, the filtration speed slows down andréfere the GO sheets have more time
sediment and stack together and make a uniformrddystructure. Tus,the obtained final filn
havea more ordered structure in the mic (50).

Figure 1. 9 illustrateshe SEM and digital images o typical freestanding GO filrr
which is made through vacuum filtration on Anodisc membrane. Tharfaceof the film as it
can be seen is more crumpled and wrinkled and tbdlenpart is more uniformly layered. Aft
filtration and during drying, the GO sheets bongetter via van del Waals forces. The obtai

film is mechanically strong and thensile modulus can be as high asA225P¢g(50).

Figure 1. 9. (a Digital image of the freestanding GO film, (b&c) SEM images of the GOfilm made by vacuum filtration
(Adopted from ref. (50) with permission).

17



Another approach to produce GO films and papershvis relatively faster than the
filtration technique is simply heating of the GQuwimn. During heating and as water evaporates,

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

GO solution  Water Evaporation GO Film

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

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

(Chapter 4). The inorganic synthesis approachediacessed in the following section briefly.

1.4. Chemical Synthesis of Inorganic Nanostructur&laterials

Chemical approaches are convenient routes to peoth@rganic nanostructure materials
due to their inexpensive process and the abilitgditrol the morphology and assembly of the
constituents as well as the density of the obtaimaderial easily. Several ways have been
developed in order to fabricate lots of differemnganic materials with enormous morphological

variations. Different 0D, 1D, 2D and 3D architeesirhave been produced and used in
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experimental and industrial applications. The mauates however utilized similar activation
energies for the synthesis such as temperaturepaegsure (hydrothermal synthesis) (51),
microwave energy (microwave synthesis) (52), uttuasl energy (ultrasonic synthesis) (53) or
their combinations (microwave-hydrothermal syntBesiThe affecting parameters can be
pressure, temperature, concentration of precursatenmls, pH, and the solvent type. These
processes can be either templated (directed ssdfddy using soft or hard templates) or
template-free (54-61). Here in this study, microgvaynthesis was used as a facile approach to
fabricate inorganic nanostructures such as ZnQOg dn0O,, Ag, FeO,, and hydroxyapatite. In
chapter 2, patterned synthesis of ZnO nanostrustisrelemonstrated as an example for UV-
sensory applications. In chapters 3 and 4, the @Niiganic and GO/inorganic hybrids were

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

2.1. INTRODUCTION

During recent years considerable attention has lomroted to the preparation of
semiconductor micro/nano structures, e.g. Zinc ®XikhO), on Si/Si@substrates for electronic
and photonic applications (62,63). Different topathoand bottom-up approaches, such as vapor-
liquid-solid (VLS), metal-organic chemical vapor pdsition (MOCVD) and self assembled
layers, have been proposed for site-selective gr@i#ZnO structures as a prerequisite for the
integration into applicable devices (64-66). Howethese methods are mostly time-consuming
and either need high temperature or require a ysitakhich may introduce undesirable
impurities into the final product (67). Another tg#ncy is their limitation in morphological and
property variations compared to chemical synthesshods (68). On the other hand, ZnO is a
promising material for using in photovoltaic devdacend sensors, due to its intrinsic UV and
photo-sensitivity arising from its large band gapl @xciton binding energy (69). Therefore
finding a simple and rapid way to make patternedyad structures is beneficial in developing
advanced devices and sensors.

In the current Chapter (Chapter 2), a fast andesgphble approach is demonstrated for
direct on-substrate patterned growth of ZnO nanosires, which is a synthesis method
designed to be compatible with a wide range of sates and aimed to easily integrate
nanostructures into arrayed devices and circudstie rapid production of ZnO nanostructures
at controlled densities and locations, this methommbines standard micro-fabrication
techniques with microwave-assisted chemical symhdhis microwave-synthesis approach is

used later to fabricate CNT/Inorganic and GO/Inarg&ybrids.
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Figure 2.1. Direct on-substrate synthesis of ZnO mastructures (Adopted from Ref.(56) with permission).

2.2. Experimental Procedure

Using a two mask photolithography technique, elecontact (50 nm Pt on 2 nm Ti) and
photo-resist (Shipley 1808) patterns were made 8i&i0, substrate (50 nm thermally grown
oxide). The substrate was then immersed in a solutvith zinc containing precursors and
irradiated with microwave using a home-style micave oven. The substrate, now carrying ZnO
nanocrystals, was final washed in acetone (Figuta-2). The final step rendered patterned ZnO
in only designated areas on 3$i0ridging Pt electrodes and thus semiconductomsuoiator
(SOI) type of devices were made and ready for etedtmeasurements. The detailed synthesis
procedure is presented below.

A mixture of ammonia and deionized water was mad8 (atio). Then zinc acetate
dihydrate powder (ZnAc, Zn(COOGH2H,0, 1 g, ACS grade) was added to the mixture while
vigorously stirring. When all the powder was dis®al, a clear solution was obtained (pH = 12).
Then the substrate having the Pt electrodes orast placed horizontally in the solution in a
beaker, put into a microwave oven (2.45 GHz, 9008y irradiated for 30 s. The solution
temperature is about 75 C right after the syntheBhen it was rinsed repeatedly with DI water

and acetone.
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The microwave-assisted synthesis process (30-Ghdeadn duration) is compatible to a
wide range of substrates, including glass, pla&€ET), metal (Pt, Au), and polymer (PMMA)

thin films.

2.3. Results and discussion

X-ray diffraction (XRD) pattern of the obtained Zm@nostructures was measured using
an X'Pert Pro X-ray powder diffractometer manufestiiby PANalatycal and is shown in Figure

2.2. The peaks are attributed to a well crystalliZaO structure with wurtzite crystal lattice.
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Figure 2.2. XRD pattern of the obtained ZnO nanostuctures by microwave-assisted synthesis (Adopteddm Ref. (56)
with permission).
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Figures 2.3a-b show the SEM images of a devicey avith rectangular patches of ZnO
nanostructures connected to macroscopic electrddesarray is a part of a larger circuitry, of
which an optical image is shown in Figure 2.3f. Teeices have channel length varying from 2

m to 100 m. The width of each device is 10th. A zoomed-in image of one device shows a
monolayer of interconnected ZnO particles bridgiag electrodes (Figure 2.3c). The ZnO
nanostructures have a flower-like morphology witing hollow petals (Figure 2.3d).

The ZnO synthesis is done in an ammonia water isolut

NH; + H,O —> NH;" + OH (1)

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

Zn** + ANH; —> Zn(NH)4 2)
Zn** + 40H —> Zn(OH)* (3)

When the mixture is irradiated with microwave Zn@U4" and Zn(OH)* act as growth
units for the formation of ZnO structures (71,72).

Zn(NHs)4**+ 20H —> ZnO + 4NH + H,0 (4)
Zn(OH)*> —> ZnO + HO + 20H (5)

Microwave energy is known to decrease synthesie &md increase the crystallinity of
the obtained materials (73—75). Ammonia, which poas$ a large amount of hydroxyl anions
quickly in the aqueous solution, acts as the mlizma Zn(NHs),>* and Zn(OH)* physi-
absorbed on the substrates act as active siteZrfor crystallization and further serve as

nucleation sites for the growth of star-shapedmsér-like structures (Figure 2.3). ZnO formed
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on SiQ, glass, and Pt surfacasealike, which indicates that the exact chemical cosiipn of

substrates is not important.

— 200 nm

Active sites Aggregation Growth

g
Figure 2.3. SEM and digitalimages of the integrated device array and the ZnOamostructures. (¢c) ZnO clusters at
designated locations with long metal connectionsd) A single ZnO flower-like nanostructure with hollow petals (inset, (e)
Schematic of the possile growth mechanisn, (f) Digital image of the device with the Pt elecbdes patterned on a Si/Si(,
substrate (Adopted from Ref. (56) with permission).
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Further, surface-anchored ZnO structures are iclEnto their counterparts in solution
phase, only devoid of large aggregates and therafoore uniform in size. The density and
morphology of the on-substrate patterned ZnO catobé&olled by adjusting process parameters
such as zinc containing precursor concentrationpdhdMicrowave irradiation can be repeated
multiple times to further increase ZnO density @soled. The microwave synthesis condition
allows extremely fast growth in a short periodiafd, thus sharp petal-like structure is favored.
The basal (0001) plane, which has the highest droate, 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 dtaristics of the device with patterned
ZnO interconnects. The dark current is about 500ahAV bias. Under UV (wavelength = 358
nm, filtered beam of 100W Hg lamp) illumination,etlturrent is about 100 times higher,
demonstrating a large UV response in comparisoh witite illumination or dark current which
implies that the patterned arrays act as a relematintal switch.

Interestingly all the I-V curves show non-lineasymmetric patterns which is likely due
to Schottky barriers formed by metal-semiconductortacts. ZnO-Pt Schottky diodes have been
reported previously where Schottky contacts wereessary for certain electronic and
optoelectronic applications such as UV detectorandistor, sensor and particularly
nanogenerators (77-82). In these reports, sevasaplgase deposition techniques (e.g. molecular

beam epitaxy (MBE) and pulsed laser deposition (fladd post-synthesis transfer were used to
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make ZnOPt contacts. In this study, arrayed z-Pt Schottky diodes were easily made

optical sensory/switch devices using a microv-assisted chemical route.
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Figure 2.4. 1-V curvesof a ZnO device in darkness and during exposure tahite and UV lights. Inset shows the sma
dark current (Adopted from Ref. (56) with permission).

The response of curretrtansported through a microdevice to UV was furtmenitored
over time while applying a constant 5V bias acries Pt electrodes (Figui2.5). The device
showed a fast initial response to UV illuminatidmmom ~160 nA to ~210A in 120 seconds) ar
thenslowly reached saturation (~25@\) after about 1000 s. The current decayed rapadiigr
UV was turned off, indicating a fast recombinatiof electroi-hole pairs in the Zn(

nanostructures due to the highly crystallized stme&cand low surface defe((83). Such device
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behavior can be beneficial in applications demamdihort or-off cycles like optical switche:
Figure 2. shows the on/off U-response of the device while it reaches the sabaalhe
curves show that the rate of increasing currentadds with nurber of on/off cycles. In othe
words, the current reaches the saturation fastemfwre cycles. Fiure 2.% shows the on/o
behavior of the device at different time intervhifore saturation time (1min, 2min, 30s, 1
5s). The current increases botith the number of on/off cycles and larger timeemls. Shor
on/off timesshow the fast response of the device to UV ligimficming the potential applicatic

of the device for rapid UV sensing applicatiol

oo

600 : b 40
: - 350
50041 S g —_
<« |.° . © < 300
3. 400 > > =
= : ; 250 |
o 300! ! g 200 -
) :
E 200 g 101
O [ O 100 A
100 !
: L 50
0 T T O T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000
Time (s) Time (s)
C o 1 d s
o I 700 - 1l IV v
g\ 700 ¢
j_ 600 - = 600 - {
N S 9
= 500 = 50
8 400 (D] 400 -
b 300 4 E
= 300 1
O 204 @)
100 - 200 4/ i
0 . : , 100 , : :
0 500 1000 1500 2000 1000 1100 1200 1300 1400
Time (s) Time (s)

Figure 2.5. I-t curves of a ZnO devicén response to UV illumination showing (a) full rarge, (b) on/off cycle operations t
saturation, (c) fast on/off cycles (I:1min, 1l:2min 111:30s, 1V: 10s, V:5s), (d) zoomed area of on/éftycles showing only
sections Ill, IV and V (Adopted from Ref. (56) with permission).
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2.4. Conclusion

In conclusion, patterning and integration of flovike ZnO nanostructures into
electronic circuits using a rapid microwave-cherioathod was reported which can be readily
used on wafer scale. Fabrication of ZnO UV sensath high sensitivity and rapid on/off
response time was demonstrated. The microwavetegsihemical synthesis is compatible to a
wide range of substrates and also photo-resistsmmotty used in lithography. Our results
suggest that on-substrate crystallization did tter ahe morphology of the ZnO nanostructures
compared to those in solution. The microwave syishapproach presented in this chapter is
used to fabricate 3D architectures of CNT/inorgaf@hapter 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 oficpdatly interesting functional
materials for any changes to their surface or tiracresults in novel materials with improved
physical (electric, thermal, and mechanical) anentical properties for a diverse set of
applications. One approach is the enhancement of @MNperties using inorganic materials.
This is done through the decoration of the CNT wittnin layer of nanoparticles and fabrication
of CNT/Inorganic hybrid materials (84—96).

Ajayan et al. (84) first reported fabrication of TN ,Os structures by grinding purified
CNT with vanadium oxide powder followed by a simgrstep. They made a thin layer of04
on the surface and in the inter-tube space of tN&9C(84). Later, several groups reported the
decoration of CNTs with inorganic particles suchZasS (85), ZnO (86-88,96), @D (89),
Ce0; (90), CoO, NiO (94), F©, (95) and FgOs (97).

One can divide these reported synthesis methodsvirt main categories:

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

hydrothermal (97,98), microwave synthesis (85)ltrasonication (86)).

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

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

CNT structures.

3.1.1. Aligned CNT/Inorganic Hybrids

A few studies were reported recently on the dearabf aligned CNTs with metal
oxides (MO) to fabricate CNT/Inorganic hybrids (@3,99,100). Hu et al. (91) coated CNT
forests with ZnO using ALD and measured its piezckic characteristics after transferring it
onto a flexible polyurethane substrate. Li et @R)(also used ALD to coat the plasma enhanced
chemical vapor deposition (PECVD) grown verticalligned CNTs with ZnO nanoparticles and
measured its optical properties. Fang et al. (pajtered Ru@directly on arrayed multi-walled
carbon nanotubes and showed a significant enhamtemesupercapacitor performance. In
another approach, Reddy et al. (101) used porausiaa templates to first make the MnO
tubular shells, then filled the inside core with TNusing the CVD method. Although these
methods are great steps toward the fabricationDfh@brid CNT/MO structures, they lack
generality in terms of structure geometries, oxiglees and morphologies. In addition, ALD

methods are relatively time consuming and expenamne have limited coating depth. It is

30



desirable to develop chemical synthesis methods #in@ cheaper and more versatile in
production of various inorganic materials. Howewaly few studies attempted so far and they
were on the CNT forest structures (100,102). Reetegl. (102) have shown that when the
empty space among the aligned CNTs in a foresttstrei is filled with Sn@ and MnQ, the
foam-like energy dissipative response of the hylsridigher than a CNT forest alone.

In the current study, a fast and convenient mick@sassisted chemical approach is
presented to fabricate a wide variety of complerngetries (through patterning or capillary
forces) of three-dimensional (3D) aligned CNT/Iremgz hybrid architectures which is also
suitable for making various metal oxide structussapng these are Cobalt oxide, Zinc oxide and

Manganese oxide which are demonstrated here (Qt#)pte

3.1.2. Synthesis of Mesoporous Materials

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

For many applications including sensors and caglg® ordered mesoporous structures
are beneficial and functional since they have higleface area compared to randomly ordered
porous materials. Using soft and hard templatesh structures have been made and reported
extensively (103,106-110). For instance, 3D mesmpossilica powders (KIT-6 and SBA-16)

were used by Xia and co-workers (106) to prepalmitmxide mesoporous ordered structures
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with improved catalytic activity. Hard templatesosid be removed after the synthesis using
highly basic solutions or HF (106). However the péaie removal can affect the structure and
porosity of the obtained mesoporous material.

Soft templates are the original source of makirgyrttesoporous materials since the hard
templates are also made from highly ordered softptates. However the micellar ordered
structures are not very stable and can be disruphgl the synthesis due to the changes in
surface charges or temperature and it's not fav@wedabrication of all kinds of mesoporous
metal oxides (107).

The new CNT-based synthesis approach presentedcharee a unique alternative for
the fabrication of 3D mesoporous structures eiihethe form of CNT/Inorganic hybrids or
inorganic nanostructures, which could have sigaific applications in optoelectronics and
energy generation/storage such as photovoltaiteryahnd supercapacitors. In another words,
aligned CNT patterns not only act as templates witiable ordering for synthesis of all kinds of
mesoporous 3D metal oxides, but also are functi@mmmhponent in the hybrid structure.
Therefore 3D mesoporous architectures can be ftbdadirectly through the process discussed
in the current thesis. Also, the template remodtep is more convenient as a thermal annealing
procedure compared to acid or base washing rogesule it's possible to control the annealing

atmosphere and temperature to manipulate the matie structure.

3.1.3. Microwave Energy vs CNT Interactions
Microwaves are part of electromagnetic spectruni riéquencies in the range of 0.3-

300GHz. They have a broad range of applicationtudieg radar and telecommunications.
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However in synthetic chemistry and for heating jpggs, the instruments operate at 2.45 GHz.
Microwave energy has received significant attentioresearch and industry for the synthesis of
organic and inorganic materials due to the advastag has over the conventional thermal

synthesis processes (56,60,111-113). Higher ymidreaction rates as well as uniform heating
fashion throughout the solution in comparison wilie conventional approaches made the
microwave energy a convenient source for matesgtghesis. However different materials and

species absorb diverse amount of microwave eneungyta the various mechanisms govern the
absorption of microwave energy. One of them is ipmechanism and the other one is ionic

conduction.

Dipolar mechanism happens when polar molecules. (@ajer) are irradiated with
microwaves. The alternating electric field of thécrowaves results in the rotation of polar
molecules, trying to follow the alignment of thesdric field, thus makes friction and collision
among molecules and therefore an increase in #leatiic heating.

The other mechanism which is called ionic condurct®owhen ionic species travel in the
solution in the direction or against the directiohthe applied alternating electric field by
microwave irradiation. This also results in theidaggmperature increase. The amount of the heat
generated by the mentioned mechanisms is govem#tkeldielectric properties of the irradiated
substance (114,115) .

Sp-carbon materials such as CNTs and graphene alpsicrowave energy through a
Joule heating mechanism that is related to the&ctetal conductivity (116,117). The local
heating zones on the sparbon structures created by the microwave irtamiaact as relevant
sites for inhomogeneous nucleation of inorganicemalts (116) which leads to rapid formation

and precise coating of the CNT and graphene anthites with inorganic nanoparticles.
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Therefore in this thesis microwave synthesis wasduas a convenient route to fabric

inorganic materials on &garbon materials in siti

3.2. ExperimentalProcedures and Resuli

3.2.1. Synthesisind manipulation of aligned CNTs

Vertically aligned CNTs were grown using the cheathiapor deposition (CVD) methc
with high purityethylene, hydrogen and argon as the synthesis ¢a3&9:70 sccm) in a-inch
tube furnace (Lindberg). The growth temperature ¥zt C and the catalyst used was a 4 nnr
film E-beam evaporated on Si<100>/;, wafers. The Fe film was patterned by stad

photolithography using AZ3330 photoresist and LORES the lif-off resist.

Figure 3.1. SEM images of the aligned CNT patterns obtaineddy CVD method. (a) Solid pillars, (b) Sta-like pillars, (c)
Hollow pillars, (d) CNT forest (inset is the high nagnification image, scale bar is 2um). (c&dare Reprinted with
permission from ref. (118). Copyright 2013 American Chemical Society)
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Basically, the patterns are transferred from a @moask on the photoresist using UV
exposure. Then the exposed areas are washed awag developer and finally Fe thin film is
deposited on it. The final pattern is washed witetane and isopropanol to remove the
photoresist. Thus, the Fe pattern remains on thstiate where it's directly deposited on it. If no
patterning is done and just a thin Fe layer is d#pd on Si/Si@Qsubstrate, one can grow aligned
CNT forests via CVD. Figure 3.1 illustrates thegaed CNT that can be grown in our CVD
synthesis process. The porous nature of the ir@iNil' patterns and the alignment of the large-
aspect ratio CNTs are the key enabling factors mamnipulating the CNT through liquid
condensation and for deposition of inorganic narngpaes on the CNT surfaces (Figure 3.1d).
With a simple thermal atmospheric CVD system, amemxely high yield of 46 mg/cfrwith

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 methd at 725 C using 4 nm Fe thin film. Inset show th AFM image
of the Fe nanoparticles which were annealed at 725 (Reprinted with permission from ref. (118). Copyright 2013
American Chemical Society).

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

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

can be used to manipulate the structure of the r8bitacture when inorganic material is being
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synthesized on CNTs throughe chemical reaction. Later in this chapter, itligstrated how
aligned CNT walls were used to be coated with dobslde nanoparticles and be bent on

substrate to make continuous strips simultaneot

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

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

metallic precursor solutions were used respecti
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3.2.2.1. Cobalt oxide/CNT

In 30 mL DI water, 10 mL ammonium hydroxide solatitNH,OH, 30%, ACS GR, Alfa
Aesar) was added while stirring. Then 0.11 g cobaktate powder (EsCoQ,, ACS GR,
Sigma-Aldrich) was added to the mixture. The ddrlsslution was then used as the precursor

solution for the synthesis of Cobalt oxide/CNT hgllstructures.

3.2.2.2. Zinc Oxide/CNT

10 mL ammonium hydroxide solution (NEH, 30%, ACS GR, Alfa Aesar) was mixed
with 30 mL deionized (DI) water while stirring. Tiné.2 g zinc acetate dihydrate crystalline
powder (Zn(OOCCH)..2H,0O, ACS GR, Alfa Aesar) was added slowly to the 8ofu The
homogenous clear solution was then used as thaurgmecsolution for the fabrication of

ZnO/CNT hybrid structures.

3.2.2.3. Manganese oxide/CNT

0.158 g potassium permanganate crystals (KMME&CS GR, EMD chemicals) were
dissolved in 40 mL DI water while stirring. ThenmL of hydrochloric acid (HCI, 37%, EMD
chemicals) was added drop wise to the mixture. dlbear blue solution was then used as the

precursor solution for the synthesis of ManganesgedCNT hybrid structure.

3.2.3. Microwave Synthesis of Aligned CNT/Inorganitybrids
Figure 3.4 shows the experimental steps involvedhia chemical approach for the

synthesis of 3D CNT/MO mesoporous architectureaqu&NT patterns as templates. Three
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dimensional CNT patterns were plasma cleaned iroxamen atmosphere to become m
hydrophilic. Then they were immersed into a matafirecursor solutionFigure 3.4, step 1)
under mild vacuum conditions (27 inHg Vac.) and there for 30 minutes in order to have
precursor molecules infiltrate the ir-tube space. The solution is then irradiated in @owave
oven (2.45 GHz, 900W) for 360 secondsFigure 3.4, step 2).

Microwave is known to accelerate the nucleatiod formation of MO nanoparticle
(52,55,56,119) This quick irradiation step renders a monolayércrystalline metal oxidi
nanoparticles (130 nm in diameter) own directly on the surface of individual CNTs, Ve
preserving the overall configuration and shape loé briginal CNT patterns. Later, t
nanoparticledecorated 3D CNT arrays arden out of solution and dried at : C in air (Figure
3.4, step 3) or annealed at 680(Figure 3.4, step 4)With this method, one can fabricate a w

range of 3D architectures.

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

Ml | - | - | m |
Figure 3. 4 Schematic representation of the experimental stgpghowingthe fabrication of 3D mesoporous hybrid

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

The detailed chemistry dealing with the synthe$i&rdD nanostructurewas discussed in
Chapter 2 The chemistry in the synthesis of30, nanoparticles involves the #* ions making

hexamine complexek" #$ o ¢ ( and!"#$ o ¢ *(in aqueous ammonia, which are tt
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absorbed onto the CNT surfaces and decompose §0,@den irradiated with microwaves
(120):

I"#S e () S )+ ITHS %0 ) (6)

AUHS e %0 NS ) ) S o) $ ) (7)

The detailed chemistry for synthesizing Mn@anostructures with microwave irradiation
is that in the acidic media, manganate i6n ( * ) is stable and works as the growth unit for
synthesis of Mn@:

0) +%$(—*0) - 0) *$ ) (8)

The initial CNT patterns can be defined by standandtolithography. By varying the
precursor specie, concentration, pH, as well asiiceowave irradiation condition, the MO type,
size, and density can be determined. During dryilmg CNTs (coated with MO nanopatrticles)
go through elastocapillary induced densificatior &nus offer additional flexibility in tuning
density and morphology of the final structure. Tl annealing step in Figure 3.4 offers
another supplementary advantage, which allows déarthning of the hybrid structures via the
gas environment and temperature. This annealing cd be used for instance to increase
crystallinity and size of MO nanoparticles with Cdfeserved (in an inert gas, e.g. Argon) or
CNT removed (in @or air), to reduce MO to a metallic phase (e.gdiratmosphere) or to dope
them with desired dopants (e.g. in d\as).

The shape and morphology of the obtained CNT/MQepa¢ were characterized by
scanning electron microscopy (SEM, Zeiss LEO 15B@pending on the photo-lithographically
defined Fe catalyst patterns (typical dimensions10fto 500 um), various geometries of

vertically aligned CNT structures can be made giaample walls and hollow pillars as shown in
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Fig. 3.5a & 3.5f". Furthermore, the possibility of altering the $plafeature of the 3D CNT
structures with liquids, termed elastocapillary @emnsation, was studied (39,121). CNT walls
were bent using DI water to form aligned stripglo& surface, which were shown to preserve the
CNT alignment after bending (Fig.3.5b &3.5c). It svaypothesized that similar structure
modification could be achieved with precursor sols, which was confirmed experimentally.
Fig.3.5d shows the aligned CNT strips laid downtlosm substrate and coated with cobalt oxide
(Co304) nanoparticles as synthesized. When using pattdraBgned CNTs in the hollow pillar
format (Fig.3.5f), the densification during the ity step transforms them to a more condensed
and needle-like structure (Fig.3.5g). By manipulgtine original size of the CNT hollow pillars,

it is possible to obtain various shapes, from redi#le structures (smaller objects) to volcano-
like morphologies (larger objects). Recent repsuggest that a wide range of interesting 3D
architectures can be fabricated through liquid emsdtion processes such as these and are

potentially applicable in making 3D CNT/MO hybri(#9,121).

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

Shadmehr.
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Figure 3.5.SEM images of the aligne(CNTSs, 3D hybrid CNT/MO architectures and 3D MO archtectures. (a) CVL-
grown vertically aligned CNT walls, (b) laid down ONT walls to form strips on a SiC, substrate using DI water, (c)
zoomedin image of the corresponding CNT strips, (d) CNT sip/Co ;0,4 hybrid(Inset shows EDX), (e) CzO, strips after
annealing of the corresponding CNT/C30, hybrid in air at 650 °C (Inset shows EDX),(f) Hollaw pillars of vertically
aligned CNTSs, (g) liquid condensed hollow needled)) ZnO hollow needle, (i) zoome-in imagesof ZnO hollow needle, (j)
CNTs decorated with CaO, nanopatrticles (Inset is the TEM image of C;0, nanopatrticles), (k) SEM image of a typica
fibrous structure made of ZnO nanoparticles after anealing and removal of the CNT templat (Reprinted with
permission from ref. (118). Copyright 2013 American Chemical Society).
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TEM investigation also shows the coverage of irdiral CNTs with cobalt oxide
nanoparticles with average diameter of less thanr0For TEM sample preparation, sonication
is necessary to disperse aligned CNTs which areersiangled. Therefore, some of the
nanoparticles were detached from the CNT surfacenglitsample 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 GO, nanoparticles.
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3.2.4. 3D Mesoprous Inorganic Architectures

As is evident from the energy dispersive-ray spectroscopy (EDX) analysis a
scanning kectron microscopy SEM) images (Figures 3.5d&e and JB.@&nnealing of th
CNT/Cx04 and CNT/MnQ strips in air at 65 C removed the CNTs and increased the siz
the CeO, and MnQ nanoparticles and pores, while preserving the maigalignment. Fiure
3.5h shows that a highly porous, hollow neelike ZnO architecture can be achieved ¢

annealing of the CNT/ZO hollow pillarsin air.

e T
P i B N e ke S eh 3 5k

Figure 3.7. (a) Hybrid CNT/MnO, mesoporous structure. (b) Mi,03 aligned structure after annealing and removal o
CNTs (Reprinted with permission from ref. (118). Copyright 2013 American Chemical Society.

These results suggest that thermal annealing eéstele in removing CNT templates a
achieve highporosity 3D architectures of neparticulated MOsapplicable to various MO typt
and geometries. The high fidelity of the remainM@ architectures is only possible when th
is a complete and yet uniform layer of MO nanopéet decorating individual CNTs, as sho
in Fig. 3.5).The inset of Fig3.5 is a TEM image of CgD, nanoparticles after annealing in
and dispersed in ethanol solution for the purpdsstadying their size and shape, whicl

estimated to be 30 nm in diameter. 3.5k shows a single fibrowgtructure made (15-20 nm
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ZnO particles after annealing and removal of itegle CNT template. It appeared that

neighboring ZnO nanopatrticles joined together durannealing and therefore became self-
supporting after CNT removal. This data indicat& tour method could also be a novel approach
for the one-dimensional assembly of nanoparticldsch is a subject under intensive research

(122).

3.2.5. BET and Pore Size Distribution of the CNT/MChybrids

The pore characteristics of the initial CNT patsern€NT/MO hybrids, and the MO
architectures were studied. The surface area ame gi@e distribution measurements were
performed by Brunauer-Emmett-Teller (BET) techniqusing a Quantachrome Autosorb
Automated Gas Sorption System. BET measurementweshohat the CNT patterns have a
specific surface area of 548%m, which is closely matched to the theoreticalciffe area of
MWNTs with 5 nm inner diameter and 7 nm outer disneThis indicates the accessibility of
individual CNTs devoiding bundles as often encoredein solution dispersed methods. In
addition, it is suspected that the alignment of GNallowed N gas molecules to penetrate
deeper into the structure and thus the higher BEfase area achieved in this study compared to
randomly ordered CNTs reported by others (123). @tigorption-desorption curves (inset of
Figure 3.8) of the vertically aligned CNTs and aéd CNT/CgO, hybrid structures both show a
typical hysteresis attributed to a mesoporous &iracwhile having different pore sizes and BET
surface areas. The first two peaks in Figure 3e8atiributed to the intra tubular pores, which
were preserved before and aftersGpsynthesis. The size of the mesopores attributadtén

tubular spaces increased aftersGpformation (refer to the shaded boxes in Figure.3l8e
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BET specific surface area of the nanoparticle detedraligned CNTSs is approximately 35%g
and the pore sizes are betweeb8nm.

CNTs were able to absorb high levels of microwavergy and cause localized heati
which enabled the rapid decoration of 30, nanoparticles on CNT outer surfac
(116,117,124) The nanoparticles that decorate the CNT surfaess also fill the mesopo
spaces in aligned CNT arrays, make new connechetween adjacent CNTs andm pores of

various sizes that result in the formation of nemface configuration

800 | = Aligned CNT
== Aligned CNT/Oxide

Volume (cc/g, STP)

0
0 02 04 06 08 1
P/PO

|

Pore volume (a.u.)

0 5 10 15 20 25

Pore size (nm)

Figure 3.8 Pore size distribution of the aligned CNT structue (red) and aligned CNT decorated with C30,nanopatrticles
(blue). Inset shows the corresponding Adsorptic-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 videatified with Xx-ray diffraction
analysis (XRD, PANALYTICAL X'Pert Pro MRD -ray diffractometer)Figures3.9a&b show

the XRD patterns of the CNT/ZnO and CNT304hybrid structures after iwrowave irradiatior
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(before annealing) as well as after annealingrinltais evident from the differences between
sharpness of the XRD peattsat annealing has increased the crystallinityhefZnO and C;04
structuresXRD results show themanganese oxide nanostructures weesent after annealir

of the synthesized CNT/Mnybrids in air (Figure 3.1.

_ After anneal
— Before anneal

o
a S — After anneal b
~ — Before anneal
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Intensity (a.u.)
> (311)
L (440)
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Figure 3.9 (a) XRD spectra of CNT/ZnC hybrid architecture after microwave synthesis (blu¢ and annealing at 650 °C ir
air (red). (b) XRD spectra of CNT/Cq;0,4 hybrid architecture after microwave synthesis (blu¢ and annealing at 650 °C ir
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 annealinat 650 °C (Reprinted with permission from ref. (118).
Copyright 2013 American Chemical Society.
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3.3. Application of CNT/Co;04 3D Hybrid Architecture for Energy Storage

3.3.1. Electrochemical Measurements

Using the BIOLOGIC-VMP3 model potentiostat/galvatabe  apparatus,
electrochemical measurements were conducted oabasdted aligned strips of CNT/€loy
structures laying on a Si/SiQubstrate. The sample was coated partially witd gw make the

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

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

A 3-electrode cell was utilized for measurementsvimch the substrate was used as the
working electrode, a platinum wire as the countecteode and a double junction Ag/AgCl
electrode filled with 3.5M potassium chloride (KQialf-cell served as the reference electrode.
The electrolyte used was an aqueous solution opatdssium hydroxide (KOH). Galvanostatic
cycling and cyclovoltametric with potential limitan (-0.2V to +0.3V vs Ag/Agcl) were used to

measure the capacitance and charging/dischargmgntwensity of the CNT/GO, strips.

! E-Chem tests were performed thanks to the helproffMerick Rangom, PhD. student at Dr. Linda Nagzadmb (our

collaborative).
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Galvanostatic and cyclic voltammetric (CV) testsrevgpeformed to illustrate th
capacitive characteristics of the aligned CN1;0O,4 strips. CV tests were conducted at scan 1
of 10, 30, 50 and 100 mV/s, between 0 and 0.5 (gisNHE) in 2M KOH aqueous electroly
The CV curve (Figure 3.)2reveals two eaks: an oxidation peak around 0.3V and
corresponding reduction peak around 0.25V fc mV/s scan rate. This is in agreement v
results for CgO, electrodes(125,126 where the same quasversible redox reaction tak

place at the same potentials. Reduc-oxidation of cobalt oxide G@, is as follows(125,126):

3 25
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Figure 3.12 Electrochemical measurement data of aligned stripof hybrid CNT/Co03;0,in a 2M KOH electrolyte. (a)
Cyclic voltammograms at scan rates of 10, 30, 50 dri0C mV/s. (b) Cyclic voltammograms of SiQ substrate, pristine
aligned CNT, and aligned CNT/C@O, hybrid strips at a scan rate of 100mV/s. (c) Galvanostatic charg-discharge vs.
time at 200 pA constant current. (d) Areal capacitace anc Coulombic efficiency during 1000 charg-discharge cycles

(Reprinted with permission from ref. (118) Copyright 2013 American Chemical Societ).
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GO, + H,O + OH™1 3CoOOH + e~ (9)

In CNT/CaO, hybrid mesoporous architectures, aligned CNTs atthe current
collector and transfer the charge from the CNT ae$ and CNT/GQ, interfaces during the
electrochemical measurements. The oxidation andctesh of C@O, occured at a fast pace,
measured as up to 100 mV/s. Furthermore the origiagiduction peak potentials did not change
significantly when the cycles were performed athbkigscan rates (compare 10 and 100 mV/s in
Figure 3.12a), indicating the ease at which the aiffuse to the electrode surface. This is due to
the highly mesoporous nature of the CNTJ/Gpelectrode. Another important feature of such
hybrid electrodes is that both electric double tagagacitance and pseudocapacitance occurs. In
another word, charges are stored both in a doubjerlof electrons and holes inside the
mesopores and through the redox Faradaic reactiGos©, nanoparticles on the CNT surfaces.
Figure 3.12 shows the huge change occurred in dpacitance and mechanism when CNTs
were coated with G®, nanopatrticles, indicating that pseudocapacitarceahgreater effect in
this case. The shape of the CV curve when therel#ethas only aligned CNTs (without 40i)
is typical of electric double layer capacitors, wdas the CNT/Cs#, shows significant
pseudocapacitance behavior. The contribution floenstupporting Si@substrate is negligible.

The aligned CNT/Cg, strips showed excellent stability in the Galvaatst Cycling
test, with a fixed charge and discharge currene@d A (Figure 3.12c) after approximately
1000 cycles. At 200 pA (377 pA/Gn the CNT/CgO, strips managed a consistent and
repeatable areal capacitance of 30.84 mE/emd specific capacitance of 168.22 F/g (based on
weight of C@O,) or 123.94 F/g (based on weight of CNT{Og). The measured thickness of the
CNT/Ca:0; strips was about 10 pm, which makes the volumeajzacitance 30.84 F/éniThe

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

The capacitance of cobalt oxide structures in thm$ of mesoporous composites or thin
films ranges from 70 to 400 F/g (126). These numlaee much less than the theoretical specific
capacitance of GO®, (3560 F/g). Researchers worldwide are strivingniprove the capacitance
value achievable experimentally. Proposed recaestiy approach that calls for the use of binder
free hybrid materials as they provide direct contaetween the metal oxide and the current
collector without blocking the electrical condudtyvof the electrode. In this regard, Yuan and
co-workers (127) recently made a free standingQgoeduced Graphene oxide/CNT paper
electrode and measured its electrochemical capaeitto be 378 F/g at 2 A/g and 297 F/g at 8
A/g. The method presented in this thesis can béhan@pproach to achieve such binder-free
hybrid materials with compatible or superior capaute, and it is applicable to a variety of
oxides besides GO,. It is anticipated that an order of amplitude ioy@ment can be achieved

through optimization of the test setup and theiggcture geometry.

3.4. Conclusion

In conclusion the template effect of aligned 3D Cp#tterns in fabricating mesoporous
CNT/MO hybrid structures as well as 3D mesoporoud Erchitectures using a microwave-
assisted chemical technique was shown. The porausenof aligned CNT patterns along with
their high specific surface area (548/g) allowed the decoration of single nanotubes Wwith
nanoparticles in this microwave-chemical coatingcpss. The fabricated CNT/MO hybrid

structures preserved the alignment, three dimeabkiororphology and porous nature of the
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original CNT patterns while still having a high fage area (e.g. 350%g for CNT/C@0O.) and a
slightly larger pore size of 9-18 nm. It was dentoated that this microwave-chemical approach
is highly universal in terms of oxide type and atetture geometry. It is also shown that such
mesoporous structures are relevant candidates $er as electrodes in energy storage
applications. An example electrode composed of @¢§®, aligned strips exhibited an areal
capacitance of 30.84 mF/énspecific capacitance of 123.94 F/g and a Coulorefficiency of

about 87-92% over 1000 charge-discharge cycles.

52



CHAPTER 4. Bio-inspired Graphene Oxide (GO)/Inorganc Layered Hybrids

4.1. Introduction to Bio-inspired Materials

Nature is always a wonder for researchers in hoaliricates the materials with
extraordinary characteristics and structures confiiogn several interrelated features including
the self-assembly of the counter-parts, multi-florality of the structural frameworks and
hierarchy of the building blocks. Therefore a Idtresearch activities pursue mimicking the
mechanisms that enable the duplication of suchralijyuformed assemblies (128). Bio-inspired
materials, as they are named, have been develdpedgh mimicking the structure of the
biological systems or mechanisms that they useakimg the living organisms and structures,
for fabricating the engineering materials.

Seashell nacre for instance inspired researchestaluts high stiffness and toughness
arising from the layered brick-and-mortar (B&M) erdof aragonite (CaC4p platelets (0.5um
thick) and chitin fibers (~30nm thick) which act ascushion for damping the propagation of
micro-cracks and therefore elevates the toughnéstheo material (6)(5)(129). Figure 4.1
illustrates the optical and SEM images of the Abalaacre which confirms the layered structure
composed of aragonite platelets bridging togethin whitin fibers and the protrusions of the
ceramic component. The organic layer in nacre strachas pores of about 50 nm in diameter
which enables the formation of mineral bridges leemwthe aragonite layers (130). Mimicking
the nacre structure in materials fabrication ansigferesults in developing advanced layered
ceramics with superior mechanical properties (5).

In an attempt to mimic the layered structure ofraand producing novel layered hybrid

ceramics, an ice-templated approach was presem@@D8 by Munch and co-workers (6). They
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Figure 4.1.(a) Optical and electron microscopy images of the l#alone nacre showing the layered structureAdopted from
ref. (5,131,132with permission). (b) the schematic drawing of the nacre layeredmicture.

basically made a layered ice templby directional rapid coolingf ceramic slurries. Whe
cooling, ice crystals make layered branches anldeasame time the ceramic particles precipi
out of the solution and trap between the ice le (6). Then the ice templatis removed by

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

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

Another approach is layer by layer assembly of thims to obtain the layered structure
at the end. For instance nacre-like heparin (H&i3fled double hydroxide (LDH) ultrathin film
was made by Shu and co-workers (135) through a@tieen coating of HEP solution and LDL
colloidal solutions on a silicon substrate. Theelag HEP/LDH film showed improved
mechanical properties and blood compatibility.

The approach which is developed and presenteckinufrent thesis is to use a bottom-up
approach and in-situ synthesis of layered mateusitsg GO films as templates. The GO film as
what was discussed previously in this thesis (GHap}, has a fine layered structure which can
be fabricated in different sizes and shapes. A0 GO surface is hydrophilic and due to the
presence of epoxy, hydroxyl groups and vacandigspvides a relevant site for nucleation and
growth of nanoparticles. This method can be usedirectly synthesize various types of bio-
inspired GO/Inorganic layered hybrids having diegieschnological applications. In addition, the
GO film can later be eliminated from the structuvhile sintering the ceramic counter-part,
leaving a porous layered ceramic structure witly wenall layer thickness (as low as a GO single

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

4.2. Synthesis of Graphene Oxide (GO) Filn*

The GO solution was prepared by using a modifiedhbher's methodFirst, 30g NaCl
was mixed with 3.6gmphite flakesand the mixture wagrounded for 20 minuteThen, NaCl
was washed and filtered away from the mixture u plenty amount of water arfiltration. The
S0 obtained graphiteas dried at €°C for 1.5 h and about 3.0g of Was added into a solution
potassium persulfate (&,0g, 2.5 g), phosphorus pentoxide,(2, 2.5 g) and concentrate
sulfuric acid (HSQO,, 12 mL). After 4h of stirring the mixture at ©C in an oil baththe dark
blue mixture was cooled to room temperatiDI water was added, followed by filtration a
rinsing with lots of waterand then dryin at 60 °C for 1.5 hThe as obtaine pre-oxidized
graphite was treated latey Hummers methoc

In a typical procedure69 mL of concentrated 60O, was addedo the pr-oxidized

graphite and the mixture was kept in °C ice bath Then 9g of potassium pernganate

! GO solution was made by my colleague Mr. Xiguang.
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(KMnO,4) was added to the solution slowly while stirrimgkieep the temperature of the mixture
below 20 °C. The mixture later was kept at 35~4@AA stirred for 1 h. The mixture was diluted
with 560 ml water followed by addition of 30 mL,&, (30%) and suddenly the color of the
suspension turned bright yellow. Repeated stegemirifugation (at 11,000 rpm), washing with
HCI (5%) and water was performed and each timepteeipitate was collected. Then obtained
precipitate was re-dispersed in DI water (350 mhbyl astirred for 5 minutes followed by
sonication for 40 min. After sonication, a suspenss obtained that was centrifuged repeatedly
for 4~5 times at 4000 rpm to remove any insolubleigas. After each centrifugation the
supernatant was collected. The brown homogenousgicolthus made was dialyzed against

Milli-Q water for 1 week and stored for future u$segure 4.3).

Figure 4.3. The obtained GO solution through the mdified Hummer’'s method.
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Figure 4.4. AFM images of the GO flaes obtained in our synthesis process using a moeii Hummers method.
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The concentration was determined by filtering 8l0@0O stock solution using a 0.02n
Anodic alumina membrane filter (Whatman) and weighithe mass of resultant GO film. The
concentration of GO solution is about 3.0~4.0 mg/using the preparation method described
above.

The thickness of the as-synthesized graphene dakies was characterized using atomic
force microscopy (AFM, Figure 4.4). The size of (@® flakes shown in Figure 4.4a&b is below
5um. The thickness of the GO flakes (Figure 4.4c@bout 1 nm, suggesting that the obtained
GO flakes are single-layered. It has been showintligadistance between the graphene sheets in
graphite structure is about 0.34 nm which transfotm about 0.78-1nm when oxidized. The
oxidized graphene is thicker than pristine graprenee the oxygen-containing groups attaching

to the graphene plane increases the thicknessi33g6,

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

To make the free-standing GO films, 5mg of theolined GO solution was filtered
using vacuum filtration and polycarbonate (PC) meanbks with pore size of 100 nm to get the
GO thin film. The filtration was done overnightrabm temperature. The free-standing film was

taken out later to do the interlayer synthesisiofganic nanoparticles (Figure 4.5).
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Figure 4.5. (a) SEM image of the vacuum filtered G@hin film, (b) Digital image of the free-standing GO film.
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In a general procedure to fabricate layered GO/Inorganic hybridghe GO film soake
in a precursor solution of desired material undsrwum so that the solution infiltrates betw:
the layered structures of GO film. The whole sontwas then irradiated in the microwe
(900W, 2.45 GHz) oven for 360 seconds. Fige 4.6shows schematically the steps involvec

in-situ fabrication of the G@iorganic layered hybric

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

As what was mentioned previously, the GO template lze removed through a therr
annealing process leaving a porous layered inocgdm behind (Figure4.6). Such approach
very novel in fabricating frestanding inorganithin films andcan be beneficial in design a
development of devices based on inorganic thindfigmch as energy storage applicati(138).

The method described here can be used to fabrictieus GCInorganic layerec
hybrids. For example G@§, GC/ZnO, GO/FgO, and GOHydroxyapatitt (HA) layered

hybrids are produceand describein this thesis.
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4.3.1. Synthesis of Layered GO/Ag Hybrids and Ag Tih Film

The precursor solution for making the GO/Ag hybnass prepared as follows. In a 200
ml beaker, 10 ml ammonium hydroxide solution @&, 30% NH) was mixed with 50 ml DI
water and then 50 mg AgNQvas added into the mixture and stirred vigorouslgompletely
dissolve. Afterwards, 2ml ¥D, was added to the as obtained clear solution anmédstagain to
homogenize. Later, the GO film (as what was desdribefore) soaked in the solution under
vacuum to infiltrate the solution between the Iaydrhen the whole solution together with the
GO film was irradiated in a microwave oven (900VWAR2GHz) for 30-60 seconds. The GO/Ag
film was then taken out and dried at 80 C. In ordemake the free-standing layered silver thin
film, a GO/Ag film was annealed in air at 650 Q@ ft0 minutes. Figure 4.7 shows the typical
digital images of the obtained free standing Aghfafter annealing and removing GO from the

hybrid structure.

Figure 4.7. Digital image of the typical free-stanohg Ag film after GO burn out.
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X-ray diffraction characterization was performed twe bbtained inorganic materie
after microwave synthesis to find out the phaseaustalstructure of the obtained materieln
Figure 4.8the intensity of peaks reflected the high degreecwofstallinity of the silver
nanoparticles fabricated through the microwavestsgitechniqueAll the peaks are assign
with Miller indices (hkl) corrspond to pure silver metal with face centered cUlBi€C)

symmetry (139).

Figure 4.8 XRD pattern of the Ag nanoparticles synthesizedymicrowave chemical proces:

The SEM images¢Figure4.9) show that the GO film is covered with silver pddg(less

than 1um in diametegnd they grow and nd together when annealed to make the-standing
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Figure 4.9. SEM images of (a) the G@{g hybrid film (inset is a single Ag nanoparticlesthe scale bar is 100nm), (kAg
free standing thin film and (c) EDS analysis of thé\g nanopatrticles
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film with layer thickness of about 200 nm. Also t8&M images prove the porous structure of
the Ag thin film after annealing and GO removal.eTEDS analysis further confirms the
fabrication of Ag nanoparticles with this method.

The chemistry involved in synthesis of silver nasigles with microwave energy is
described below:

23#) o, #$ )$+23)$ 45 H#S #) o 1)

67 89:4;<
*23)8 45 $ ) =P 23 % ) ) g (2)
The oxygen bubbles and the yellow color of the smhu(due to presence of silver nanoparticles

in the solution) after the experiment confirms thaction happen.

4.3.2. Synthesis of GO/ZnO Layered Hybrids and ZnT'hin Film

The precursor solution for making the GO/ZnO hy$nichs prepared as follows. In a 200
ml beaker, 25 ml ammonium hydroxide solution @&, 30% NH) was mixed with 40 ml DI
water and then 1 g zinc acetate dehydrate (ZDCP)2(H20),) was added into the mixture and
stirred vigorously to completely dissolve. Latdre tGO film (as what was made before) soaked
in the solution under vacuum to infiltrate the ¢mo between the layers. Then the whole
solution together with the GO film was irradiateda microwave oven (900W, 2.45 GHz) for
30-60 seconds. The GO/ZnO film was then taken adtdried at 80 C. In order to make the
free-standing layered ZnO thin film, a GO/ZnO fimwas annealed in air at 650 C for 10
minutes. The synthesis mechanism of ZnO nanopestisl the same as what was discussed in

Chapter 2. However the morphology of the nanostinesthere shows an interesting feature.

65



Figure 4.10.SEM images of (a) GUZnO layered hybrid, (b) ZnO layered thin film.
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The SEM images in Figure 4.10 illustrate the cogeraf the outer surfaces of GO film
with flower-like ZnO structures while the inter-lEty sections are coated with small
nanoparticles. In another words, the morphology gnoavth of ZnO nanopatrticles is affected by
the packing characteristics of the inter-layer she¢ GO film. The packing density of the GO
layers can block the diffusion of precursor solntiwhile the rapid synthesis happens during
microwave irradiation. Therefore the nucleated se#tht occur on the surface have the
possibility to grow more due to the direct contatth the precursor solution but the nucleation
sites between the layers can't be fed with frestcymsor and they don’t grow larger. This
phenomenon can be beneficial in controlling thepshand size of nanomaterials and therefore
affect their physical properties and derive différeharacteristics out of the surface and
interlayer spaces of the hybrid material. The highbrous free-standing ZnO thin film can be
used in thin film optoelectronic devices. Its emgpaces can be infiltrate with polymers to

increase the mechanical properties.

4.3.3. Synthesis of GO/F©, Layered Hybrids

The precursor solution for making the GQfBg hybrids was prepared as follows. In a
200 ml beaker, 10 ml ammonium hydroxide solutiot{8H, 30% NH) was mixed with 50 ml
DI water and then 17 mg Iron(lll) acetylacetondte(GH-O.)3, AKA Fe(acac)) was added into
the mixture and stirred vigorously to completelgstilve. Then 2ml hydrazine solution,fh)
was added to the solution and stirred to homogeniater, the GO film (as what was made

before) soaked in the solution under vacuum tdtiafe the solution between the layers. Then
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the whole solution together with the GO film wasdiated in a microwave oven (900W, 2.45
GHz) for 30-60 seconds. The GO4Bg film was then taken out and dried at 80 C.

The phase and crystallinity of the obtained makemas confirmed with XRD (Figure
4.11). The resulting XRD pattern shows the peak#ated to the magnetite (k&,) phase with
an FCC crystal structure (JCPDS Card No. (79-041IhHg peaks are broad which shows the

small crystallite size of the nanoparticles.

Figure 4.11. XRD pattern of the obtained iron oxidehrough the microwave synthesis process.

The obtained free-standing GO#Ba hybrid film was utilized to synthesize carbon

nanotubes on it using CVD method with parameteas\irere described in chapter 3. In order to
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make Fecatalyst nanoparticles for CNT growth, the /F&O4 film was pretreated with , gas
for 30 min at 750C before the CNT growth step. During annealingwhidrogen gas, the irc
oxide nanoparticles reduce partially (depending on ammgaime and hydrogen gas flow) a

transform into iron nanoparticle

Figure 4.12. SEM images of (a) G®#e;0, hybrid film (the inset shows the EDS of the film)(b) the CNT grown on
GO/Fe;0,4 hybrid film. The inset show the zoomed in image anthe scale bar is 200 nn
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Fe nanoparticles act as catalysts during the Chwitr step. Also the GO film reduced
to some extend to the graphene. Figure 4.12 revkalSEM images of the GOM&&, hybrid
film and rGO/rFgO4/CNT hybrid film. The iron oxide nanoparticles coeé all around the
surface and between the layers in the Gedgrdybrid film (Figure 4.12a). EDS analysis (inset
of Figure 4.12) confirms the presence of iron oatethe film. After CVD growth, CNTs grow
randomly on the iron oxide particles which covetiegl hybrid film. The nanotubes are fluffy and
have diameters about 50 nm (Figure 4.12b). The BB&ysis after CNT growth reveals the
increase in the carbon content and decrease ineoxggntent of the hybrid film that further
confirms the partial reduction of GO and;B¢ components.

It has been shown previously that the GO/CNT comg®sre useful in energy storage
applications since they provide high dielectric stamt, enhanced breakdown strength and
maximum energy storage density as well as low dietloss (9). Therefore the obtained free-
standing rGO/rF©,/CNT hybrid film can have potential applicationsfiexible energy storage

devices.

4.3.4. Synthesis of GO/Hydroxyapatite (HA) LayeredHybrids

In order to make the GO/HA layered hybrids, twoasafe solutions were made. In a 200
ml beaker, 30 mg calcium hydroxide powder (Ca(9M)as added to 50ml DI water and stirred
vigorously to dissolve (solutioA). Then GO film soaked in solution A to infiltratiee solution
between the layers. The other soluti@d) (vas made in a 100 ml beaker by adding 27 mg
ammonium phosphate dibasic ((WH.PQ) into 50 ml DI water. Then solutioB was added

drop-wise to solutio® while slowly stirring. The pH of the mixture wabaut 10.8 after adding
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solutionB to A. The whole mixture was irradiated in a microwawvero (900W, 2.45 GHz) for

30-60 seconds. The GO/HA film was then taken odtdnred at 80 C.

Figure 4.13. XRD pattern of the obtained hydroxyaptite.

The XRD pattern (Figure 4.13) is attributed to thexagonal HA [CgPO)3;0H]
structure and reveals that the obtained HA hadaltiyse structure due to the presence of sharp
peaks at higher degrees which are not usually s&rp in amorphous HA (60,119,140).

However the broad peaks are related to the naed giarticles.
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Figure 4.14 SEM images of the GUHA hybrid film (a & b) side view, (c) top view.
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The SEM images (Figure 4.14) show that the GO fdntovered homogenously with
nano sized needle shaped HA particles in betweetatfers and on the surface of the GO film.
The HA nanopatrticles have lengths of about 100 nchchameter of about 20 nm.

The GO/HA hybrids can be used as templates for lwallegrowth and proliferation
because of its composition similarity to the hunbame tissue. It has been shown that GO and
reduced GO can improve the mechanical propertyhefHA ceramics and therefore increase
their application in the load bearing conditionsigr to the natural bone (141). So in the next
section the mechanical properties of the GO filnd &0O/HA film are investigated and the

results are compared with other materials for exfee.

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

Hydroxyapatite (Ca(PQy)s(OH),;, HA), is the naturally occurring mineral form of
calcium apatite and is the main constitute of thedhtissues (i.e. bones and teeth) in human.
Owing to its excellent bioactivity, biocompatibylitand osteoconductivity, it has been
extensively used as an implant material for bosgug replacement and in orthopedic surgeries
for enhancing the fixation of bony tissues (58,89)1 However the main drawback of HA in its
mineral form is its weak mechanical properties assalt of its poorly crystallized structure. In
order to increase the mechanical properties, ompeoaph is to crystallize and sinter the HA
nanoparticles. Also it's possible to use HA nantipl@s in a composite to make it stronger.
Recently, graphene and graphene oxide have beehasseeinforcing components to enhance

the HA mechanical properties (141,142). In otheéerapts to mimic the bone and nacre 3D
73



structure and making layered ceramics, fr-casting was used to make the layered
scaffolds which was infiltrateavith polymers later (133)The approach that is taken in t
thesis is novel since G@Ims not only increase the mechanical proies of the HA

nanoparticles but alsarient them in layered structures to further insestne strengtl

4.4.1. Cantilever Flexure Test

In order to examine the mechanical behavior ofG@ and GUHA samplescantilever
beambending tests were carried out on the narrow stip®ut of th films. All specimens wer
cut using razor blades to sizes between 1 and 3witde. The mechanical bending test v

performed usind/licroSquisher instrument at CellScale Biomateriasting

Figure 4.15. (Top)Schematic drawing of the cantilever beam knding test, (Bottom) Digital image of the GO strip during
the beam bending test.
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When an end loa# is applied to a flat beam of length width w and height, it starts
to bend whileL, w andF are constant (Figure 4.15). The height a variable and the bending
momentM at the root of the beam is given by:

M=FL (3)

The second moment of arda is given by:

A ED

The deflection of the end point of the beam whemgle bending happens is:

EFC
%GH

(5)

Therefore from substituting eq. 4 to 5, the deftacis:

EFC

D
GBC

(6)

in whichE is the Young modulus of the material.

In the tests that were performed on the GO and @dilhs, force and deflection were
recorded by the MicroSquisher instrument. Lengtth @wrdth of the strips were measured with a
vernier caliper and the thickness of the filnhg yvas measured by SEM characterization. The
thickness of the GO film is about 26.23 pm and®&@/HA hybrid film is about 8.58 um thick.
Using these data, the average value of the Younmgsdulus for the GO and GO/HA free-
standing films are 0.985 GPa and 251.82 GPa rasphct

As it can be seen in Figure 4.16, the Young's masldf the GO thin film is close to
polymeric materials and for the GO/HA layered hgbris above metals and close to dense
sintered ceramics considering the fact that GO/l Aitill flexible. The GO-HA hybrid is clearly
far above the composite materials. Therefore we @amclude that the nacre-like layered

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

In other words, the bigspired nactr-like layered hyhds fabricated and introduced
this thesis, not only can be made in various smest and phasesut also their shap
morphologyand mechanical properties can be affected with sardered desig Therefore
highly mechanically improved hybrids can bade andlepending on their inorganic phehey

can be beneficial in different applications suclerasrgy storage and optoelectron
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CHAPTER 5. Summary and Future Work

5.1. Summary

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

Nanotechnology offers new approaches to developinsipired materials mimicing
natural mechanisms. Hybrid structures are extelysheen used by natural systems to not only
reinforce mechanically the whole complex system ddab implement multi-functionality. For
example bones in the endoskeleton of vertebratesate the forces applied by body weight and
at the same time produce the red and white blolisl @ed store minerals. It's basically a hybrid
structure composed of organic and inorganic mdse(iae. mineralized bone tissues and living
cells). Another example is mollusks nacre. It's ayered hybrid structure of mineralized
inorganic platelets and organic inter-layers. Tdygeted structure not only supports the mollusks
against the external forces and attacks, but allcemthe smooth inner surface for binding the
soft tissue to the outer shell. From the technalalgboint of view, the hybrid structures are new

classes of 3D functional materials with potent@gblecations in various fields.
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In this thesis, synthetic processes have been peanpto fabricate 3D hybrid structures
composed of CNT or GO and various types of inorgamnostrcutures. In chapter 1, the
literature data have been assessed on the syndadicdesign strategies of fabricating 3D
structures of CNT and GO materials. CVD method diasussed as a relevant technique for the
catalytic synthesis of aligned CNTs with high yieRhotolitography was mentioned as a tool to
design the shape and pattern of the catalystsesuhstrate and therefore influence the growth
and spatial configuration of the obtained aligneédiT€ in CVD method. Capillary condensation
and bending of the aligned CNTs is also a usehllttm affect the final 3D shape of the structure
for making features which are unattainable in raguaticrofabrication processes. Graphene and
GO were also discussed as interesting material®ts of industrial applications such as
electronics, energy storage and catalytic appboati GO has attracted a lot of attentions since it
can be chemically functionalized and be utilizedaasorganic material in fabricating novel
hybrid materials.

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

Chapter 3 discusses the fabrication of 3D mesopomituctures of CNT/Inorganic
hybrids using a chemical microwave-synthesis apgro&arious aligned CNT shapes were
made though initial photolithographical catalystteaning and later CNT growth via CVD
method. In nanoscale, the obtained aligned CNTepatare like a bundle of free-standing
vertical carbon nanotubes which have huge surfee® ® be covered with inorganic materials

(for instance here the synthesis of CNT/ZnO, CNTOWlmand CNT/CgO4 were shown). Such
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CNT bundles can be used as capacitors and curo#lectors in an electrochemical process.
While coated with inorganic materials, they arevehdo persist high capacitance with fast
charge/discharge cycles. The energy storage apiphcis just an example for this new type of
3D hybrids. Depending on the inorganic phase, g@i@ation could be different. Also various

designs can be made by photolithography to furded to the achievement of complicated 3D
devices.

Chapter 4 discusses a bio-inspired nacre-like 3Bridymaterial that is composed of
layered hybrid constituents. The layered matelfii@ge been made previously using a freeze-
casting technigue. However in this study a diremttdim up process was introduced for in-situ
synthesis of GO/Inorganic 3D free-standing hybiihg. The approach is based on making the
layered template with a GO film and then in-sitatsgsis of inorganic material in between and
on the surface of the layers. Therefore a sequemtier of GO/Inorganic phases is obtained.
The process was shown to be effective for in-syntlesis of metal oxides (e.g. ZnO,;6g),
metals (e.g. Ag) and ceramics (e.g. hydroxyapatitespired by the nacre structure, this type of
hybrid structures are designed to enhance mechagmioperties. It has been shown that the
obtained GO/HA has a high Young’s modulus compé#oedifferent categories of materials (e.g.
metals, composites,...). The same as CNT/Inorganiridly, the inorganic constitutes in the
GO/Inorganic free-standing hybrid films largely ief the overall properties and final
application of the hybrids. Our approach offers flb&ibility to select from a remarkably wide

range of inorganic constitutes best fitting targeapplications.
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5.2. Future Work

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

developing hybrid structures are discussed asviaiig.

5.2.1. Free-standing CNT/Inorganic Thin Films

The CNT/Inorganic hybrids which were fabricated ahdwn in this thesis were placed
on hard Si/Si@substrates. In order to integrate these hybrigtgires in flexible electronic and
optoelectronic devices, one should be able to feanthem on soft polymeric substrates
(33,143,144). This is possible by simple tapingbgrstamping the structures on a polymeric

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

Figure 5.1. CNT/Cg0, hybrid strips transferred on flexible PMMA substrate.
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Figure 5.1 exhibits the transferred CNT4Og@on PMMA. The transfer was performed by
spin coating PMMA solution on the as-synthesizetbridy and later cures the polymer and
detaches it in an HF environment. However this @sscneeds to be developed in order to

maintain the phase and composition of CNTs andyeruc phase.

5.2.2. 3D Metallic Porous Thin Films

Porous metallic thin films are very useful in ligheight applications, in tissue
engineering where the porous structure is neededidsue growth inside the pores and in
catalysis (145,146). Using the approaches destiiin¢his thesis, metals can be deposited on
various 3D CNT architectures or on GO thin filmsdalater by removal of the carbon
constituent, the porous metallic thin film rema(fa instance refer to chapter 4 for porous Ag

thin films).

5.2.3. Magnetically oriented GO/Inorganic Hybrid Stuctures

Inspired from the various mineral configurationsthe endo- and exoskeletons (5),
research can be performed on mimicking such 3Dnhtaimns using CNT and GO as templates.
For instance the GO flakes in the solution ardlfirsoated with magnetite nanoparticles so they
can be oriented and patterned using regular magméen the flakes are coated again with
hydroxyapatite nanoparticles. The whole system s#lh be manipulated with magnets to
construct the desired orientation. To make suclmlmetic complex structures, freeze casting

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

magnetic field.
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