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ABSTRACT

Synthesis of Graphene Aerogel and Its Applications
Ecem Celik
Master of Science in Chemistry
August 31, 2020

Three-dimensional (3D) graphene-based aerogels with well-defined interconnected
porous networks are one of the lightest materials in the world. Thanks to their excellent
properties, which include large surface area, controllable porous structure and
functionalizable surface properties, they have not only electronic transmission capability
but also unique features of interconnected networks and can be embedded in different
materials. Also, graphene aerogels (GAs) have fascinating properties such as low density,
low thermal conductivity, high adsorption capacity, high mechanical strength, and
electrical conductivity. Due to these features, they attract the attention of various research
areas. Up to now, many synthesis methods have been used to produce GAs, which differ
in performance and structure. This thesis is devoted to the synthesis of GA via one step
hydrothermal treatment of graphene oxide (GO) solutions based on modified Hummer’s
method and the fabrication of different strain sensors based on these produced GAs for
its applications. To achieve this, GO and reduced graphene oxide (rGO) solutions are
synthesized as precursors to produce the high surface area GAs (~700 m?/g) with the
support of supercritical CO2 (scCO2) drying. Obtained GAs are used to construct GA
based hybrid materials for the fabrication of strain sensors as its applications.

Strain sensors are very attractive tools for structural health monitoring applications
and intelligent management. Especially, flexible piezotronics strain sensors provide high
sensitivity and fast response times which make them an ideal candidate for these
applications. Therefore, the nanostructured architectures have become very attractive but
challenging in the recent years. Various designs have been developed using different
piezoelectric materials, yet most applications use ZnO nanomaterials due to their unique
advantages such as biocompatibility and optical properties. However, these nanowires
require a compatible host material that includes ZnO electronically and permits them a
flexible movement. To satisfy this need, ZnO nanowires (ZnO-NWs) are constantly
embedded in various materials to build flexible strain sensors. In this thesis, we develop
a technique to produce a flexible piezotronics strain sensor based on ZnO-NWs embedded
in the synthesized GA substrates, since GAs provide excellent receiving substrate
properties, which in turn helps to maintain ZnO piezoelectric properties under any
conditions. Moreover, this defined strain sensor is fabricated with chemical vapor
deposition (CVD) grown ZnO-NWs film on the synthesized GA substrate. Strain sensing,
both static and dynamic loading, is demonstrated to show that GAs are promising
candidates as a host material due to their remarkable properties. Additionally, the I-V
characteristic of the sensor shows high sensitivity owing to the desirable piezotronics
properties, piezo potential modulated changes in Schottky barrier height (SBH), under
both static and dynamic loads. A good gauge factor (GF) of as high as 120 has been
demonstrated, which is almost 50 % higher than GF for any ZnO/Carbon based strain
sensor.



Besides, numerous efforts are made to develop wearable devices through the
utilization of nanomaterials, including nanowires, carbon nanotubes, and two-
dimensional (2D) materials. Particularly, graphene has been extensively studied for
wearable applications thanks to its excellent electrical and mechanical properties.
Especially, the focus is on the 3D graphene-based sensor architectures such as
conductive foam, nano-papers, etc. However, all geometries still confront some obstacles
with conformal integration and sensitivity. Hence, a novel method to create GA based
strain sensors which can effectively extract information from involuntary human motion
is demonstrated in this thesis. GAs were uniquely strengthened with carbon nanotubes
(CNTSs) to produce 3D hybrid frameworks. These provide stretchable characteristics,
which is desirable since the conductive pathways are often maintained under high strain
or stress conditions. Maintaining the conductive pathways is extremely important to
supply reliable information, yet it is one of the challenges in strain sensor design.
However, combination of GA and CNTSs provides a superb framework for reliable data
gathering and their material functionalization properties provide great opportunity to
supply sensitive sensors. During this study, a strain sensor was prepared from highly
functionalized GA by reconstruction with CNTs and dispersing technique, which is
straightforward, low cost, and scalable.



OZETCE

Grafen Aerojel Sentezlenmesi ve Uygulamalari
Ecem Celik
Kimya Bolumu, Yuksek Lisans
31 Agustos 2020

Iyi tanimlanmus, birbirine bagli gozenekli aglara sahip, (i¢ boyutlu (3D) grafen
bazli aerojeller, diinyadaki en hafif malzemelerden biridir. Genis ylizey alani, kontrol
edilebilir gozenekli yap1 ve islevsellestirilebilir yilizey alanlar1 iceren muikemmel
oOzellikleri sayesinde, sadece elektronik iletim kapasitesine degil, ayn1 zamanda birbirine
bagl aglarin benzersiz 6zelliklerine de sahiptirler ve farklit malzemelere gomiilebilirler.
Ek olarak, grafen aerojeller (GA'lar) diisiik yogunluk, diisiik termal iletkenlik, yiiksek
adsorpsiyon kapasitesi, yuksek mekanik mukavemet ve elektrik iletkenligi gibi
biiylileyici 6zelliklere sahiptir. Bu 06zellikleri nedeniyle ¢esitli arastirma alanlarinin
dikkatini ¢ekmektedirler. Simdiye kadar, performans ve yapi1 bakimindan farklilik
gosteren GA'lan tiretmek i¢in birgok sentez yontemi kullanilmistir. Bu tez, modifiye
Hummer metoduna dayanan grafen oksit (GO) cozeltilerinin tek asamali hidrotermal
muamelesi ve uygulamalari igin tiretilen bu GA'lara dayanan farkli gerinim sensorlerinin
uretilmesi yoluyla grafen aerojel sentezine ayrilmistir. Bu amagla, siiperkritik CO>
(scCO2) kurutma destegi ile yiiksek yiizey alan1 olan GA'lar1 (~ 700 m?/g) tiretmek icin
oncii olarak GO ve indirgenmis grafen oksit (rGO) ¢6zeltileri sentezlenmistir. Elde edilen
GA'lar, gerinim sensorlerinin uygulamalar1 i¢in GA tabanli hibrid malzemeleri
olusturmak i¢in kullanilmistir.

Gerinim sensorleri yapisal saglik izleme uygulamalari ve akilli yonetim igin ilgi
ceken bir materyaldir. Ozellikle esnek piezotronik gerinim sensorlerinin yiiksek
hassasiyetleri ve hizli tepki siireleri bu uygulamalar i¢in onlar1 ideal birer aday yapar. Bu
alanda nanoyapili tasarimlart olusturmak ¢ok zorlayici bir hal almasi nedeniyle
arastirmalarin ilgisini ¢ekmektedir. Bu nedenle, bir¢ok farkli piezoelektrik malzeme i¢in
cesitli tasarimlar olmustur, ancak bu malzemeler arasinda bircok uygulama,
biyouyumluluk ve optik oOzellikler gibi benzersiz avantajlar1 nedeniyle ZnO
nanomalzemelerini kullanmaktadir. Bununla birlikte, bu nanoteller, elektronik olarak
ZnO igeren ve esnek bir harekete izin veren uyumlu bir ana malzeme gerektirir. Bu ihtiyag
ile ilgili olarak, ZnO nanoteller esnek gerinim sensorleri olusturmak igin siirekli olarak
cesitli malzemelere gomiiliidiirler. Bu tezde, GA'lar, ZnO piezoelektrik dzelliklerinin her
kosulda muhafaza edilebilecegi miikemmel alici substrat Ozellikleri sagladigindan,
sentezlenen GA substratlarina géomiilii ZnO nanotellerine dayanan esnek piezotronik
gerinim sensoril liretmek icin bir teknik gelistirilmistir. Ayrica, bu tanimlanmig gerinim
sensOri, sentezlenen grafen aerojel substrati tizerinde kimyasal buhar birikimi yontemi
ile biiyiitiilmiis ZnO nanotel filmi ile elde edilmistir. Gerinim algilamanin, hem statik hem
de dinamik yiiklemenin, GA'larin, dikkate deger 6zelliklerinden 6tiirii ev sahibi materyal
olarak umut verici adaylar olduklarmni gosterdikleri bulunmustur. Ek olarak, sensorin I-
V karakteristigi, hem statik hem de dinamik yiikler altinda arzu edilen piezotronik
Ozellikler, Schottky bariyer yiiksekliginde piezo potansiyel modiile edilmis degisiklikler
nedeniyle yiiksek hassasiyet gosterir. Herhangi bir ZnO / Karbon bazli gerinim sensorii
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icin gerinim faktérinden (GF) neredeyse % 50 daha yiiksek olan 120" ye kadar yuksek
bir GF gostermektedir.

Ayrica, nanoteller, karbon nanotiipler ve iki boyutlu (2D) malzemeler de dahil olmak
tizere nanomalzemelerin kullanilmasiyla giyilebilir cihazlar gelistirmek i¢in ¢ok ¢aba sarf
edilmektedir. Ozellikle grafen, milkemmel elektriksel ve mekanik 6zellikleri sayesinde
giyilebilir uygulamalar i¢in kapsamli bir sekilde incelenmistir. Bu konuda odak, iletken
koplk ve nano kagitlar gibi U¢ boyutlu grafen tabanli sensér mimarileri tizerindedir.
Bununla birlikte, tim geometriler hala konformal entegrasyon ve hassasiyet ile ilgili bazi
engellerle karsilagsmaktadir. Bu nedenle, bu tezde, istemsiz insan hareketinden bilgiyi
etkili bir sekilde ¢ikaracak GA tabanli gerinim sensorleri olusturmanin yeni yontemi
gosterilmektedir. GA'lar, ¢ boyutlu hibrid cerceveler Gretmek icin karbon nanotiplerle
(CNT'ler) benzersiz bir sekilde giliclendirilmistir. Bunlar, iletken yollarin genellikle
yuksek gerilme veya stres kosullar1 altinda tutuldugu gerilebilir G6zellikler
saglamaktadirlar. iletken yollarm korunmasi, giivenilir bilgi saglamak igin son derece
onemlidir ve bu da gerinim sensorii tasarimlari i¢in zorlu problemlerden biridir. Bununla
birlikte, GA ve CNTs karisimi, giivenilir veri toplama i¢in mitkemmel bir ¢ergeve saglar
ve malzeme islevsellestirme 6zellikleri, hassas sensorler saglamak i¢in miikemmel bir
firsat sunmaktadir. Bu ¢alisma sirasinda, CNT'lerle yeniden yapilanma ve basit, diisiik
maliyetli ve Olgeklenebilir olan dispersiyon teknigi ile oldukca islevsellestirilmis
tiretilmis GA'dan bir gerinim sensorii hazirlanmistir.
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Introduction 1

Chapter 1:
INTRODUCTION

Carbon is so ubiquitous that it is located at the center of our lives and dominates
existence in all aspects. Thus, it is one of the most intriguing elements in the periodic
table. Carbon is essential for life, and its unique properties make it the basis of organic
chemistry. Moreover, it has 5 allotropes, and the three well-known allotropes of carbon
are diamond, carbon nanotube (CNT), and graphite [1]. Single-layer graphite is known as
graphene and possesses fascinating properties which makes it a wonder material.
Hexagonally arranged sp? hybridized carbon network creates graphene in which all
carbons are bonded by c-bonds in the lateral axis, and thus within the c-axis, interactions
are very weak due to the lack of chemical bonding. Graphene provides excellent thermal,
electrical, mechanical, and optical properties. For instance, it has a thermal conductivity
of 4840-5300 W/mK, electron mobility that is larger than 2x10° cm?/Vs, the high surface
area of 2630 m?/g and high tensile strength around 130 GPa and modulus around 1000
GPa [2]. Due to these excellent properties that are mentioned, it is classified as a
promising material that can replace silicon. Therefore, it has been attracted by studies in
both academia and industry [3]. The number of studies has been increasing gradually
since single-layer graphene was discovered by Novoselov and Geim in 2004 [4]. Several
methods have been discovered to obtain graphene and these include both physical and
chemical methods which are unrolling carbon nanotubes (CNT), mechanical exfoliation,
ultrasonic cleavage, chemical vapor deposition (CVD), epitaxial growth on SiC, thermal
reduction, chemical reduction, Hummer’s method [5], [6]. Furthermore, the Hummer’s
method is considered as one of the most popular methods in terms of its convenience and
industrial applicability at a low cost. It is possible to produce graphite oxide by the
oxidation of graphite with extreme oxidizing agents in powder form and then, graphene
oxide (GO) is formed by ultrasonic exfoliation of hydrophilic graphite oxide layers. Later,
this obtained GO is reduced via various methods such as chemical, thermal, and
electrochemical to produce graphene [7]. During this study, the concern is given to
graphene aerogel synthesis using the path of modified Hummer’s method in order to
produce aerogels which are highly qualified that are scrutinized to be found as favorable

for its applications.
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Graphene aerogels (GAs) which demonstrate excellent features such as larger surface
area and porous size with ultra-low density and thermal conductivity. Although they have
been prepared to be used in various application areas from pollution adsorption to energy
storage, thermal insulation and supercapacitor, they are lack of high mechanical
properties that drag them to have poor electrical conductivity which restricts their wide
application areas. Hence, they are mostly combined with other materials and form hybrid
materials to remove their lacks for those application areas required high electrical
conductivity. Hereby, graphene aerogels are beneficial not only because of possessing
excellent properties and also, having the ability of being biocompatible for an intense
scientific research area due to having several application areas related to wearable
technology, health monitoring, environmental pollution, energy and electronic fields [8].

In the second chapter of this thesis, there is a wide breadth of literature survey
reviewed on graphene and its derivatives, hybrid materials, and aerogels in order to make
these more understandable for the rest of the thesis. In addition, the information about
different synthesis methodologies used for graphene, graphene oxide and aerogels are
investigated deeply in this section. Moreover, recent studies on aerogels and their
application areas are also included in the second chapter.

The third chapter of the thesis consists of the experimental part in which materials
and methodologies used to synthesize precursors and GA are explained. Therefore, GA
is synthesized using precursors of GO solutions that is synthesized by modified
Hummer’s method, which is cross-linked via organic sol-gel chemistry, followed by
super critical drying (sCO.) and then carbonization, which is achieved through pyrolysis
at 1050 "C under nitrogen, as previously reported by [9]-[11]. Additionally, construction
of the hybrid materials which are ZnO nanowires (ZnO-NWs) embedded in GA and
GA/CNT hybrid structures are explained via synthesis methodologies used for its further
applications. Moreover, techniques and characterization methods used are introduced
during and after the synthesis.

In the fourth chapter of thesis, results are demonstrated via characterization methods
used after the synthesis. Subsequently, this includes Raman spectroscopy, X-ray powder
diffraction (XRD), Field — Emission scanning electron microscopy (FESEM) for the
characterization of GA and the electrical characterization for the hybrid structures.
Additionally, this chapter includes results and discussion of the synthesis and for its

applications. Furthermore, all findings obtained, and the corresponding results as graphs
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and images of the analysis made are listed and discussed in detail in this section of the

thesis.
Last chapter of the thesis concludes the data obtained from this study and results.
Moreover, the innovation that could be implemented as a result of this thesis is examined,

and the suggestions are proposed for further studies.
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Chapter 2:
LITERATURE SURVEY

In this chapter, the fundamental knowledge on graphite and its derivatives, hybrid
materials and aerogels are built. Furthermore, different synthesis methods of graphene,
graphene oxide and aerogels, and recent studies on aerogels and application areas in

literature are reviewed.

2.1  Graphite and Its Derivatives

2.1.1 Graphite

Graphite is known as one the allotropes of carbon atom that can be either formed naturally
or produced synthetically. It owns a hexagonal internal packing structure and was
discovered by the Swedish chemist whom Carl W. Scheele in 1778. Compared to
diamond, which is another type of allotropes of carbon atom, it is opaque with a much
softer structure. Moreover, graphite structure is layered that makes it different from
fullerene which is another type of allotropes of carbon atom. While graphite is one of the
softest materials and has dyestuff feature, it is generally used in pencil nibs. On the other
hand, scientific research demonstrated that the layered structure of graphite allows further
reactions by opening [12]. Since the layered structure of graphite could open, it enables
to produce graphene and graphene oxide materials. The allotropes of carbon atom are

seen in Figure 2.1.

Graphite Graphene Carbon nanotube Fullerene Diamond

Figure 2.1: Allotropic forms of carbon atom: Graphite (3D), graphene (2D), carbon
nanotube (CNT) (1D), fullerene (OD) and diamond (3D), respectively [13].
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2.1.2 Graphene

Graphene is a single-layered and one-atom-sized nanoscale particle, which is the basic
building block of all carbon allotropes in the structure, where regular carbon atoms are
sp? hybridized in the hexagonal structure. Graphene, which has a unique molecular
structure with its two-dimensional structure having a single atom thickness and strong
bond structure between molecules, has very good electrical, electrochemical, thermal,
optical, and mechanical properties [14]. Carbon atoms have the ability to make four
bonds. As the two-dimensional graphene also makes three bonds, the fourth electron
freely circulates in the crystal and thus, gives the graphene high conductivity. While
electrons exposed in metals cause energy loss and heat generation, electrons at room
temperature in graphene can cover quite long distances without any collision. Moreover,
it is considered as 100 to 300 times stronger than steel. In addition to being flexible and
transparent, it is the thinnest and lightest material known. Thanks to these properties and
its application areas that are almost endless, it is one of the materials that are frequently
researched today. For instance, different graphene-based materials that differs in
functional properties and sizes are especially involved in polymer composites. Therefore,
polar groups on the graphene surface improve compatibility with the polymer surface.
The types of graphene obtained by the oxidation method are more suitable for surface
formation as they bond due to functional groups in graphene-based composite production
[15]. Graphene and its derivatives are shown in Figure 2.2.

Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 2.2: Graphene, graphene oxide and reduced graphene oxide structures [16].

2.1.3 Graphene Oxide (GO)

Graphene oxide is a two-dimensional (2D) material that contains oxygen and hydrogen

atoms in its structure unlike graphene [15]. It is the oxidized form of graphene with
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functional oxygen groups located on the sp? basal plane. It has been synthesized with
Brodie, Staundenmaier, Offeman and Hummer’s methods since the beginning of the 19"
century. All the mentioned methods are based on the reaction of oxidation of graphite
with strong acids and oxidants. The degree of oxidation varies depending on the method
used, the reaction conditions, and the properties of graphite [17]. The physical properties
of graphene oxide can be changed by removing its functional groups from its surface.
This process converts the graphene oxide from semiconductor to the insulator. Due to its
functional oxygen groups, graphene oxide is hydrophilic and soluble in water, whereas
graphene is hydrophobic and insoluble in water [18]. Moreover, the best known and
widely used graphene oxide synthesis method is the modified Hummer’s method. With
the help of this method, it becomes possible to obtain considerably high yield compared
to other methods. In addition to this, this method is used frequently due to its cost is much
lower than other methods. On the other hand, products used during synthesis are
dangerous and poisonous, and toxic gases are released. The resulting graphene oxide
slurry is very acidic and must be handled carefully throughout the whole production
process. The structure of graphene oxide can be seen in Figure 2.3.

HOOC

graphene oxide (GO)

Figure 2.3: Graphene oxide (GO) structure [19].

2.1.4 Reduced Graphene Oxide (rGO)

There are several methods to obtain reduced graphene oxide (rGO) from graphene oxide
solutions. Among these methods, thermal oxygenation reduction, photoreduction,
electrochemical reduction, and chemical reduction are the most common methods [20].

Thermal deoxygenation method requires to carry out under vacuum, inert atmosphere, or

6
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a reduced gas such as Hz [21]. Functional groups of graphene oxide decompose to CO or
CO2and the reduction temperature and duration time indicate the reduction degree of C/O
ratio with the electrical conductivity of rGO that is produced [22]. Although this method
Is energy consuming, still it is considered as an effective process to produce rGO.
Photoreduction method applies irradiation with UV light source to the GO sheets under
an ambient or inert atmosphere [23]. Thus, a photoreaction occurs as a result that leads to
a production of CO2 and H> molecules. By using voltammetric or chronoamperometric
techniques, it becomes possible to produce rGO and this method is known as
electrochemical reduction which is a clean alternative method [24]. Finally, chemical
reduction method is more beneficial due to its effectiveness and less energy consumption.
In addition to this, final products are more diverse chemically because of the type of the
reducing agent used during reduction. Hydrazine is the most used reducing agent, among
others. Therefore, it can produce high C/O ratio rGOs with an electrical conductivity

under mild conditions [25].

2.2  Synthesis Methods of Graphene and Its Derivatives

2.2.1 Graphene Synthesis Techniques

Different synthesis methods of the graphene enable to obtain the specific product on the
desired size, purity, and efflorescence. Graphitic thin films have been obtained by various
techniques since the earlier ages. Later, few-layer graphite on a single crystal platinum
surface was synthesized by CVD method in 1975. However, graphene was not designated
due to the unadvanced characterization techniques or the lack of their applications [26].
Back then, the investigation on their electronic properties never were carried out since it
was difficult to isolate and transfer them on the surface of insulating substrates. Although,
Ruoff and his colleagues worked on the isolation of thin graphitic creatures that are flakes
placed on SiO> substrates with the help of highly oriented pyrolytic graphite (HOPG),
their electrical properties were not characterized and reported [27]. Yet, in 2005, Kim and
his colleagues were achieved to report their electrical properties with the help of similar
method used by Ruoff et al. [28]. This report played an important role for the
advancement of graphene research, and thus Geim and his coworkers were the first to
succeed on publishing their work. Subsequently, graphene was discovered in 2004 and
this discovery leaded to development of various techniques to produce few layers

7
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graphene. Moreover, 2D crystals were obtained in 2004 and the first exfoliation from the
bulk counterparts of thin flakes of graphene and other materials such as molybdenum
disulphide, niobium diselenide, and hexagonal boron nitride was achieved in 2005. On
the other hand, graphene was in the form of small flakes when it was first obtained via
mechanical exfoliation of graphite that used scotch tape [29], [30]. This method was able
to give the highest quality product of graphene for the mass production, however there
was a need for the fabrication method which can synthesize graphene in wafer scale.
Regarding this need, various techniques for graphene synthesis have been developed.
Among these various techniques, chemical exfoliation, mechanical exfoliation, chemical
synthesis, and thermal chemical vapor deposition (CVD) have become the most used
methods for the synthesis of graphene today [2], [31], [32]. Additionally, unzipping
nanotube and synthesis via microwave methods are also reported. Atomic force
microscopy (AFM) cantilever used in mechanical exfoliation and this enables to fabricate
few layers graphene, however the thickness of graphene is limited that varies to 10 nm
compared to 30-layer graphene. Chemical synthesis process consists the synthesis of
graphite oxide that is dispersed in a solution and the reduction reaction with hydrazine.
In chemical exfoliation method, large alkali ions are inserted between the graphite layers
and this enables the exfoliation of solution dispersed graphite. Catalytic thermal chemical
vapor deposition (CVD) method has verified as the most outstanding technique for the
carbon nanotube synthesis in large scale graphene production. CVD process is considered
as thermal CVD when it is carried out in a resistive heating furnace, whereas it is called
as plasma enhanced CVD (PECVD) if the process consists plasma assisted growth.
Eventually, all the synthesis methods demonstrate some drawbacks which depend on the
desired final application of graphene. For instance, the mechanical exfoliation method
fails to obtain similar structures, but it has the capability to fabricate monolayer to few
layers of graphene which varies in sizes. Moreover, chemical synthesis methods are
carried out at low temperatures that facilitates the multi types of substrates fabrication of
graphene at ambient temperatures. Although the produced graphene, by this method, have
larger area sizes, they are non-uniformed and dispersed. Also, graphene which was
synthesized from reduced graphene oxides (rGOs) effects graphite oxide reduction to
become incomplete which leads to a successive debasement of its electrical properties
that depends on degree of reduction. Nevertheless, thermal CVD methods are more

beneficial to fabricate larger area devices and convenient to use for the replacement of Si
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[33]. Epitaxial graphene synthesis is another method that helps to graphitize the surface
of SiC. Since it is carried out at high temperatures, it is incapable of transferring on
another substrates. Thus, the thermal CVD method is second to none due to its ability to
produce uniform layer carbon atoms which are thermally and chemically catalyzed. It can
also be deposited on the surfaces of metals with the ability of being transferred on a wide
range of other substrates [34]. Figure 2.4 shows an overview of the techniques on

graphene synthesis as a flow chart.

Graphene
synthesis
techniques
I

B SU B ([ B D ([ i D (G )
Mechanical Chemical Chemical . Epitaxial
U exfoliation U exfoliation ] u synthesis J u Pyrolysis J U Growth ] U SV ] u Other J
' 2 @ n) ‘ "N : D = : v : D
Adhesive Recuced
AFM tips Sonication graphene Thermal Plasma
1ape oxide

Figure 2.4: An overview of graphene synthesis techniques [35].

2.2.2 Graphene Oxide (GO) Synthesis Techniques

Graphene oxide synthesis constitutes the first step of the chemical synthesis methods
carried out to obtain graphene in the solution phase. For this purpose, graphite oxide is
obtained by connecting various functional groups that are oxygenated to the basal plane
of each of the two-dimensional planar carbon layers in the structure of the graphite and
to the corners of the its layers. The graphite oxide structure is also called graphitic acid,
and the monolayer of this stacked structure is defined as graphene oxide (GO) [36]. The
structure of GO was first introduced by the English chemist B. C. Brodie in 1859. He
managed to obtain graphite oxides by examining the reactivity of graphite flakes with
potassium chlorate and fuming nitric acid [37], [38]. After it was discovered in 2004,
graphene has become more attractive to researchers and the oxidized from of graphite
began to be called as GO. Although there is no clear difference in between the chemical
structures of graphene oxide and graphite oxide, there is a general terminology used in

literature that the state of the material in solution or suspension is expressed as graphene
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oxide (GO) and the state in the solid or film phase as graphite oxide [39]. In addition to
this, graphene oxide is not existed naturally, but it was obtained by synthesizing a century
ago. In literature, four main methods, which are Brodie, L. Staudenmaier, Hummer’s, and
Tour methods, are carried out to obtain graphene oxide synthetically. Additionally, novel
synthetic methods with several modifications to those fundamental methods have been
proposed in recent years. Four main methods with their oxidizing agents and reaction

mediums are shown in Table 2.1.

Table 2.1: Methods to produce graphene oxide (GO).

Method Oxidizing Agent Reaction Medium

Brodie KCIOs HNO3 and H2SO4

L. Staudenmaier KCIO3 Fuming HNO3

Hummer’s KMnOg4 Concentrated H2SO4
NaNOs

Tour KMnO4 H2SOsand H3PO4

Graphene oxide (GO) was first synthesized by Brodie in 1859. He obtained a novel
compound which contains carbon, oxygen, and hydrogen by preparing graphite in KCIO3
and fuming HNOz. Obtained products were dried at 100 °C and oxidation was repeated
three times. According to his results, light yellow colored product was obtained by
repeating all the steps to enhance to oxidization and GO was observed as soluble in basic
medium whereas not soluble in acidic environment. Therefore, obtained product was
called as graphitic acid by his study [37]. After the study of Brodie, L. Staudenmaier
aimed to improve his method. Thus, potassium and sodium chlorate aliquots added in
multiple steps and concentrated H.SO4 was used in order to increase the acidity of the
environment. As a result, this method could proceed as a single reaction and more GO
was obtained compared to Brodie’s method [40]. After 60 years from L.Staudenmaier’s
study in 1958, a mixture of concentrated H2SO4 and NaNOs with KMnOg as a catalyst
was used in Hummer’s method. Hummers and Offeman reported that oxidation process
took only 2 hours and it was carried out under 45 °C. Furthermore, dilution and hydrogen
peroxide treatment steps were proceeded to obtain as a yellow-brown colored residue of
higher oxidation degree product. This method is considered as eco-friendly since CIO-

10
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gases are not generated at the end [7]. Additionally, several different modified Hummer’s
methods, which differs in reaction conditions, oxidant types, and quantities changed, have
been developed in literature. In 2010, Tour method was proposed by Tour and his group
in Rice University. The amount of KMnO4was increased and a mixture of H2SO4 /H3PO4
with a ratio of 9:1 was used. Since the usage of NaNOs has been removed from the
reaction medium, this method has become advantageous. Hence, deleterious gases, such
as NOz, N2O4 or ClO», are not generated during the reaction due to the lack of NaNOsa.
Also, GO products are obtained with a higher oxidation degree compared to Hummer’s
method [18]. Seeing that, several methods with some drawbacks and benefits have been
developed to enhance the oxidation degree of graphene oxide production. Therefore, ClO:
gas, which is harmful, is produced as a side product in the methods of Brodie and L.
Staudenmaier. On the other hand, generation of ClO2 gas was eliminated by Hummer’s
method and it has become the most used method, among others. Tour method achieved
to prevent the formation of toxic NOx gases by using phosphoric acid instead of NaNO3
and avoids the further oxidation of the basal plane that provides pinhole free sp? plane.
Besides, graphite source plays a crucial role to produce GO since the properties of the
starting materials affects the properties of the end product in terms of crystallinity, defect
density, reactivity and dispersibility.

Thus far, different methods to synthesize graphite oxide was introduced, but exfoliation
step, which does not occur spontaneously, is required to obtain monolayer GO. Therefore,
either thermal or mechanical exfoliation can be used for this purpose. Sonication, stirring
or both are considered as mechanical exfoliation methods used. Graphite oxide can be
converted into GO in water or polar organic solvents completely via these methods.
Moreover, sonication causes not only the decrease in sheet sizes from microns to
nanometers but also broadening the distribution of sizes of GO sheets [41]. GO
dispersibility in water varies in between 1-4 mg/mL [42]. Additionally, it is also
dispersible in organic solvents such as dimethylformamide (DMF), N —methyl
pyrrolidone (NMP), and tetrahydrofuran (THF) [43]. On the other hand, thermal
exfoliation is carried out at minimum of 550 °C to proceed the exfoliation successfully.
The formation of H>O, CO., and CO gases occurs during heating due to the
decomposition of oxygen-bearing functional groups on the basal plane of graphite oxide.
If the decomposition rate of these functional groups gets higher than the diffusion rate of

these gases through the lateral direction, then van der Walls interactions between the
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layers are prevailed over by the increase in interlayer pressure. As van der Walls
interactions are broken, the distance gets increased in between the layer and as a result,

exfoliation occurs [44].

2.2.3 Reduced Graphene Oxide (rGO) Synthesis Techniques

Reduced graphene oxide (rGO) and its derivatives have become promising materials
because of their usability in many fields such as energy storage, detector research, and
purification studies [4], [45]. The second step in the synthesis of graphene with the
chemical method is the reduction of GO by various processes such as chemical, thermal,
photothermal, laser-induced, and electrochemical. After the reduction process, the
oxygenated functional groups in the layers are largely removed and the conjugated
structures in which the & electrons can be delocalized are reconstructed in the system.
Thus, reduced GO (rGO) layers with electrical conductivity are formed [46]. The
reduction efficiency is determined by carbon to oxygen ratio. Depending on the type of
reduction, reducing agent, reduction time and temperature, reaction parameters such as
annealing time and temperature, the ratio changes between 4:1 and 80:1. Moreover, the
conductivity values of the layers vary in a wide range as well. Reducing agents used in
chemical processes are mostly toxic and hazardous such as hydrazine monohydrate,
dimethyl hydrazine, sodium borohydride, hydroquinone, hydroxyl amine, p-
phenylenediamine and sodium hydrosulfite [47]-[49]. Therefore, it is necessary to limit
the use of these reducing agents and provide less harmful synthesis conditions for
production of rGO in high amounts. Although Fe, Al or Zn metal powders, hydrogen
halides, Vitamin C (L-ascorbic acid), D-glucose, various alcohols, acetic acid, dextran
and tea solutions in the acidic medium allow rGO synthesis to be performed under more
mild conditions, the low degree of reduction becomes an obstacle to overcome with. To
overcome with this problem, the reduction reaction temperature is set to higher than 25
°C and duration time is increased. In addition to this, studies on dispersion stability are
carried out to prevent rGOs from settling and agglomerating due to the removal of
functional groups from the layers in the solvent medium. Graphene derivatives with
dispersion stability can be used in molecular electronic application fields, which include
direct wet coating methods and film preparation techniques. This clearly emphasizes the
importance of the stability of graphene dispersions for the widespread use of chemically
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synthesized graphene. In addition to chemical reduction method, GO solutions can be
thermally reduced under vacuum at high temperatures such as 1000-1100 °C. Although
this method is easy and environmentally friendly, it is not preferred for the high capacity
rGO synthesis because it causes a lot of energy consumption [50]. Moreover,
electrochemical, microwave, and photocatalytic reduction methods are also among the
non-preferred methods due to their low efficiency [48], [51], [52]. Overall, GO reduction
is done in order to obtain graphene-based material which is dispersible. Graphene oxide
reduction yields graphene in gram scale likewise its production is a low-cost process.
Among all reduction methods mentioned, ultraviolet assisted reduction method is
preferable due to being a green treatment process without the generation of any toxic
pollutant or reductants. Additionally, direct reduction of GO can be carried out only under
UV lamp [53]. Also, conductivity (S/m) values and C:O ratios of rGOs obtained by

various studies via different methods are demonstrated in Table 2.2.

Table 2.2: Conductivity (S/m) values and C:O ratios of rGOs obtained by various

studies via different methods.

Studied by | Type Reduction Reduction | C:O | Conductivity
Condition Method Ratio (S/m)
(Mohanet |rGO 72h with Chemical | 14.92 | 10330
al.,2015) HI 9.92 | 5500
[54] HBr 6.75 | 3300
Hydrazine
(Chenetal, | rGO 2466.85 °C Thermal 81.64 | 311200
2016) [55]
(Park etal., | rGO 24h with N,N- Chemical - 1900
2014) [56] dimethylhydrazine
at 80 °C
(Zengetal., | rGO Hydrazine- Chemical - 22300
2014) [57] cetyltrimethyl
ammonium chloride
(CTAC)
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(Stankovic | PS-rGO Dimethyl hydrazine | Chemical - 1

et al., 2006) | Composite

[58]

(Renetal., | rGO Hydrazine Chemical | 15.51 | 500
2011) [59] monohydrate

(Zhou X. et | rGO Hydroxylamine Chemical |9.7 1122
al., 2011) L-ascorbic acid 5.7 800
[60] Hydrazine 10.3 | 1187
(Chen et rGO p-phenylenediamine | Chemical | 7.4 15000
al., 2009)

[61]

(Zhou T. et | rGO Sodium hydrosulfide | Chemical - 1377
al., 2011)

[62]

(Pham et rGO N-methyl-2- Chemical |9.68 | 21600
al., 2011) pyrrolidone

[63]

(Fanetal., |rGO 30min with Fe/HCI | Chemical | 7.9 2300
2011) [64] at 25 °C

(Fanetal., |rGO 30min with AI/HCI | Chemical | 18.60 | 2100
2010) [65] at 25 °C

(Dey etal., | rGO 2h with Zn/HCI Chemical |21.22 | 3416
2012) [66] at 25 °C

(Mei and rGO Imin with Zn/HCI Chemical |33.5 | 15000
Ouyang, at25°C

2011) [67]

(Peietal,, |rGO 55% HI at 100 °C Chemical |16 29800
2010) [68]

(Moon et rGO Hl-acetic acid at Chemical |6.66 | 30400
al., 2010) 40 °C

[69]
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(Zhang J. et | rGO 48h with L-ascorbic | Chemical - 800
al., 2010) acid at 23 °C
[70]
(Fernandez- | rGO 15 min with 2 mM Chemical - 7700
Merino et Vitamin C at 95 °C
al., 2010)
[71]
(Chen, D. rGO 72h with L-cysteine | Chemical - 0.124
etal., 2011) (amino acid) at 26
[72] °C
(Kimetal., | rGO 3h with Dextran at Chemical - 1.1
2011) [73] 95°C
(Leietal,, |rGO 10h with Tannic Chemical |2.44 |656.7
2011) [74] acid at 80°C
(Mattevi et | rGO 1100 °C Thermal 12,5 | ~55000
al., 2009)
[45]
(Vallés et rGO 30 min, under Ar Thermal 1.2 8100
al., 2012) atmosphere at 700 28.57 | 5000
[75] °C
30 min, under Ha
atmosphere

(Park et al., | Phenyl- 6h with 4- Thermo- 7.1 42000
2012) [76] | Graphene | iodoaniline Chemical

(R-Ph- aryldiazonium salt at

GO) 300 °C
(Guoetal., | rGO 10 mmol/L PBS Electro- - 3500
2009) [77] (K2HPO4/KH2PO4) | Chemical

at-1.5VandpH5
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2.3 Hybrid Materials

The latest technological developments and the desire for new applications create great
demand for novel materials. Many of the well-known materials such as metals, ceramics
or plastics cannot fulfill all technological requirements for various new applications.
Scientists have already noticed that mixtures of materials can show superior properties
compared to their pure counterparts. One of the most successful examples is the
composite group formed by incorporating a basic structural material into a second
substance or matrix. Structural building blocks in these materials included in the matrix
are predominantly inorganic and show a size range from micrometer to millimeter, and
therefore their heterogeneous composition is mostly visible [78]. Later, it became obvious
that reducing the dimensions of the inorganic units to the same level as the organic
building blocks could lead to more homogeneous materials which allow the properties of
the materials to be better adjusted at the molecular and nanoscale level. Even though the
first appearance of hybrid materials is not completely obvious, it is reported as the mixing
of organic and inorganic components was carried out in the ancient world. In ancient
times, the production of bright and colored paints was the driving force to continuously
try new paints or inorganic pigment mixtures and other inorganic and organic ingredients
to create paints used thousands of years ago. For this reason, hybrid materials and even
nanotechnology are not an invention of the last decade, but they were developed a long
time ago. However, due to the availability of new physicochemical characterization
methods performed by scientists in the 201" and early 21% centuries, the nanoscience field
opened many perspectives for approaches to new materials. The combination of different
analytical techniques brings new perspectives to hybrid materials and clearly reveals that
bottom-up strategies for the design of molecular-level materials will lead to new features
in this class of materials [79]. In addition to using inorganic materials and organic
polymers like rubber as fillers, it has been a long time since inorganic and organic
materials were being mixed. However, Sol-gel method which is a method of production
of mixtures has changed this situation. This method, which will be discussed in detail
later, was developed in the 1930s by using silicone alkoxides as the leading materials
from which silica was produced. In particular, the silicone-based sol-gel process was one
of the main driving forces, which has become a wide area by the production of inorganic-

organic hybrid materials. The reason for using silicone is its processability and stability
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of the Si-C bond during the formation of a silica networks which allow the production of
organically modified inorganic networks in one step [78], [79]. Inorganic and organic
hybrid materials are applicable in many different areas of materials due to their easy
processing method and them being suitable for a design on a molecular scale. Currently,
there are four main issues in the synthesis of inorganic - organic materials that are
molecular engineering, nanometer and micrometer size organization, transition from
single functional to multifunctional hybrids and their combination with bioactive
components [79]. Hybrid material is a term used for many different systems covering a
wide range of different materials, such as crystalline high order coordination polymers,
amorphous sol-gel compounds, and materials which interact and do not interact with
inorganic and organic units. From a broader perspective, hybrid material can be defined
as a material that contains a mixture of two materials on a molecular scale. Commonly,
one of these compounds is inorganic and the other one is organic [78]. Furthermore, they
are distinguished based on their possible interactions linking inorganic and organic
species. Class | hybrid materials are those that show weak interactions between the two
phases, such as van der Waals, hydrogen bonding, or weak electrostatic interactions. On
the other hand, class Il hybrid materials are the ones which demonstrate strong chemical
interactions between components. Eventually, there is a continuous transition between
weak and strong interactions due to the gradual change of the strength of chemical
interactions. In addition to their bonding properties, their structural properties can also be
used to distinguish between various hybrid materials. The organic part containing the
functional group that allows binding to an inorganic network can act as a modifying
compound in the network because of the inorganic network in the structure of the final
product is replaced only by the organic group [78]. For instance, trialkoxysilane and
phenyltrialkoxysilanes are examples for these compounds. In the sol-gel process, they
modify the silica network by reacting the trialkoxysilane group without providing any
additional functional groups intended to further react to the formed material. If a reactive
functional group is added to the system, this group is called a network functionalizers.
Moreover, if two or three anchor groups replace an organic segment, then this becomes

hybrid network which is an integral part of the inorganic group.
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Figure 2.5: Organically functionalized trialkoxysilanes, R’Si(OR)z, used as a)

modifier; b) builder and c) functionalizer of silica-based network through the sol-gel
process [80].

If there is not any strong chemical interaction between inorganic and organic building
blocks, then mixtures are formed. For instance, the combination of inorganic clusters or
organic polymers that do not have strong interactions such as covalent bonds between
particles can be given as an example. Due to the functions of the components, a material
with a compressed discrete inorganic part is obtained, which is stuck in the polymer
crosslink due to weak cross-linking by inorganic units intertwined by physical
interactions, or because inorganic components are trapped. If an inorganic and organic
network encompasses each other without any strong chemical interactions with each
other, interpenetrating networks are formed. For example, a sol-gel material is formed
in the presence of an organic polymer. Both materials described belong to class |
hybrids. On the other hand, class Il hybrids are formed when discrete inorganic building
blocks, for example, clusters, are covalently bonded to organic polymers, or when
inorganic and organic polymers are covalently bonded with each other [78].
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Figure 2.6: The structures of class | and class Il hybrid materials [78].

2.4 Aerogels

Aerogels have been attracted to researchers in recent years due to their unique
properties. These fascinating features are the result of the distributions of solid
networks. Their extremely high porous structure and high surface area give them these
unique properties and make them promising candidates for various applications. These
low-density materials are transparent, have very low thermal conductivity, but are very
fragile and absorb moisture causing degradation [79]. Some of the common properties

of aerogels are shown in Table 2.3.

Table 2.3: Common properties of aerogels.

Properties Values Conclusion

Density ~0.003 g/cm® The lowest density solid
material [81].

Porosity 80-99.8 % High porosity [81], [82].

Surface Area 500 — 1200 m?/g Concluded by BET
analysis [81], [82].
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Average diameter of pores

20—-150 nm

Mostly in the mesoporous

range [81].

Thermal conductivity

0.017 - 0.021 W/m.K

Very high thermal

insulation [82].

Thermal resistance

500 °C

Shrinkage starts at 500 °C
and altered by the increase
in temperature.

Melting point is at 1200 °C
[83].

Dielectric constant

1.0-2.0

Low value compared to

solid materials [81].

Young’s Modulus

0.002 — 100 MPa

Very low value compared
to solid silica [82].

Poisson’s ratio 0.2 Similar to dense silica
[82].

Refractive index ~1.05 Low value compared to
solid materials [81].

Optical properties >90% According to permeability
measurement done at 630
nm [83].

Speed of sound 100 m/s One of the lowest speed

materials in solid materials
[81].

As stated before, aerogels are low density microporous solids with a fine, open-pore

structure that leads to high porous and wide surface areas. These features make them

unique in many applications and allow to be used for many applications, some of which

have already been commercialized. There have been many debates going on the definition

of aerogels in recent years. According to Smirnova and Gurikov, an aerogel has been

defined as an open colloidal or polymeric network of loosely packed, bonded particles or

fibers, which are expanding throughout their volume by a gas and, thus exhibiting a very

low density and high specific surface area [84]. Although the production method of
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aerogels is not included in this definition, they are generally formed by a starting gel
without significant volume reduction, network compression or network degradation. The
starting gel can consist of almost any material or different combinations which are called
as hybrid aerogels. Aerogel and its derivative materials are known as the lightest solid
material in the literature. The density of conventional silica type aerogel is around 0.001
g/cm?. The reason why it has such a low density is that 99.98% of its volume is composed
of air. The most important reason for the limited application of classical aerogels is that
they are fragile due to the silica groups in their structure and cannot bear any load. Thanks
to the cross-linking mechanism, the fragile aerogel gains a flexible structure and becomes
capable of carrying loads. The term aerogel was first introduced by Steven Kistler in 1932
as gels in which the liquid was replaced with a gas without disturbing the gel-solid
network structure [85]. In their first work, Kistler synthesized a series of aerogels that
vary in their internal structures. Moreover, organic cellulose aerogels, nitrocellulose,
gelatin, agar, or egg gels containing albumin, tungstic, ferric, tin oxide and nickel tartrate
containing metal matrix aerogels were synthesized. In addition to silica aerogels, which
can be processed relatively easily compared to other gels, he also managed to make
alumina aerogels, which proved to be very weak mechanically. While wet gels were
previously dried by evaporation, Kistler applied a new supercritical drying technique in
which the liquid from that it absorbed the gels was evacuated after being converted into
a supercritical fluid [85]. Basically, supercritical drying relies on heating a gel in an
autoclave until it exceeds critical temperature (Tc) and critical pressure (Pc) of the liquid
held in the gel pores. Kistler have also applied the super critical method to other liquids
which are ethyl ether and liquid carbon dioxide used in an unsuccessful attempt to make
propane and rubber aerogels. Taking into account the recent advances in the synthesis of
aerogels, it would be more realistic to describe these materials as gels where the liquid is
displaced by air, by shrinking the solid network, referring to the initial idea of Kistler.
Furthermore, this definition illustrates the main difference between aerogels and xerogels.
The term xerogel is defined by IUPAC as an open network created by removing all
blowing agents from the gel. In the literature, studies on classical and cross-linked silica
aerogels are frequently seen. Tajiri et al. examined how supercritical drying affects the
structure and properties of the silica aerogel [86]. In their study, supercritical drying was
carried out by using methanol, ethanol, and 2-propanol. As a result of the study, the most

shrinkage was observed in the synthesis route with 2-propanol. Ethanol and methanol
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showed the lowest shrinkage. In bending strength, a certain change was not observed in
the drying process with different materials. Additionally, there are other important studies
done by Leventis and his friends in this field [87]. Unlike others, they investigated the
method of aerogel synthesis without the supercritical drying process. As a result of
washing 4 times with pentane under room conditions, it was observed similar results to
the aerogel made with supercritical drying was obtained. The initiator chemicals
commonly used in the literature were TMOS and TEOS. Capadona et al. prepared three
systems with four different silane concentrations, four different di-isocyanate
concentrations and two different temperature conditions, and as a result they synthesized
28 different monolithic aerogels [88]. As a result of their study, it has been observed that
the highest density crosslinked aerogel has the highest tensile strength and elastic
modulus. In addition to this result, the prepared cross-linked aerogels have a density up
to 3 times higher than conventional silica aerogels but have 120 times more tensile
strength. Katti et al. modified the classic aerogel with amine to determine their load
bearing capacity with three-point bending test and dynamic mechanical analysis [89].
Specific compressive load yield strength of samples is 8900 Nm/kg with an average
density of 0.478 g/cm?, maximum compressive tensile strength is 186 MPa, yield point
value is 3.89x10° Nm/kg, while young module of classical silica aerogel is around 92
MPa and determined around 130 MPa of crosslinked aerogel [89]. As aerogels are
synthetic widely used materials in literature, they are classified by the composing
material. Furthermore, the commonly studied known aerogels are silica, organic

resorcinol formaldehyde (RF), carbon nanotube (CNT), carbon, and graphene aerogels.

2.4.1 Common Types of Aerogels and Their Synthesis via Sol-Gel Method

Silica Aerogels (SAs)

During the synthesis of silica aerogels (SAs), sol-gel process starts the first. Then,
tetraethylorthosilicate (TEOS) or tetramethylorthosilicate (TMOS) are mixed with water
in a solvent as ethanol or methanol. As a result, colloidal particles are independently
formed, and they are existed in solution as dispersed. Moreover, they have crosslinked
structures and this colloidal part of the suspension is known as sol. The other parts have
the interconnected rigid network which consists pores that are filled by liquid and this
part is called as the gel composed of 3D silicon oxide [90], [91]. Thanks to the intriguing
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properties of obtained monolithic or granular SAs, they can be used in many applications.
They possess low thermal conductivity as in between 0.017-0.021 W/mK, very low
density in between 3-400 kg/m?, transparency and high surface area as 500-1200 m?/g.
Thus, they can be used in Cherenkov detector because of their appropriate optical
properties which are transparency and low refractive index [25], [92]. As SAs have very
low thermal conductivity, they can be used in insulating materials in buildings or space
vehicles [93], [94]. They can also be applied to gas phase reactions, adsorbents, and
sensors as catalyst support due to having low density and high surface area [95], [96].
Moreover, they are promising materials as transparent conductors since they can be

loaded with conductive materials.

Organic Aerogels (RFAS)

First, Pekala developed organic resorcinol-formaldehyde aerogels (RFASs) by using
organic monomers which are resorcinol (R) and formaldehyde (F) via polycondensation
reaction in 1989 [97]. In addition to this, phenol-furfural and melamine-formaldehyde can
be used as reactants to produce organic aerogels [98]. These produced organic aerogels
have high surface areas with high mesoporosity. Their density varies from 100 to 500
kg/m®and, they have a surface which can be functionalized. Subsequently, they are used
as a precursor of carbon-based aerogels and promising candidates for adsorbents, catalyst

that support gas phase reaction and sensors.

Carbon Aerogels (CAs)

RFAs are used as a precursor to prepare carbon aerogels (CAs) via carbonization that is
carried out by the heat treatment of the sample in 500-2500 °C under N2 or Ar atmosphere
[99]. During carbonization, highly pure carbon structure is given to make an enrichment
of carbon content in aerogel and functionalities of hydrogen and oxygen are lost by the
organic aerogel. CAs gets electrically conductive after carbonization occurs about 750
°C. Then, it is also considered as stable in both acidic and basic conditions [100].
Moreover, they are distinguishable from other carbon-based materials that they are
mesoporous which can be synthesized as monolithic materials and also, they possess high
surface area as 400-1200 m?/g, low density and high porosity [101]. Compared to other
activated carbons, they show higher electrical conductivities. Since CAs have

microstructural and physical properties that can be adapted into nanometer scale with
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changing the parameters of steps used in sol-gel process, they have been attracted to
studies on engineering products and applications in electrochemical super capacitors,
catalyst support, insulators, broadband non-reflective materials and adsorbents [102],
[103].

Graphene Aerogels (GAs)

Graphene aerogels (GAs) are type of aerogels which are made of graphene sheets that
are randomly stacked. They demonstrate similar properties of graphene and bring
together the features of aerogels. Since Xu. et al. reported the method of hydrothermal
synthesis for the production of GAs in 2010, it has become one of the most commonly
used technique to produce GAs in literature [104]. During the hydrothermal synthesis,
graphene oxide (GO) solutions are dispersed in solvent such as water in a closed vessel
and heated until a monolithic aerogel structure is occurred. GO solutions are the
precursor to produce GAs due to having functional groups that can be reacted to other
compounds and thus, yield new materials. Therefore, GO sheets are reduced
simultaneously because of heat and pressure applied during the synthesis. Hu et al.
studied on the production of GAs with thermogravimetric analysis that he reported as
COz entrapping occurs between GO layers which are reduced. Then, this results porous
network formation [105], [106]. Furthermore, GAs are in more compact structural form
and demonstrate high mechanical strength when acidic GO solutions are used. Cheng et
al. [107] reported that GAs show high mechanical strength, specific and high surface
area, high porosity, thermal and electrical conductivity, high specific capacitance, and
high cyclic stability. Additionally, GAs are lighter than even air, and this explains the
reason for graphene can be a substitute of helium which is rare and expensive relatively
than graphene. All these fascinating features make GAs anticipated to be used for
energy storage, supercapacitors, waste removal and gas sensing applications. Moreover,
they are also suitable for the air purification as well as being a candidate as solar light
photocatalysts. Since GAs allow the addition of nanoparticles, this enhances their

properties and give a birth to new application areas [8].

Synthesis of Aerogels
In this heading, the hydrolysis and condensation reactions that lead to a solid-state

network via synthesis method of sol-gel and drying process will be briefly described for
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a better understanding of the synthesis of aerogels. Thus, synthesis of aerogels consists
of two main parts which are sol-gel synthesis process and drying process. The basic

scheme of the synthesis of aerogels are shown in Figure 2.7.

Supercritical drying

Atmospheric drying

b)
Xerogel

-~ -

\ Freeze drying CC) :
ryoge

Figure 2.7: The basic scheme of synthesis of aerogels, xerogels, and cryogels [108].

|

Sol-Gel Process

This sol-gel process is chemically related to an organic polycondensation reaction in
which small molecules form polymeric structures with the loss of substituents. Generally,
the reaction results in a three-dimensional (3D) cross-linked network. The fact that small
molecules are used as precursors for the formation of crosslinked materials includes
several advantages, for example, the use of a solvent-based chemistry, which provides
many advantages in the high control and processing of the purity and composition of the
final product. The silicone-based sol-gel process is probably one of the most researched.
For this reason, fundamental reaction principles are considered as a model system in this
process. This also makes silicone-based sol-gel processes a widely used process for the
synthesis of hybrid materials because of the organic groups being easily reacted using
organic modified silanes. Si-C bonds are generally more resistant to hydrolysis reaction
than metal-carbon bonds, so it is possible to easily connect a wide variety of organic
groups to the formed network. Silica precursors are the starting materials of the sol-gel
process. The synthesis begins with the hydrolysis of suitable precursor material mixed
with water in a suitable solvent. The end point of condensation, which leads to hydrolysis
reactions and a solid network, is accelerated by the addition of a catalyst. These reactions
are seen in Figure 2.8. In the studies of Dorcheh and Abbasi, three different methods have

been proposed, such as acid catalysis, base catalysis, and two-step acid-base catalysis
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[82]. When silica aerogels were first synthesized, metallic precursors were used [85].
Currently, organic precursors such as TEOS, TMOS and some other silica-based
precursors are preferred over metallic ones. These organic precursors have partial positive
charges making them less susceptible to nucleophilic attack [109]. Also, since oxidation
states are equal to coordination numbers, hydrolysis and condensation kinetics are slower
than metal systems. To overcome these slow Kinetics, acid or base catalysts are often

added to the solution. Therefore, the pH used generally influences the kinetics expressed
by the gel point of the sol-gel reaction.

acid-catalysis

RO RO
RO, % RO, %
n, Z -z
/ ——>Si—OR = Si— OH+ ROH +H'
H,O: ¥ H /
RO RO
base-catalysis
RO RO
RO, % RO, %
all ~z ]
/ T>Si—OR & Si— OH + RO
HO™ / /
RO RO

Figure 2.8: Acid and base catalysis of silicone-based sol-gel process [110].

The reaction is the slowest at the isoelectric point of the silica that is in between 2.5 and
4.5 depending on different parameters, and the rate increases rapidly by changing the pH.
Reaction conditions have a strong influence not only on the kinetics of the reaction but
also on the structure of the precursor materials. In general, larger substituents reduce
reaction time due to steric inhibition. In addition, the substituents play a major role in the
solubility of the starting material in the solvent. Moreover, water is prerequisite for the
reaction, and if the organic substituents are large, the precursor usually becomes
immiscible in the solvent. It is necessary to take into account that by changing the solvent,
it can interfere with the hydrolysis reaction, for example, alcohols can undergo trans-
esterification reactions, which lead to a rather complex balance in the mixture. Therefore,
the reaction conditions must be fine-tuned for a well-defined end product. Furthermore,

pH plays an important role not only in the mechanism, but also in the microstructure of
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the final product. By applying acid-catalyzed reactions, an open network structure is
formed in the first steps of this reaction, which then leads to condensation of small parts.
On the other hand, the base catalyzed reaction leads to already highly cross-linked sol in
the initial stages. Commonly used catalysts are HCI, NaOH or NH4OH, but fluorides can

also be used as catalysts which may lead to a rapid reaction time.

Hydrolysis

Hydrolysis is the first step in sol-gel synthesis. With the help of a catalyst, the alkoxide
groups (-OR) of the -Si(OR)4- organic precursor are replaced by hydroxyl groups (-OH)
leading to the formation of individual silanol groups (Si-OH) [109]. The reverse reaction
is called as esterification. The alkoxide group replaced by the precursor appears in the
corresponding alcohol. Since water does not mix with alkoxysilanes due to the
hydrophobicity of alkoxide groups, alcohols such as ethanol and methanol are also added
to achieve miscibility between components. Thus, alcohols are used as co-solvents
throughout the water to facilitate hydrolysis. It is carried out by adding an acid catalyst
or a base catalyst as mentioned earlier. The rate and extent of hydrolysis depend on the
strength and concentration of the catalyst as well as the temperature and the choice of
solvent. Alkoxy groups tend to donate more electrons than hydroxyl groups, so as more
alkoxy groups around the silicon atom are replaced by hydroxyl groups, the transition
state becomes less stable and the rate of hydrolysis decreases. Additionally, bulky
alkoxide groups have more impact on the rate of hydrolysis. Larger groups create more

steric barriers and cause the reaction to be slower [111].

Condensation

Condensation reactions are polymerization reactions which lead to the formation of
siloxane bonds (-Si-O-Si-) [111]. These reactions are classified into two different groups,
such as condensation of water and alcohol molecules. Condensation reactions occur
simultaneously with hydrolysis reactions. The condensation reaction rate depends on the
steric effects such as hydrolysis. Less steric barrier in transition or intermediate molecules
can contribute to the development of condensation kinetics; bulky groups reduce the rate
of the reaction. Additionally, condensation reaction rates have a strong pH dependency.
The pH of the reaction also affects the network structure as well as the rate of the reaction.

Acid catalyzed reactions result in an open, highly purified structure, followed by
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hydrolysis and condensation reactions. As a result of the base catalyzed reactions, a gel
with larger pores is formed between the interconnected particles due to the higher
condensation rate than hydrolysis. The result is the formation of dense particles in a
condensed network. The dependence of the resulting gel structure on pH is shown in
Figure 2.9. Both hydrolysis and condensation reactions are accelerated with low pH
values. However, the rate of hydrolysis is higher than condensation reactions. As the pH

gets higher, both reaction rates decrease.

Acid catalysed hydrolysis

weakly cross-linked gel

Base catalysed hydrolysis
highly branched cluster

Figure 2.9: a) The gel structure of acid catalyzed hydrolysis reaction and b) the gel

structure of base catalyzed hydrolysis reaction [112].

Gelation and Aging

The transition from a sol to a gel is defined as the gelation point, where the connections
between the sol particles are formed to the extent that a solid containing internal pores
in which the released alcohol is incorporated is obtained. However, at this point, the
reaction is not over yet. Condensation reactions may continue for a long time until it
reaches the final stage. Aging processes in which wet gels or alcohol gels are placed in
suitable solutions are applied after the gelation step. The gelation time is considered as
the time when the last bond is formed in the chains which forms the diffusion set.
Condensation reactions do not stop after gelation occurs; it continues due to the flexible
hydroxyl groups on the surface of the gels. Gelation can be considered as the final stage
of condensation reactions with a sudden and large increase in viscosity. The gel is
formed when the sol can carry an elastic stress. Thus, this process is called aging.
During this reaction, the material shrinks and hardens [111]. Aging is carried out in the
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drying process, where the material acquires a more compact structure and the
corresponding crosslinking leads to increased hardness. During the drying process, large
capillary forces of the porous evaporated liquids can lead to cracking of the materials.
Drying rate, gelation time, pH, and similar reaction parameters can have a major impact
on the cracking of the gels and should therefore be optimized. In some cases, damage to
the gel network can lead to dust formation during the formation of the material, rather
than monolithic parts. If the liquid in the pores is changed under supercritical conditions
when the separation between liquid and vapor no longer exists, stress during the drying
process can be prevented. This process results in high porous aerogels compared to
conventionally dried xerogels. As various parameters affect the rate of the sol-gel
reaction; if a homogeneous material is required, all parameters should be optimized.
Optimization of all parameters is very essential in hybrid material synthesis. Therefore,
undesired phase separations of organic and inorganic parts in materials weaken the
properties of the material. It also weakens the properties of the leading materials that
have not reacted with the network structure. This material is often visible even with the
naked eye when it becomes opaque. Moreover, the water amount used, as well as the
leading material ratio, is an important parameter in sol-gel reaction. If tetraalkoxysilanes
are used as precursors, two water molecules are required per starting compound to form
fully condensed SiO». Because using a lower H>O/Si ratio will result in an alkoxide
presence in the final product.

Drying Process

The liquid in the pores of gel is removed and replaced with air in the drying step. As the
drying progresses, the gel structure becomes harder and stronger and eventually,
shrinkage stops [111]. At this point, the liquid begins to withdraw to the porous structure
of the gel. Due to the small pore size, surface tension and high capillary forces can form
cracks at this stage of the process. The flow in the thin liquid film remaining on the pore
walls continues, followed by evaporation and drying by direct evaporation through the
pores. The liquid is then separated into parts and drying continues only with the
evaporation of the liquid in the sample and the diffusion of the steam outside [109].
Therefore, different techniques should be used to remove pore fluid without damaging
the structure. There are three types of drying techniques which are drying under ambient

conditions, freeze drying and super critical drying.
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Drying Under Ambient Conditions

Silica alcogels are dried at room temperature due to the high cost of other drying
techniques. However, silica alcogels cannot withstand capillary pressure during
evaporative drying and its structure will deteriorate. Therefore, silica alcogels should
have a hydrophobic structure before the drying phase. Hydrogen atoms on the hydroxyl
groups on the surface of silica alcohols are replaced with hydrophobic groups. Silicate
agents such as hexamethyldisilazene (HMDZ), hexamethyldisiloxane (HMDS) [22],
[113] and tetramethylchlorosilane (TMCS) [81] are used to make silica alcogels as
hydrophobic. After the aging stage, the liquid in pores is replaced with a water-free
solvent. Rao et al. showed that the physical and hydrophobic properties of hydrophobic
silica aerogels dried at ambient pressure depend on the structure of the modifying solvent

used during drying [22].

Freeze Drying

Freeze drying is a drying technique generally used to remove water or other solvents from
a frozen product. Thus, this process is called as sublimation. Sublimation occurs when a
solid frozen liquid turns directly into gas without turning into liquid phase. Pre-freezing,
primary drying and secondary drying are three stages of the freeze drying. During the
preliminary preparation, the sample must be completely frozen. Samples are cooled
before freezing in a refrigerator or under liquid nitrogen. Small ice crystals are formed
during rapid icing. Small ice crystals help to preserve the internal structure of the aerogel
sample, but the frozen product obtained is more difficult to dry. As the rate of cooling
decreases, the size of the ice crystals becomes larger. The temperature and pressure at
which the solid content that needs to be removed is exalted should be adjusted. Thanks to
the primary drying under low temperature and pressure, it results in a dry and structurally
fine product. The chosen optimal temperature must both maintain the frozen sample and
provide the maximum vapor pressure value of the sample, because the lower the
temperature of sample, the longer the time required to complete the primary drying
process. Moreover, vacuum pump is used in the freeze-drying system to reduce the
pressure of the drying medium. A collection system consisting of a cold trap collects
moisture from the frozen product. As a result, the collection system can remove all
condensable gases, while the vacuum pump collects all other uncondensed gases.

Secondary drying is essential to obtain completely dry sample and any residual moisture
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that may still be present in the product must be removed. With this drying technique, the

moisture attached is removed from the product [23].

Supercritical Drying

Although there are different techniques used for the drying of aerogels, supercritical
drying is the most preferred drying method. It is preferred because there is no capillary
tension that causes cracks in the aerogel resulting from drying. In this process, super
critical carbon dioxide (sCOz) reaches to aerogel pores and dissolves liquid in these pores.
The liquid in the pores diffuses into the super critical liquid phase and thus, the capillary
pressure due to the surface tension does not create any pressure on the aerogel structure.
With this procedure, all liquid trapped in the pores is transferred to the supercritical liquid
phase by diffusion without damaging the structure. Since alcohols have good solubility
in COy, itis the most used gas in super critical drying processes. Moreover, as seen in
Figure 2.10, CO; has critical conditions that are 31.04 °C is the critical temperature and
7.39 MPa is the critical pressure [24]. In addition to this, CO- is a non-flammable, non-
reactive and non-toxic gas. Thus, these properties of CO2 make it a very useful and
preferred gas for super critical drying process. In order to dry the liquid in the pores more
efficiently, it is necessary to replace it with a water-free solvent as mentioned before,
because the super critical CO- is insoluble in water and therefore cannot remove the liquid

in the pores.
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Figure 2.10: A phase diagram for CO2 [114].
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2.4.2 Applications of Aerogels

In this heading, the application areas of the aerogels regarding to the type of aerogel used,
and the properties of the corresponding used aerogel will be discussed. Recently, the main
application of aerogels is thermal insulation because aerogels are the best thermal
insulating materials as well as vacuum insulation panels. However, other applications
such as drug carrier and filling material in cosmetics, pharmacy, supercapacitor in
electronics and absorber in environmental fields, or human health monitoring have
already been developed [83], [94], [102], [115]-[118]. Some of common application

areas of aerogels are summarized in the Table 2.4.

Table 2.4: Common applications of aerogels.

Application

Type of aerogel

Properties of the
corresponding aerogel

Thermal insulation of
buildings, pipelines,

packaging, and textures

Silica, polyurethane,
biopolymers, and carbon
aerogels

Composites: interlocking
aerogel networks, aerogels

containing clay

Thermal conductivity,
high mechanical stability,

and hydrophobicity

Cosmetics

Silica particles

Amorphous and potential

in adsorbing liquids

Drug delivery

Biopolymers: alginate,
pectin, starch, cellulose,
and hybrids of these

molecules

High surface area,
accessibility of the pores
of the drugs and surface
modification and interest

in specific drugs

Medical implants

Polyurea crosslinked
aerogels, natural

biopolymers: alginate,

Porous structure,
biodegradability, and
biocompatibility

32




Literature Survey

33

alginate-starch, gelatin

hybrid materials

Cherenkov detector Silica Refractive index
Space Silica and hybrid materials | Transparency and thermal
conductivity
Refinery Resorcinol-formaldehyde | Porous and open pore
and carbon structure
Construction materials Silica Mechanical properties and

density of its composites

Absorbents for harmful

gases

Silica, amino modified

silica, graphene oxide

Surface functionalization
and selectivity towards

target molecules

Carrier materials for
catalysts and

electrocatalysis

SiO2, various metal
oxides, graphene oxide,
Ru/graphene, gold, carbon
(fuel cells),
polysaccharides, (chitosan,
alginate), noble metals,
hybrids of semiconductor
nanoparticles and

photovoltaic materials

High surface area, stability
in related gas or liquid
phases, large mesoporous

structure

Biocatalysts

Silica

Compatibility with
enzymes and nontoxic

byproducts during gelation

Tissue engineering

Biopolymers: alginate,
pectin, starch, chitosan,
cellulose, and their hybrid

materials

Combination of
mesoporous and macro
porosity in the same
material and

biocompatibility

Ballistic protection

Crosslinked silica

Mechanical strength
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Filling materials for dyes

Silica particles

Hydrophobicity and
particle sizes

Energy and hydrogen

storage devices

Carbon, graphene oxide,
including those with

functional pores

High surface area and

conductivity

Sorbents for liquids,
dangerous ions, oil leakage

Carbon, graphene oxide,
including those with

Surface functionalization,

open porosity,

functional pores, hydrophobicity, and

combinations of selectivity towards target
functionalized and molecules
hydrophobized silica
aerogels; magnetic
cellulose aerogels, and

clay aerogels

Membranes Carbon, fiber-aerogel Selectivity towards target

hybrid materials, molecules, adjustment of
graphene, graphene oxide, | pore sizes, and

chitosan hydrophobicity

Applications of Graphene Aerogels Contributed to This Study

As the first application of synthesized graphene aerogel, we demonstrated the fabrication
and application of a flexible piezotronics strain sensor architecture based on ZnO-NWs,
embedded in graphene aerogel (GA). Flexible piezotronics strain sensors that are a very
attractive tool for structural health monitoring applications and intelligent management.
Their high sensitivity and fast response times makes them an ideal candidate for these
applications, especially, the nanostructure architectures have become very intriguing to
researchers [119], [120]. Various nano-architectures have been designed and fabricated
from many different piezoelectric materials [121]. Among these piezoelectric materials,
a large number of applications use ZnO nanomaterials, due to their unique advantages,
such as biocompatibility, low cost, easy synthesis, and optical properties [122]-[124].
Especially ZnO, which received great attention after Wang’s group ZnO nanowire based
nanogenerator formation [121] that demonstrated excellent strain induced response
properties. Thus, ZnO nanowires (ZnO-NWSs) have become a center of attention in
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building highly sensitive strain sensors. However, ZnO-NWSs require compatible host
materials that are electronically coupled with ZnO and allow flexible adaptive movements
[125], [126]. Because, without the proper host material, ZnO-NW:s can be very brittle and
not suitable for flexible applications, especially under stress, ZnO layer is more prone to
cracking and failure [126], [127]. Thus, ZnO-NWs are constantly embedded in various
different materials to build flexible strain sensors, including different carbon fiber, carbon
paper, and polymer composite materials. Subsequently, ZnO-NWs are embedded in
synthesized graphene aerogel in this study.

As the second application of synthesized graphene aerogel, we demonstrated a new
method to construct aerogel-based strain sensors that can effectively extract information
from involuntary human motion. Since graphene aerogels (GA) were uniquely reinforced
with carbon nanotubes (CNTs) to produce 3D hybrid frameworks, these frameworks
provide stretchable characteristics, that the conductive pathways can be maintained under
high strain or stress conditions. Maintaining the conductive pathways is very crucial to
produce reliable information and it is one of the challenging problems for strain sensor
designs. However, GA and CNTs mixture provides an excellent framework for reliable
data gathering and their material functionalization properties provide great opportunity to
produce sensitivity sensors. In this study, a strain sensor was prepared from highly
functionalized GA and CNTs by reconstruction and dispersing technique, which is
simple, low cost, and scalable. PDMS at silk composites were also embedded in
GA/CNTs to achieve piezoelectric properties and produce a sensor that can be directly
applied to the surface of the skin, while exhibiting high stretchability and sensitivity to
subtle body motions [117].
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Chapter 3:
MATERIALS & METHODS

In this chapter of thesis, experimental and characterization methods used in this study
are covered. In the first part, procedure for graphene oxide, graphene aerogel synthesis
and further synthesis methods for its applications are explained. In the second part,
methods used to characterize the synthesized samples are described. In the final part, the
measurement method of the I-V behavior of the strain sensor was investigated under

static loading is described.

3.1 Materials and Sample Preparation

3.1.1 Materials

All the chemicals were used as they were received, and further purification was not
done. Graphite (natural, 99.9995%), NaNOs (99%) were purchased from Alfa Aesar.
H202 (30%) and H2SO4 (95-98%) were purchased from Merck Millipore. KMnO4
acetone (>99.5%), ethanol (99.9%), 2- propanol (>99.5%) were obtained from Isolab.
HCI (37%), NH4+OH (30%), ZnO (99.99%) powder and gold nanoparticles were
purchased from Sigma Aldrich. Chemical reagents were analytical graded, and water

was used as its deionized (DI) form.

3.1.2 Preparation of Graphene Oxide (GO) Solutions

In this study, modified Hummer’s method was used to synthesize graphite oxide from
graphite [7], [11]. The day before the synthesis, ice-cold H2SO4 and ice-cold distilled
water were put into cubic container. Necessary chemicals were weighed and placed into
little cups, then covered with paraffin. All the glass wares were cleaned by distilled water
and placed to get dry. First, 138 mL of concentrated 98% H>SO4 was put into 1000 mL
beaker onto 3 grams of NaNOs added and started stirring with 6 cm magnet. Then, ice
bath was prepared by placing 4 big sized ice cubes to the corners of the box containing
the reaction beaker. After, 3 grams of graphite was added after half an hour when
temperature has dropped below 5 °C. It was crucial to keep temperature below 5 °C before
the addition of KMnQg since it gives highly exothermic reactions. Then, 18 grams of

KMnO4 was added by little portions such as one pinch over a minute due to the drastic
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increase in temperature may be observed. Thus, in order to control the temperature
increase, it should be added when the temperature is below 5°C. KMnO4 addition took
around 45 minutes. Then, the beaker was taken out from the ice bath one minute after the
addition of KMnOs is done. Solution was left until its temperature reached to target
temperature. Effervescence was observed due to vapors and then, beaker was placed to
ice bath to get 18 °C. Afterwards, the addition of 138 mL cold H2O started, and it was
added dropwise. As the temperature was raised slowly with the addition of distilled water,
the solution was heated to 75°C. This temperature should be maintained for 30 minutes.
After it was kept at 75°C for 30 minutes, 300 mL cold H>O addition was started. In
addition to this, 20 mL 30% H»0O, was added until yellow foam formation stopped. The
resulting solution in powder form was washed third times with 5 wt.% HCI and then with
distilled water. Later, this solution was separated and poured into centrifuge tubes and
centrifuged for 10 minutes at 3000 rpm. Moreover, they were left overnight to obtain the
exfoliation solutions. 0.3 grams of graphite oxide powder obtained was mixed with 100
mL of distilled water and put into ultrasonic bath for 4 hours. After ultrasonication was
done, these solutions were required to be centrifuged for 30 minutes at 10000 rpm in order
to eliminate the aggregated nanosheets. As a result of this synthesis process, graphene

oxide solutions (GO) which are called for the exfoliation of graphene oxide nanosheets

are obtained.

Figure 3.1: a) Obtained GO solutions by modified Hummer’s method, b) 5.5

mg/mL concentrated GO solution.
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Figure 3.2: GO papers.

3.1.3 Preparation of Graphene Aerogel (GA)

GO was used as a precursor in this synthesis and it was synthesized as described in Section
3.1.2. Then, graphene aerogels (GAs) were synthesized by one-step hydrothermal
reaction route. Since GO solution was used as a precursor, 2.5 mg/mL, 3.0 mg/mL and
5.5mg/mL of these solutions were taken separately and placed into autoclaves which are
stainless steel and Teflon-lined. Then, it was put into a drying oven for 3 hours at 180 °C.
Consequently, it cooled down to room temperature and it was opened. Therefore, the
hydrogel that is monolithic and black was formed. Later, it was put into distilled water to
be purified and waited for 24 hours. This process was repeated for three times by changing
its water content. After this procedure was done in three days, distilled water content of
the hydrogel was exchanged with acetone and dried by (Speed SFE-15,000, Applied
Separations, Inc.) supercritical CO2 (scCO3) drying method at 50 °C and 12.0 MPa. As a
result, black monolithic formed GA was obtained as reported in [11], [128].
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Figure 3.3: Obtained GA samples a) a piece of GA, b) GA samples obtained by
different GO concentrations.

3.1.4 Synthesis and Growth of ZnO Nanowires embedded in GA

GO was synthesized as described in Section 3.1.2. Graphene aerogels were synthesized
by the gelation of a graphene oxide (GO) suspension. GO was suspended (3.0 wt%) in
deionized (DI) water and sonicated at 40 kHz. Then, in a glass vial, 5mL of the GO
suspension was mixed with 500 pL of concentrated NHsOH (30%). This solution was
then transferred to a glass slide attached to rubber rectangular molds and cured in an oven
at 80 °C for 72 hours. These resulting gels were removed from the molds and subjected
to chemical exchange with acetone and deionized (DI) water, followed up by super
critical CO drying and pyrolyzed, carbonized, at 1000 °C under N2 atmosphere for 3h
[117], [129]. Resulted GA materials were then mixed with a ZnO nanoparticle solution
(<100 nm) which was an important step to produce high quality ZnO-NW/GA interfaces,
while ZnO nanowires were being synthesized with chemical vapor deposition (CVD)
vapor trapping method. The final temperature of CVD was set to 600 °C, 650 °C, 700 °C
and 750 °C. Among these temperatures, nanowire formations were obtained at 650 °C.
Finally, the whole device architecture was developed with contacts, Au for ZnO and Ag
for GA, and encapsulated with polydimethylsiloxane (PDMS) elastomer that was

essential to stabilize GA interconnected flakes [117].
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Figure 3.4: Obtained samples via CVD at different temperatures.
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Figure 3.5: The schematic diagram ZnO-NWs embedded in GA piezotronics strain

Sensor.

Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) technique is used widely in processing of materials.
The sample precursor is exposed to heat at high temperatures and under an atmosphere
containing gas in this method. Then, the deposition of the precursor on the hot surface
of substrate materials occurs because of the chemical reactions. Thus, a thin film layer
formation is developed on the surface. Therefore, it allows to produce bulk materials or
powders with a high product quality and synthetic diamonds, deposit materials on
surface and develop composite materials. Since the parameters of CVD is controllable,
it is possible to produce pure materials that are highly dense and uniform coating.
Furthermore, surface morphology, orientation and crystal structures of the products are
controlled by changing parameters as temperature and pressure during the process.
Thus, this characteristic of CVD technique provides a wide usage area over several

materials. On the other hand, this technique has some drawbacks as using toxic,
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flammable, or explosive precursor that may cause chemical hazards. Also, vaporization
rates are difficult to handle if more than one compound is present to be coated.
Although this technique has some disadvantages as well as with its benefits, it is still a
useful deposition method for solid materials [130]. In this study, OTF-1200X-S50-2F
Mini CVD instrument was used to produce ZnO nanowires embedded in GA in section
3.1.4.

Figure 3.6: OTF-1200X-S50-2F mini CVD instrument.
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Figure 3.7: Synthesis of ZnO-NWs embedded in GA a) before synthesis, b) during

synthesis, ¢) after synthesis, d) obtained sample after synthesis is done.

3.1.5 Reconstruction of Graphene Aerogel/Carbon Nanotubes (GA/CNTSs) Synthesis

GA was synthesized by using precursor of GO solution that was synthesized in section
3.1.2, it was cross-linked via organic sol-gel chemistry as mentioned before in section
3.1.3, then it was followed by super critical drying and carbonization, which was achieved
through pyrolysis at 1050 °C under N2 atmosphere, as previously reported by [9], [10].
Resulted aerogel was then reconstructed and thus, it was grinded down via a vibrational
ball while loading it with functionalized carbon nanotubes. Then, the solution was
vacuum filtered and annealed at 600 °C. As a result, CNTs were produced a conformal
coating on the surface of the GA with a pyramid shape as it can be seen in red dashed
lines in Figure 3.8. The selective grinding and reconstruction were essential to form
sufficient GA/CNTSs interfaces, which is a very critical step to have a sensitive strain
sensor [117].
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Figure 3.8: Schematic illustration of reconstructed GA/CNTSs synthesis [117].

3.2 Characterization Methods

3.2.1 Raman Spectroscopy

Raman spectroscopy is a characterization technique which is not destructive and allows
characterization of samples in structural and electronic environment. Its working
principle is based on the inelastic scattering of photons. Thus, it causes excitation from
ground state to an unstable state of molecules when sample gets exposed to light. There
is not any energy exchange occurred during this method. Since the molecule gets excited,
certain amount of energy is taken from photon but it is returned to ground state. Some
intensity at a certain frequency is observed and this is a result of the difference occurred
between the excited and ground states due to the scattered light. This is seen as a peak
called Stokes band in Raman Spectroscopy. Some anti-Stokes bands are also observed
because of the excited photons. On the other hand, anti-Stokes bands are existed at a
higher frequency since excited molecules gives certain amount of energy to photon and
scattering occurs from the sample. In addition to this, Stokes bands have higher intensity
than anti-Stokes bands because of the large fraction. IR spectroscopy and Raman
spectroscopy are complementary techniques to each other’s. During vibration if molecule
goes under a change in polarizability then it is called as Raman active. In IR spectroscopy,
there is no observed vibrations for nonpolar molecules such as Hz, N2 and O2 whereas the

stretch vibrations are obtained in Raman spectroscopy [131].
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RAMAN spectra of GA samples were measured using Renishaw Invia Reflex Raman
Microscope and Spectrometer in KUYTAM at a spectral resolution of 5 cm™1 using a
visible excitation laser operating at 532 and 633 nm. Laser power was used at 5 mW.
They were visualized with an integrated Leica microscope allowing confocal

measurements using an objective.

3.2.2 X-Ray Diffraction (XRD)

To characterize crystalline materials in powder form, X-Ray Diffraction (XRD)
spectroscopic method is used as a powerful and non-destructive technique. Analysis of
crystalline structures, textural and structural properties and phase characteristics are done
with the help of this method. Samples are diffracted at a specific angle from lattice planes
and for this purpose, the generation of X-rays occurred by the heat given to a filament in
the cathode ray tube. If this energy is sufficient to change positions of the electron located
in the inner shell of the target sample, X-ray spectra is produced in a characteristic form
for the corresponding sample [132]. X-ray diffraction patterns of synthesized GAs were
measured by using XRD Bruker D8 Advance with CuKa radiation source. The 20 range

of the patterns was taken from 5 to 90°.

3.2.3 Field — Emission Scanning Electron Microscopy (FESEM)

Field - Emission scanning electron microscopy (FESEM) is a method which provides
morphological and physical surface characteristics of the sample by scanning with
focused electron beam that is high energy accelerated. The generation of the signals are
the result of the interaction between sample and electron beam. Thus, they are produced
as secondary electrons, photons, heat, backscattered electrons, and diffracted
backscattered electrons. FESEM gives information about chemical compositions,
topology, and crystalline structures of the samples analyzed [133]. In this study,
FESEM analysis was performed by using a Zeiss Ultra Plus for imaging the synthesized
GAs and synthesized nanowires embedded in graphene aerogel. Samples are carefully
placed on the cell pasting with carbon tape. After the sample preparation, the cell was
placed into the FESEM instrument under high vacuum to protect from any impurity that

might be at the surface of samples.
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3.3  Measurement Method of Strain Sensor

Strain is the compressive or tensile deformation in the shape of the materials. Thus, this
occurs when any external force is applied. Strain gauge is a resistor which allows the
measurement of the strain on the object. As the strain gauge is compressed or expanded,
the electrical resistance changes. This change in resistance is measured in Wheatstone
bridge which is an electrical circuit that allows to measure unknown resistance and thus,
the corresponding current is obtained. In order to obtain I-V curve, different values of
compression and expansion are applied to strain gauge [134]. Therefore, different strain
values were applied in this study to obtain 1-V behavior of strain sensor under static

loading.
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Chapter 4:
RESULTS & DISCUSSION

The characterization and measurements applied to the samples obtained as a result of the
synthesis methods mentioned in the methods part and their results are discussed in this
section. Synthesized GA must be dried via supercritical carbon dioxide reactor before
characterization methods applied. For this reason, the produced graphene hydrogel was
first dried to obtain GA and then the characterization methods were done. Moreover, ZnO
nanowires embedded in GA and GA/CNTSs were synthesized from the produced GA, for
further applications of graphene aerogel. In the first part, for structural characterization
of these samples, X-Ray Diffraction (XRD) and Raman Spectroscopy were used. In the
second part of this part, Field - Emission scanning electron microscope (FESEM) was
used for the morphological characterization of these samples. In the last part, according
to electrical characterization done, electrical properties of GA based hybrid materials

were discussed.

4.1  Structural Characterization

Crystal structural characterization of GO and GAs was carried by XRD (Bruker D8
Advance) with CuKa source. Raman (Renishaw Invia) with 532 and 633 nm laser were
used to make defect analysis of GA structure. Porous structure of GA was analyzed by
N2 physisorption using surface area and porosimetry analyzer (Micromeritics ASAP
2020).
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4.1.1 Structural Analysis by X-Ray Diffraction (XRD)
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Figure 4.1: XRD diagram of synthesized GO and GA.

Figure 4.1 demonstrates XRD patterns for GO obtained after raw graphite powder going
through the oxidation and exfoliation processes and GA resulted from this GO solution.
It is reported as the XRD spectrum of graphite displays a strong characteristic (002) peak
at 26 = 26°. As it can be seen, this peak in the XRD pattern is vanished after the processes
of oxidation and exfoliation done. Thus, a new sharp peak arises at 11° in the XRD
spectrum of GO. Therefore, this confirms the conversion of graphite into GO because of
the new peak corresponding to the lattice structure of GO. Finally, a broad peak at 23° is
observed in the XRD spectrum of GA. All these patterns are reasonable with the previous

results that are reported in [135].
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Figure 4.2: XRD diagram of GA based on different concentrated GO solutions.

In Figure 4.2, XRD patterns for GAs which were synthesized based on different
concentrations GO solutions are demonstrated. Concentration of GO solutions were
determined after the following of experimental process in Section 3.1.2. To determine, 5
mL of obtained GO solution was taken and filtered, then air dried. GO papers were taken
from filter paper and then its mass was measured. Therefore, its mass was divided by the
volume taken and as a result, its concentration in mg/mL was calculated for at least three
times and the mean value of consistency taken. After the production of three different
concentrated GO solutions that are 2.5 mg/mL, 3.0 mg/mL and 5.5 mg/mL respectively,
corresponding GAs were produced. According to this XRD spectrum, broad peaks are
lied at the similar position for all three samples. However, as concentrations increases,
intensity of the peaks increases. This might be a result of the increase in surface area as
the concentration increases [136]. Because the area where X-ray beam falls gets larger
and this causes an increase in intensity. As a result, there is no obvious impurities

observed as the concentration increases.
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4.1.2 Structural Analysis by Raman Spectroscopy
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Figure 4.3: Raman Spectrum of GA.

Raman spectrum of GA is demonstrated in Figure 4.3. It is observed in GO spectrum that
there are two main modes which are D mode and G mode in literature. D mode arises
because of the presence of defects in hexagonal carbon network. Moreover, G mode
occurs due to vibration in carbon-carbon bonds positioned in basal plane. 2D band is
broader and much lower than G band that means there is multilayered graphene derivative
structures. However, for the raman spectrum of GA, it is observed as D and 2D bands
intensities are higher, thus this is believed to be a result of obtaining smaller pieces of
graphene flakes due to longer ultrasonication treatment. Therefore, these smaller pieces
cause more edges, and this enhances the intensity of D and 2D bands. Raman shifts for
the observed D band is 1341 cm™ and for G band 1589 cm™ and for 2D band is 2697
cm™, respectively. Thus, these shifts are similar with the reported values in literature
[136], [137].
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4.1.3 Structural Analysis by N2 adsorption/desorption isotherm
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Figure 4.4: N, adsorption/desorption isotherm of produced GA.

BET (Branauer-Emmett-Teller) theory aims to investigate surface and pore
characteristics of a porous material. The volume of gas adsorbed or desorbed on the solid
surface is measured at constant temperature and different pressures [138]. By this way,
one can obtain information about the surface area of the porous material, volume, and
diameter of pores. Therefore, N2 physisorption was used for this purpose. BET surface
area of produced GA is 706 m?/g, its pore volume is 1.48 cm®/g with an average pore
diameter of 5.6 nm. N2 adsorption/desorption isotherm of produced GA is demonstrated
in Figure 4.4. The nitrogen adsorption data demonstrates a Type IV isotherm. Thus, this
isotherm indicates the presence of mesoporous characteristic as reported in [139].

4.2  Morphological Characterization

Surface morphology of GA was evaluated with FESEM (Zeiss Ultraplus) with
accelerating voltage of 3.00 kV and probe of 200.0 nA. Morphological characterization
was done for ZnO/GA nanowires and GA/CNTs with FESEM (Zeiss Ultraplus) with
accelerating voltage of 10.00 kV and probe of 200.0 nA.
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4.2.1 Morphological Analysis of Graphene Aerogel (GA) by Field — Emission

Scanning Microscopy (FESEM)

Figure 4.5: FESEM images of GA synthesized via modified Hummers method a-b)
GA from 2.5 mg/mL concentration of GO solution, c-d) GA from 3.0 mg/mL solution,
and e-f) GA from 5.5 mg/mL concentration of GO solution.

In order to study porous structures as internally and 3D networked of the synthesized
graphene aerogels FESEM images are taken. Figure 4.5 shows a 3D network structure of
graphene aerogel that is randomly oriented and it also forms sheetlike structures as seen
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in Figure 4.5a,b which is similar to those reported previously. It can be obtained that these
sheetlike structures have lateral dimensions and they are thin enough to pass electron
beam. These images are representative for synthesized aerogels at different times via
different concentrated GO solutions. It was obtained that the shapes of the aerogels are
affected by the duration of hydrothermal treatment, pH used and concentrations used as
they were reported in literature. Figure 4.5a is high magnified and Figure 4.5b-f images
are low magnified. These two different magnifications are used in order to allow clear
observations. GA structure is formed by randomly oriented rGOs that leave macropores
between them. It is obvious that the voids lied in between nanosheets get narrowed as the
hydrothermal treatment is carried on. The voids that indicates porousness are easily seen
in Figure 4.5a,b. Nanosheets are observed as bent and twisted, creating many edges
around. In addition to this, they are found as connected through their edges. These
FESEM images are reasonable for the macroscopic properties of the monolithic structures
demonstrated up to now [10], [11], [140]. As the graphene concentration increases, the
graphene layer structure gradually crosslinks together to form a three-dimensional porous
structure with different pore sizes. Meanwhile, the ability of graphene layers to crosslink
becomes progressively evident with increasing concentration of graphene, so the size and
density of the pores become smaller as shown in the FESEM images. Also, various natural

folds occur on the graphene layers as the concentration increases.

4.2.2 Morphological Analysis of ZnO-NWs/GA by FESEM

Figure 4.6: Top-view FESEM images of ZnO Nanowires fabricated by CVD
method (a,b).
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Figure 4.6a,b indicates the uniform growth of ZnO nanowires [141] throughout
synthesized GA with a length of around 1 um and average diameter of 30-35 nm. The
growth of ZnO-NWs follows its surface topography due the non-flat nature of GA. Thus,
this indicates that GA morphology was preserved after the growth of ZnO-NWs. This is
also approved by the unchanged shape and volume of graphene aerogels before and after
the growth of ZnO-NWs.
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Graphene aerogel

Figure 4.7: The cross-sectional FESEM image of the ZnO-NWs embedded in GA.

In Figure 4.7, it is seen that ZnO-NWSs/GA structure is obtained upon the growth of ZnO
nanowires embedded in synthesized graphene aerogel. The cross-sectional FESEM image
of ZnO-NWs/GA also clearly shows that graphene aerogel is a good host material to
accommodate ZnO-NWs, which commonly have cracking and adhesion problem during
dynamic loading [142], [143]. GA enables continuous active contact to ZnO due to its

flexibility and high porous structure.

4.2.3 Morphological Analysis of GA/CNTs by FESEM

Figure 4.8: FESEM images of GA/CNTSs a) top surface and b) CNT-assembly
[117].
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In figure 4.8a, top surface of the hybrid structure of GA/CNTSs are illustrated. Figure 4.8b
demonstrates the surface of the graphene aerogel, which has a conformal coating on,
produced by CNTs with pyramidal shapes. The selective grinding and reconstruction are
essential to form proper GA/CNTSs interfaces. Thus, this is a very critical step to have a
sensitive strain sensor that can respond at the end [117]. As these interfaces of GA/CNTSs

were obtained, they can be seen from the FESEM images.

4.3  Electrical Characterization of GA Based Hybrid Materials

4.3.1 Electrical Properties of ZnO/NWs Embedded in GA
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Figure 4.9: I-V characteristic of the strain sensor at different strains.

The characterization of the I-V behavior of the strain sensor was examined under the
static loading shown in Figure 4.9. In different strains, Schottky barrier height (SBH)
and current values in the revised curves change, shifting up and down with the pressure

and strain, respectively.
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Figure 4.10: Current response of the strain sensor a) compressed, b) stretched at a
frequency of 2 Hz under fixed bias 1.0 V.

The stability of the device was tested with many complete cycles of compressions and
stretching repeated at a frequency of 2 Hz under a constant deviation of 1.0 V in Figure
4.10. It can be clearly seen that the current reaches approximately the same values in
each cycle, demonstrating a stable behavior and desired electron transport behavior due
to good Schottky junction formations [126], [144], [145].
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Figure 4.11: Dynamic response of the strain sensor at a frequency of a) 0.1, b) 1,
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The response of the sensor was also examined under dynamic loading in Figure 4.11,
measured at 0.1 Hz, 1.0 Hz and 2.0 Hz. As can be seen, the frequency of excitation
follows the frequency of the response without deviation, and the amplitudes increase

with the frequency, which shows high sensitivity for both tension and compression.

Also, in Figure 4.11d, transient electron decay was tested in a fixed strain, strain sensors

were stretched for 100 s and then repeatedly left for 10 s. It can be clearly seen that the

strain sensor quickly returns to its initial conditions after the stretch has been recorded.

The decay during hold is due to ZnO-NWs charge trapping behavior, which is

commonly reported in the literature [146]. These results also clearly show that graphene
aerogel is a good host material for ZnO-NWs.
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Figure 4.12: a) The derived change in SBH based on the thermionic emission—
diffusion model, as a function of strain, b) Plot of In | vs. strain at a drain-source bias of

1.0 V and 2.0 V respectively, c) The plot of Gauge Factor (GF) vs. Strain (%).
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Figure 4.12a shows the derived change in SBH based on the thermionic emission-
diffusion model, as a function of strain at bias of 1.0 V and 2.0 V, with calculation method
as in reference [121], [126]. In addition, logarithm plot of the current, at fixed bias of 1.0
V and 2.0 V, as a function of strain is linearly change with the applied strain, which is
very consistent with previous reports [121], [125] and ensures the reliability of the device
fabricated. To determine the performance of the strain sensor, gauge factor is calculated
120 by the equation of GF = (AR/R)/A¢, where R is the initial resistance, AR is the
changed resistance, and Ae is the strain change in Figure 4.12c. This calculated value is
much higher than the values reported for any ZnO/Carbon based strain sensors, 1.5 times
higher than ZnO-Carbon nanofiber strain sensors (GF=81) [125] and almost 6 times
higher than ZnO/paper [126] composite strain sensors (GF=21.12).
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4.3.2 Electrical Properties of GA/CNTs Hybrid Materials
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Figure 4.13: a) Electrical conductivity of GA/CNTSs as a function of CNT content,
b) AR/RO vs. strain using different device architectures CNTs, GA, GA/CNTs, and
Reconstructed GA/CNTSs, Inset- gauge factor comparisons of these architectures c)
AR/RO vs. strain using different concentrations of CNTs on Reconstructed-GA/CNTSs
and Inset- effects of the CNT loading on gauge factor [117].
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Figure 4.13a demonstrates the electrical conductivities of the hybrid structure that is
GA/CNT. In literature, it has been reported as the concentration of GA increases,
electrical conductivity of polymer increases by more than 10 orders of magnitude [147],
[148]. Therefore, a similar trend is observed when CNT content is added to develop a
hybrid structure. Thus, conductivity is enhanced by the addition of CNT. This loading
results in more than 1.5 orders of magnitude improvement. However, saturation occurs
due to further increase in CNT content beyond 0.44 wt %, whereas fractures and breakage
occurs beyond 0.55wt % in CNT content. Hence, electrical conductivity slightly degrades
according to the literature [147], [149]. The variations in resistance, AR/Rg as a function
of the applied strain under static loading was examined in Figure 4.13b-c. The relative
change in resistance increases linearly with the applied strain until it fails. The gauge
factor is obtained as the highest for the reconstructed GA/CNTs nanocomposite structure,
which strongly indicates that the sensitivity of the sensor is directly related to the was the
nanocomposite was prepared. Moreover, Gauge factor vs. CNT loading of reconstructed
GAJ/CNTs shows a peak value of 94 with CNT concentration of 0.4 wt % in Figure 4.13b.
The stress-strain curves of GA/CNTs also points a clear dependence on GA/CNT
nanocomposite preparation and CNT loading. The reconstructed GA/CNTs demonstrate
higher modulus, good elongation, and strength. In addition, due to the GA and CNT
segregation, which is consistent with the above results, the crack propagation over 0.44
wit% by weight becomes dominant [117].
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Figure 4.14: Stress vs. strain curves of GA/CNTSs a) different GA architecture and b)
different CNTs concentrations in reconstructed-GA/CNTSs [117].
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Figure 4.14 displays a typical stress-strain curves of different GA structures and
different CNTs loadings of reconstructed GA/CNTSs. Therefore, it is obvious that
reconstructed GA/CNTSs exhibits higher modulus, elongation, and strength compared to
other geometries according to plots. In addition to this, the modulus of the reconstructed
GAJ/CNTSs increases with an increase in CNT concentration. On the other hand, it starts

to decrease due to GA and CNT segregation beyond 0.5 wt % [117].
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Figure 4.15: Cycling performance of reconstructed GA/CNTs [117].

The cyclic performance of reconstructed GA/CNTs was illustrated in Figure 4.15 as it
displays linear characteristic at low strain values, then exhibits plateaus and exponential
changes, in accordance with the literature [148], [150]. It can also be clearly seen that
when GA/CNTs are released, the curve almost returns to its original position. This
strongly demonstrates full recovery. In addition, it is apparent that reconstructed
GA/CNTSs show superior properties with minimal deformation implying their structural
hardiness [117].
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Chapter 5:
CONCLUSION & OUTLOOK

5.1 Conclusion

This dissertation is devoted to the synthesis of graphene aerogel for its applications based
on strain sensors.

Throughout this thesis, studies on the production of graphene aerogel (GA) in order to
use for its applications were conducted. Modified Hummer’s method was used for the
synthesis of graphene oxide solutions which are the precursor for the production of GA.
For this purpose, graphene oxide solutions with different concentration were synthesized.
Experiments were attempted with these GO solutions and stabilized to 3.0 mg/mL to use
for further applications. Because as the amount of graphene oxide added increased, both
impurities and active groups that might have remained on graphene reacted with the
aerogel surface containing active groups might form new bonds. If the graphene oxide
molecules cannot be distributed homogeneously, then this might cause undesired results
as higher density, lower surface area or pore volume. The resulting hydrogels were dried
via supercritical COz drying to protect the branched mesopores that tend to settle if
ambient drying is applied. After supercritical drying is utilized to obtain aerogels from
hydrogels, hard and brittle aerogel samples were obtained rather than hydrogels that are
sponge-like and soft features. Thus, the GA samples obtained are fragile like glass. The
physicochemical characteristics of produced GA was analyzed by means of XRD and
Raman Spectroscopy. The results revealed that high-quality monolithic black GAs were
successfully obtained via hydrothermal treatment of GO solutions without any other
additive. As a result, GAs with high specific surface areas (706 m?/g) were successfully
produced with an average pore diameter that is 5.6 nm. This improved surface area is
much larger than most of those dried by freeze drying technique which were reported in
the literature. Also, during the self-assembly of these GAs, deoxygenation took place
simultaneously. In addition, while the GAs remained thermally stable under an inert
atmosphere, the remaining oxygen functional groups were eliminated during heating.
Conversely, they are completely decomposed at about 600 °C when heated under air.
According to FESEM images, porous and randomly oriented 3D frameworks with thin

layers of assembled graphene sheets were observed. The overlapping of these was

62



Conclusion & Outlook 63

obtained as partially and resulted physical cross-linked areas that are wrinkled and folded
on the surfaces of the stacked graphene layers.

GAs were later utilized as host material to develop a technique to produce flexible
piezotronics strain sensor based on ZnO nanowires grown on graphene aerogel substrates.
Graphene aerogels provide excellent receiving substrate properties that ZnO piezoelectric
properties can be maintained under any strain conditions. I-V characteristic of the device
demonstrates consistent SBH modulation and high sensitivity under static and dynamic
loading. Moreover, it exhibits very good gauge factor, flexibility, and stability that
indicates this device can be used for structural health monitoring of critical
infrastructures, including highways, buildings, and pipelines. Thus, the results
demonstrated that the produced GA is a proper host material for ZnO-NWs. Also,
synthesis of GAs decorated with carbon nanotubes were produced to fabricate high
precision and robust strain chemical sensors based on GA/CNT. The results show that the
concentrations of CNT loading and GA reconstruction play an important role in adjusting
the sensitivity of the sensor during fabrication. In addition, the synergy effect between
GA and CNTs is crucial to achieve the desired electrical performance and gauge factor,
especially during the stretch and hold cycles. Superior electrical conductivity, hardiness
and stretchability can be obtained by proper CNT loading according to results obtained
and published [117].

Overall, this thesis study exhibited a proper method to produce graphene aerogel
combined with a versatile, unique, and low-cost methods to fabricate strain sensors based
on produced GA for further applications. Furthermore, the development and
characterization of a novel strain sensor based in the piezotronic effect was presented.
The novelty of the device is related to the growth of ZnO nanowires over a layer of
produced graphene aerogel. This device can also be used as an energy harvester to light
up one LED. Moreover, reconstruction of GA/CNTs were demonstrated. These produced
GA based hybrid materials can give insight into the future potential development of next-
generation wearable electronic devices to monitor continuous human movement in real

time.
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5.2  Suggestions

Different methods of graphene oxide synthesis may further increase the efficiency of this
synthesis, since it is possible to reach the reaction efficiency to 100 % with small
fluctuations on the reaction values obtained by the investigations of publications on this
subject. Further studies can be optimized to increase this produced amount with the same
amount of materials used. Additionally, the effect of concentration changes in GO
solutions, which resulted GA production, can be more examined by varying the
concentrations. Three different concentration variations may not be enough to examine
the effect of concentration on the production of GA, properly. The sensitivity of aerogel
samples posed several obstacles throughout the production. With the innovations to be
made in the drying system, the obstacles that occur during the production can be
eliminated. Thus, conditions such as damaging the products while placing them in the
system, damaging the products after being removed from the reactor after drying can be
prevented. Due to pandemic, structural characterization part could not be focused deeply
on this study. Thus, XPS and FTIR can be used as additional characterization methods
for in-depth characterization of produced GAs. For the hybrid materials, structural
characterization for both can be done to have knowledge on their chemical structures.
Also, as it seemed that the density of the ZnO-NWs were very low, it might be better to
provide FESEM images with higher magnification showing this or to work on the
enhancement of the production method. The energy harvesting capability has not been
investigated and characterized; thus, it can be a further study on this application.
Moreover, different amount, type or composition of aerogel-based hybrid materials can
be studied since there is a great challenge to fabricate high-performance flexible strain
sensors with a conformal integration of the human body. Considering all the suggestions
and results, it is possible to produce proper graphene aerogels and corresponding hybrid
materials in laboratory scale appropriately with the further improvements for its

applications.
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