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ABSTRACT
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Thesis Supervisor: Prof. Dr. Mehmet YILDIZ
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In the first part of study, two-dimensional (2D) graphene oxide sheets were
converted into three forms of fibers, foam, and spheres by using different carrying
polymers through one-step core-shell electrospraying/electrospinning technique. In this
work, graphene-based foam was produced for the first time by utilizing core-shell
electrospraying technology instead of available chemical vapor deposition techniques.
Electrospraying/electrospinning prevents the aggregations and crumbling of graphene
sheets by constructing interconnected framework and provides homogeneous dispersion
of graphene sheets in polymer solution under electric field. The proper polymer
concentration and solution viscosity were determined by using Mark-Houwink-Sakurada
equation. Morphology and dimension of the structures were controlled by tailoring
solution and process parameters. Moreover, hollowness of the fabricated 3D graphene-

based spheres was altered by changing the core solvent during process.



In the second part, platinum (Pt) decorated graphene-based spheres, foam, and fibers
were prepared as electrodes via core-shell electrospinning/electrospraying technique
followed by reduction and carbonization process. The effect of morphology and dimension
of graphene-based carbon electrodes on the electrochemical behavior of electrodes were
investigated by cyclic voltammetry and galvanostatic charge-discharge methods.
Polyacrylonitrile (PAN) polymer was selected as a carrier to increase the interconnections
in graphene network and carbon content. Among three different electrodes, Pt supported
3D graphene-based spheres exhibited the highest specific capacitance of 118 F/g at a scan
rate of 1 mV/s as well as good cyclic stability owing to its unique structure and small size
of Pt particles. On the other hand, Pt-decorated graphene-based fiber showed lowest

specific capacitance of 8 F/g at a scan rate of 1 mV/s.

In the last part, a novel and hierarchical hybrid electrode was constructed by the
addition of manganese oxide and polyaniline (PANI) into the fiber structure to further
improve the electrochemical performance of graphene-based fibers. Manganese oxide
with its high theoretical specific capacitance and low cost was integrated to the fiber
structure during electrospinning. Whereby, at the last step of process, to enhance the
electrical conductivity of electrodes, PANI was deposited on the surface of fibers through
in-situ polymerization of aniline monomer. In order to fully understand the effect of
graphene on the structure and electrochemical performance of electrodes, two types of
graphene including thermally exfoliated graphene oxide (TEGO) and graphene
nanoplatelet (GNP) were selected based on the number of graphene layers. Among two
fabricated electrodes with different graphene sources, GNP/PANI/manganese oxide
carbon fibers showed the highest specific capacitance of 454 F/g at a scan rate of 1 mV/s.
The mentioned electrode exhibited a high cycling stability whereby only 11% of
capacitance lost after 1000 cycles of charging-discharging. High oxygen functional groups
of GNP is believed to enhance the interfacial interactions between electrode components
by providing an exfoliated structure. This study especially brings a new insight into the
fabrication of high-performance hybrid electrodes for energy storage devices.



OZET

ENERJiI DEPOLAMA SISTEMLERI iCiN CEKIRDEK-KABUK YAPILI
ELEKTRODOKUMA YONTEMI iLE BOYUTSAL KONTROLLU GRAFEN
TABANLI HiBRIiT YAPILARIN TASARIMI VE URETIiMi

LEILA HAGHIGHI POUDEH
Malzeme Bilimi ve Miihendisligi, Doktora Tezi, 2018
Tez Damismani: Prof. Dr. Mehmet YILDIZ

Tez Es-danismani: Dog. Dr. Burcu SANER OKAN

Calismanin ilk boliimiinde, iki boyutlu (2B) grafen oksit tabakalari, tek adimda
cekirdek-kabuk elektrospreyleme/elektrodokuma teknigi ile farkli tasiyici polimerler
kullanarak lif, kopiik ve kiire olmak tizere ii¢ tip yapiya donistiiriilmiistiir. Bu ¢aligmada
grafen tabanli kopiik, mevcut kimyasal buhar biriktirme tekniklerinin yerine ilk defa
cekirdek-kabuk elektrospreyleme teknolojisi kullanilarak iretilmistir.
Elektrospreyleme/elektrodokuma, birbirine bagli yapi iskelesini olusturarak grafen
tabakalarinin birikmesini Onler ve elektrik alan altinda polimer ¢6zeltisine grafen
tabakalarinin homojen dagilimini saglamaktadir. Uygun polimer konsantrasyonu ve
cozelti viskozitesi, Mark-Houwink-Sakurada denklemi kullanilarak belirlenmistir.
Yapilarin morfolojisi ve boyutu, ¢ozelti ve siire¢ parametrelerinin uyarlanmasiyla kontrol
edilmistir. Ayrica, 3B grafen tabanli kiirelerin boslugu, islem sirasinda ¢ekirdek ¢oziiciiyii

degistirerek kontrol edilmistir.

Caligmanin ikinci boliimiinde, platin (Pt) emprenye edilerek iiretilmis grafen bazli
kiireler, kopiik ve lifler elektrot olarak hazirlanmis olup morfolojilerinin ve boyutlariin

elektrokimyasal davranis tizerindeki etkisi siklik voltametri ve galvanostatik sarj-desar;j
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yontemleri ile incelenmistir. Polialklonitril (PAN) polimeri hem grafen agindaki hem de
karbon igerigindeki ara baglarmn arttirilmasi igin tasiyic1 olarak secilmistir. Ug farkli
elektrot arasinda, Pt destekli 3B grafen bazli kiireler, essiz yapis1 ve kiiglik boyutlu Pt
parcaciklarina bagli olarak 1 mV/s'lik bir tarama hizinda 118 F/g'lik en yiiksek 6zgiil
kapasiteyi ve iyi dongiisel stabiliteyi sergilemistir. Diger taraftan, Pt ile dekore edilmis
grafen bazl fiber, 1 mV/s'lik bir tarama hizinda 8 F/g'lik en diisiik spesifik kapasitans

gostermistir.

Bu tezin son boliimiinde, grafen bazli fiberlerin elektrokimyasal performansini daha
da arttirmak i¢in manganez oksit ve polianilin (PANI) ilavesiyle yeni ve hiyerarsik bir
hibrit yap1 olusturulmustur. Yiiksek teorik 0zgiil kapasitansi ve diisiik maliyeti ile
manganez oksit elektrodokuma sirasinda lif yapisina entegre edilmistir. Bununla birlikte,
islemin son asamasinda elektrotlarin elektrik iletkenligini arttirmak igin, PANI polimer
anilin  monomerinin in-situ polimerizasyonu yoluyla fiberlerin yiizeyi {iizerinde
biriktirilmistir. Grafenin elektrotun yapisi ve elektrokimyasal performans iizerindeki
etkisini tam olarak anlamak igin, tabaka sayisina gore termal olarak genlestirilmis grafen
oksit (TEGO) ve grafen nano tabakalar (GNP) igeren iki farkli tip grafen segilmistir.
GNP/PANI/manganez oksit karbon fiberleri, 1 mV/s'lik bir tarama hizinda 454 F/g yiiksek
spesifik kapasitans gostermistir. Bahsedilen elektrot, 1000 devir sarj-desarjindan sonra
kapasitenin sadece % 11'ini kaybetmistir. GNP de bulunan yiiksek miktardaki oksijen
fonksiyonel gruplari, pul pul dagitilmis bir yap1 saglayarak elektrot bilesenleri arasindaki
ara ylizey etkilesimlerini iyilestirdigi diisliniilmektedir. Bu calisma, Ozellikle enerji
depolama cihazlari i¢in yiiksek performansli hibrit elektrotlarin iiretilmesine yeni bir bakis

getirmektedir.
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CHAPTER 1 STATE-OF-THE-ART

Graphene, a two-dimensional (2D) hexagonal lattice of sp? carbon atoms, has been
the interest of many studies. The long-range m-conjugation in graphene yields intriguing
properties such as high electrical and thermal conductivity [1], [2], large surface area [3],
good chemical stability [4] and excellent mechanical strength [5] which makes it a great
candidate in various applications such as energy storage systems, polymer composites,
and sensors [3]. However, in practical applications, 2D graphene sheets tend to restack
together due to strong m-m interactions and van der Waals forces, which lead to a
significant decrease in electrical conductivity and surface area, and this affects negatively
the utilization of graphene in many fields. To overcome this problem and provide
advanced functions with improved performance, several graphene structures such as
graphene networks [6], graphene fibers [7], and graphene spheres [8] have been
constructed mainly by chemical vapor deposition (CVD), self-assembly, and template
assisted methods. The combination of these structures and intrinsic properties of graphene
provides high surface area, excellent mechanical strength, and fast mass and electron

transport for graphene architectures.

Nevertheless, there are still some challenges in the production of graphene-based
architectures. For instance, the size of constructed structures and their properties strongly
depend on the building blocks (e.g. templates). Besides, the aforementioned techniques
include many post-treatment steps as well as harmful chemicals. Therefore, there is a need

to design new and feasible approaches that can prevent the re-stacking of graphene layers.

Taking these into account, core-shell electrospraying/electrospinning technique
becomes an ideal approach for the fabrication of graphene-based structures since it is
possible to attain multi-functionality and utilize different materials in one-step process by
eliminating deposition steps as in the self-assembly and template-assisted methods [8],
[9]. This technique brings an advantage in the energy-related areas since the electrodes

produced via this method have ability to form a continuous network, which is essential for



the charge transport, and provide conducting framework and excellent interconnectivity.
Moreover, this technique makes it possible to fabricate novel hybrid materials by the
combination of graphene’s high surface area and its excellent electrical conductivity with

active materials’ large specific capacity and high energy density.

In the first part of study, we designed a straightforward route for the converting 2D
graphene sheets to 3D graphene spheres by using core-shell electrospraying technique [8].
To this end, PAN, PMMA, and PS polymers were used as templates and inhibited the
agglomeration of graphene sheets by crawling into graphene layers forming intercalated
structure. The appropriate polymer concentration for the sphere formation was determined
by using Mark-Houwink-Sakurada equation. The hollowness of spheres was controlled by
changing the core solvents. Moreover, the connectivity of graphene sheets in polymeric
shell was improved by increasing carbon networks after carbonization process. Thus,
graphene-based carbon spheres with controlled hollowness became an ideal structure for

the electrode materials.

In the next step, in addition to graphene spheres, graphene-based fibers and foam
structures were also fabricated through the same method and their electorchemical
performances were investigated in details. In the electrospraying/electrospinning
techniques, the final morphology is affected by various solution properties (such as
viscosity and electrical conductivity) and process parameters (such as voltage, and flow
rate) [10]. It is worth noting that graphene-based foam was produced for the first time by
utilizing core-shell electrospraying technology instead of other available techniques like
CVD. To further increase the catalytic activity of composites, platinum nanoparticles (Pt)
were decorated on the surface of graphene-based spheres, fibers, and foam.
Electrochemical results revealed that Pt decorated 2D graphene sheets as electrode
materials did not show any capacitance behavior whereas the integration of graphene into
1D fibers and 3D foam and spherical structures in carbon network significantly improved

the capacitance characteristics.



Graphene-based electrodes unlike their good power density, suffer from low energy
density and poor capacitance. To solve this problem and enhance the electrochemical
performance of fabricated composites, transition metal oxides and electrically conductive
polymers can be integrated into graphene-based composites by fabricating a hybrid
structure and thus fully utilize the advantages of each component in the combined system.
Specifically, electrospun graphene-based fibers with their interconnected mesoporous
texture provides a platform for the post-synthesis and integration of various in-situ
materials like PANI into the fiber structure [11]. Therefore, in the last chapter of thesis,
manganese oxide and PANI were integrated to the graphene-based fibers due to their high
theoretical specific capacitance, low cost, and fast redox rate [12]. As the last attempt and
to fully understand the effect of graphene on the structure and electrochemical
performance of electrodes, two different types of graphene including thermally exfoliated
graphene oxide and graphene nanoplatelets were added to the fibers based on the number
of graphene layers and surface oxygen functional groups. Graphene with single
nanoplatelets and higher surface oxygen functional groups exhibited enhanced
performance due to the improved interfacial interactions between polymer matrix and
other hybrid components. Consequently, ternary hybrid composites of PANI-manganese
oxide- graphene nanoplatelets embedded carbon fibers exhibited a remarkable capacitance

improvement when compared to other reported composites.
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CHAPTER 2 LITERATURE REVIEW

2.1 Preparation of graphene

Graphene was first fabricated via micromechanical exfoliation of graphite [13]. By
using this approach, it is possible to obtain single or few-layer graphene sheets with high
quality. However, this technique is not suitable for mass-production. To address this
problem, several alternative techniques including bottom-up and top-down approaches
have been developed in order to synthesis 2D graphene sheets. Epitaxial growth [14] and
chemical vapor deposition (CVD) method [15] are the most widely used bottom-up
techniques whereas top-down approach includes electrochemical exfoliation [16] and
chemical exfoliation of graphite oxide [17]. Among top-down methods, chemical
approach has attracted great interest because of easy processability and large-scale
production thus it could be utilized in many applications [18]. On the other hand,
chemically derived 2D graphene sheets is the main component for the construction of 3D
graphene structures [19]. This technique involves the oxidation of graphite, followed by
the exfoliation process in order to obtain graphene oxide (GO) [20]. Figure 2.1 shows the
schematic representation of the different methods for the fabrication of graphene [21].
Many studies have focused on the oxidation of graphite into graphite oxide. Brodie [22],
first reported the synthesis of graphite oxide in the presence of potassium chlorate and
nitric acid. Later, Staudenmaier [23] improved the procedure by adding concentrated
sulfuric acid (H2SO4) to the mixture. However, this method was time consuming and
hazardous. In 1958, Hummers [24] used a combination of potassium permanganate and
concentrated H2SO4 in the presence of sodium nitrate. So far Hummers method with some
modifications and improvements is the most common used route for the synthesis of
graphite oxide [25], [26]. The synthesized graphite oxide is then exfoliated into single- or
few-layered GO sheets dispersed in aqueous solutions or expanded by applying heat-
treatment [27]. Finally, graphene oxide is reduced to graphene sheets by applying thermal
annealing [28] or using reducing agents such as hydrazine [29], hydroquinone [30],
sodium borohydride [31].



2.2 Preparation methods of 3D graphene architectures

In the past few years, large efforts have been devoted to the utilization of 3D
graphene materials with different morphologies and functionalities. In this section, the
preparation methods of 3D graphene structures are classified as assembly of GO sheets by
using different techniques and direct deposition of 3D graphene architectures through
CVD. All the methods and recent studies have been discussed in details.

2.2.1 Assembly of GO sheets

Assembly method is one of promising strategies for the construction of 3D graphene
architectures because of its distinct advantages including high yield, low-cost, and easy
functionalization of graphene [32]. In this technique, GO solution is preferred over
graphene since GO behaves like an amphiphilic material with hydrophilic edges and
hydrophobic basal plane [33]. Therefore, it could easily make a stable dispersion in
aqueous solutions. At the final step of assembly technique and in order to obtain 3D
graphene architectures, GO sheets are reduced whether by chemical routes or thermal
annealing to the reduced graphene (rGO) [34]. It should be noted that the driving force
behind formation of the 3D graphene architectures via assembly method is the interactions
like van der Waals forces, hydrogen bonding, dipole interactions, electrostatic interactions

and 7-7 stacking [35].
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Figure 2.1 Schematic representation of the methods used for the synthesis of graphene
[21].

2.2.2 Self-assembly method

Self-assembly is one of the most-widely used techniques that converts 2D graphene
sheets to 3D macroscopic graphene architectures with different functionalities. The
obtained structures have great potentials to be used in various applications such as energy
storage devices [36], medicine [37], optoelectronics [38]. In this technique, 3D graphene
structures are obtained through the gelation of GO dispersion followed by the reduction
process of GO to rGO [34]. Basically, in colloidal chemistry gelation is occurred when
the electrostatic forces between colloids are changed [39]. In the case of stable GO
dispersion, there is a force balance between the van der Waals attractions of GO basal
planes and the repulsion forces of functional groups of GO sheets. Once this force balance
is broken, gelation process is started and subsequently GO sheets overlap and form
different GO morphologies such as hydrogels, organogels, or aerogels which are
physically or chemically linked to each other [40], [41]. At the final step, GO hydrogels



reduced to form 3D graphene networks. There are many ways to initiate the gelation
process of a stable GO dispersion. For example, additive-free GO hydrogels was
fabricated by changing the pH of dispersion [34] and applying ultrasonication technique
[42]. During sonication, GO sheets fractured to the smaller sheets. As a result, produced
new edges contain non-stabilized carboxyl groups. This change in the surface of GO
initiate the gelation (Figure 2.2). Moreover, the addition of cross-linkers like polyvinyl
alcohol (PVA) [43], DNA [44], and metal ions [45] to the solution can trigger the gelation
process. Bai and co-workers [43] reported the synthesis of GO hydrogel by the addition
of PVA, a water-soluble polymer, as cross-linker to the aqueous GO solution. The
hydrogen bonding interactions between hydroxyl-rich polymeric chains and oxygen

functional groups of GO form cross-linking sites and thus fabricate GO hydrogels.
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Figure 2.2 (a) Diagram illustrating the fracture and fragmentation of GO sheets during
sonication, (b) Digital image demonstrating the conversion of an as-prepared aqueous
graphene oxide dispersion (left) into a hydrogel (right) after sonication [42].

On the other hand, 3D graphene architectures can be directly obtained by the self-
assembly of GO sheets via hydrothermal or chemical reduction processes. In these
techniques, GO sheets are directly self-assembled and reduced to rGO at the same time
[40]. For instance, an electrically conductive and porous 3D graphene network have been
prepared via mild chemical reduction of GO by sodium bisulfide at 95 °C under

atmospheric pressure and in the presence of iron oxide nanoparticles [46]. He et al. [47]



reported the facile fabrication of 3D graphene sponges containing palladium and indium
by combination of the hydrothermal and chemical reduction techniques. In this study, GO
aqueous solution containing palladium and indium salts and vitamin C as reducing agent

were treated hydrothermally at 110 °C for 6 h.

Generally, after gelation and reduction of 3D graphene architectures, a drying
procedure is needed to remove the water and organic molecules from the structure while
preserving the main framework [48]. Freeze drying as one the feasible drying techniques,
is usually applied as the final step of the assembly methods. By using this technique, it is
possible to fabricate highly porous structures with improved mechanical and electrical
properties since the pores size could be controlled by monitoring the process parameters
like temperature [49]. Figure 2.3 shows the SEM images of 3D graphene structures which

are freeze-dried at different temperatures [49].
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Figure 2.3 (a-d) Microstructures of sponge graphenes frozen at different temperatures (e)
SEM image of the pore walls composed of graphene nanosheets corresponding to panel
a. The mean thickness of the pore walls is 10 nm, (f) statistics of the average pore size,

and (g) wall thickness as a function of freezing temperature [49].
Alternatively, electrochemical reduction as a well-known route is usually used to
deposit active materials like 3D graphene architectures on the surface of the electrodes

[50]. Chen et al. [51] fabricated 3D porous graphene-based composites involving two

electrochemical deposition steps. As shown in Figure 2.4, GO sheets were first

electrochemically reduced to a porous 3D graphene framework and then three different



components as conductive polymers, noble metals, and metal oxides were integrated to
the 3D porous graphene network, separately via in-situ electrochemical deposition.
Electrochemically deposited 3D graphene-based architectures can be directly used in the
electrochemical devices as high performances electrode materials.
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Figure 2.4 Schematic illustration of the self-assembly of GO sheets using
electrochemical deposition [51].

2.2.3 Template-assisted method

3D graphene architectures can be fabricated with another feasible and convenient
way by using pre-designed 3D templates such as polystyrene (PS) [52], and silicon dioxide
(SiO2) [53] following by the reduction of GO and removing the template from the
structure. Generally, the used template is surrounded by the graphene sheets due to the
electrostatic interactions between negatively charged graphene sheets and positively
charged template. Compared to self-assembly strategy, by using this technique it is
possible to obtain more controlled structure with desirable morphology [40]. However the
size of architectures directly depends on the size of templates [8]. So far, considerable
amounts of works have focused on the production of 3D graphene-based materials using

template-assisted method. In one of the works, as shown in Figure 2.5a, positively charged
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PS spheres as template were coated with GO sheets followed by the reduction of GO to
rGO by using hydrazine. Finally graphene hollow spheres were fabricated after calcination
at 420 °C for 2h to remove PS from the core [54]. Wu et al. [55] reported a facile synthesis
route for the fabrication of graphene-based hollow spheres as electrocatalysts for oxygen
reduction. As shown in Figure 2.5b, strong electrostatic interactions between
polyethylenimine functionalized SiO> spheres and graphene sheets results in the formation
of GO-SiO> spherical particles. After reduction process and washing with hydroflouric

acid, graphene-based hollow spheres were obtained.
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Figure 2.5 Schematic illustrations of the fabrication procedure of graphene-based hollow
spheres using (a) PS [54] and (b) SiO> [55] as templates.

In an effort to produce 3D graphene architectures with more controlled manner,
Huang and co-workers [56] reported a facile assembly method of porous graphene foams
with controlled pore sizes by the help of hydrophobic interactions of GO sheets and
functionalized SiO. spherical templates followed by the calcination and silica etching.
Figure 2.6 represents the schematic illustration of synthesis procedure of the nanoporous

graphene foam with a controllable pore size of 30-120 nm.
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Figure 2.6 Schematic illustration of the synthesis procedures of the nanoporous graphene
foams [56].

2.2.4 Electrospraying

Electrospinning/electrospraying is a simple and well-known technique to produce
graphene-based fibers and spherical or bead-like structures with the diameters ranging
from few micrometers to nanometer by adjusting the process parameters. In this process,
a strong electric field is applied between a nozzle containing graphene-based solution and
grounded metallic-plate as a collector. When the surface tension of solution at the tip of
the nozzle is overcome to the electric field, the droplet stretches and forms a continuous

jet which is collected as graphene-based fibers or spherical structures on the collector [57].

More recently, core-shell electrospinning/electrospraying has received great
attention due to its possibility to attain multi-functionality and utilize different materials
in one-step process by eliminating deposition steps as in the self-assembly and template-
assisted methods and thus it expands the potential applications of fabricated structures in
many areas including drug delivery, energy storage, sensors, and nanocomposites [8], [9].
In this technique, the final morphology is affected by various solution properties (such as

viscosity and electrical conductivity) and process parameters (such as voltage, and flow
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rate) [10]. Up to now there are lots of attempts for the integration of graphene into fiber
structure using both classic and core-shell electrospinning technology [58]-[60]. However
very recently, Poudeh et al. [8] proposed a new design of 3D graphene-based hollow and
filled polymeric spheres through one-step core-shell electrospraying technique. In this
study, the proper polymer concentration for the sphere production were determined by
using Mark—Houwink—Sakurada equations since proper polymer concentration and
solution viscosity are required in order to obtain desired spherical morphology. In the case
of hollowness, core material should contain a solvent with a high vapor pressure than the
shell solution. Figure 2.7 represents the schematic illustration of fabrication of graphene-
based spheres using core-shell electrospraying method, which eliminates crumbling and
agglomeration problem of 2D graphene sheets and provides better dispersion of graphene
layers through polymer chains. The possible interactions between the polymeric chains

and graphene sheets during sphere formation are also shown in Figure 2.7 (left).
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Figure 2.7 Schematic illustration of fabrication of 3D graphene-based spheres using
core-shell electrospraying technique and (left) possible interactions between polymeric
chains and graphene sheets during sphere formation [8].

2.3 Direct deposition of 3D graphene structures

Chemical vapor deposition (CVD) is a convenient method for the construction of

3D porous graphene networks with superior properties such as large surface area and high
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electrical conductivity comparable to that of pristine graphene [15]. Over and above this,
in the aforementioned 3D graphene synthesis routes, chemically derived graphene is the
starting material and since during oxidation and reduction process of GO some defects are
introduced to the system, the fabricated 3D graphene structures would exhibit low
electrical conductivity when compared to 3D graphene structures growth with CVD. In
this method, graphene directly grows from organic precursors on a substrate [61].
Compared to the classic CVD process, which uses flat metal substrates as template and is
able to produce a low amount of graphene, 3D graphene architectures can be fabricated

by using different 3D templates like nickel foam in large quantities [40].

Pioneered by Chen et al. [62], they reported a general strategy for the growth of
graphene films directly on the 3D nickel template by decomposition of methane (CH4) at
1000 °C under ambient pressure. The wrinkles present in the surface of graphene film,
which is due to the difference between thermal expansion coefficients of nickel and
graphene, provide better interactions of graphene films with polymers. Therefore, a layer
of poly(methyl methacrylate) was easily deposited on the surface of fabricated graphene
films in order to preserve the graphene network during etching the template. Lastly, nickel
scaffold was etched in hydrochloric acid or iron chloride solution and then immersed in
hot acetone to remove polymeric layer. Figure 2.8 shows the schematic illustration of

production of 3D graphene foam by using nickel template.

It should be noted that the surface area of fabricated 3D graphene networks depends
on the number of layers in the graphene film [63]. For instance, a high surface area of 850
m?/g was reported in the case of three layer graphene foam [62]. Another important
parameter is the pore size of the chosen templates since it directly affect the final properties
of graphene foam [63]. Therefore, along with the 3D nickel foam, other template
precursors have been explored. In one of the studies, 3D graphene was growth on an
anodic aluminum oxide template with an average pore size of 95 nm at a temperature of
1200 °C for 30 minutes under the flows of argon, hydrogen, and methane [64]. Ning et al.
[65] demonstrated that by using a porous MgO layer as template and methane as carbon

precursor, one to two graphene layers with an extraordinary large surface area of 1654
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m?/g and an average pore size of 10 nm were formed on the surface of the template. In
addition to the above-mentioned templates, the use of other templates such as metallic
salts were also reported [66], [67]. Over and above this, in order to tailor the pore size of
3D graphene foam, Ito el al. [68] designed a novel nanoscale nickel template by
electrochemically leaching manganese from a NisoMn7o precursor in a weak acid solution.
Three dimensional graphene foam with a pores size of 100 nm to 2.0 pm was achieved by

controlling the size of nickel ligaments by monitoring CVD time and temperature.

a  Nifoam ~ Ni-G € Ni-G-PMMA
e | CHo/Hy/Ar PMMA
: " 1,000 ¢ coativng

\V

FeCls/HCI | Ni etching

(TS )

D G o ‘
PDMS —— Acetone ——
: _ dissolving | )

GF/PDMS T GF GF-PMMA

Figure 2.8 Synthesis of 3D graphene foam (GF) and integration with poly(dimethyl
siloxane) (PDMS). (a-b) CVD growth of graphene films using nickel foam as the 3D
scaffold template, (c) An as-grown graphene film after coating a thin PMMA supporting
layer, (d) A GF coated with PMMA after etching the nickel foam with hot HCI, (e) A
free-standing GF after dissolving the PMMA layer with acetone, and (f) A GF/ PDMS
composite after infiltration of PDMS into a GF [62].

As an alternative approach, the non-template direct deposition of 3D graphene
networks through plasma-enhanced CVD method was also reported. By using methane as
carbon source and substrates like gold and stainless steel, graphene sheets were firmly
adhered to the substrate and connected to each other to form 3D graphene architectures
[69].
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2.4 3D Graphene structures

In order to enhance the functionalities and performance of the graphene-based
materials in different application areas, tremendous efforts have been devoted to develop
new 3D graphene-based architectures with different morphologies. In this section, a
review of the most typical structures, along with their characteristics have been discussed
in details.

2.4.1 Spheres

Graphene-based spheres, thanks to their promising properties like high electrical
conductivity and large surface area, are one of the most reported 3D graphene
architectures. Template-assisted method and assembly approach are the main techniques
for the fabrication of graphene-based spheres [55], [70], [71]. Typically, spherical
templates like SiO2 and PS are used to convert 2D graphene sheets to 3D graphene spheres.
For example, hollow graphene/polyaniline (PANI) hybrid spheres were fabricated via
layer-by-layer assembly of negatively charged GO sheets and positively charged PANI on
the surface of sulfonated PS spheres followed by the removal of the template (Figure 2.9a)
[71]. Recently, graphene nanoballs with crumpled structure were fabricated through using
an aerosol-assisted capillary compression method shown in Figure 2.9b-c. To this aim,
GO agueous solution containing various metals or metal oxides (e.g. Pt and SnO3), were
sprayed into a tube furnace carrying nitrogen gas at a temperature of 800 °C which led to
a rapid evaporation of solvent and thus compression and aggregation of GO sheets and
formation of crumpled 3D graphene balls [72]. In another novel approach, hollow and
filled graphene-based spheres was fabricated through one-step core-shell electrospraying
technique without applying any post treatment or using any template (Figure 2.9d-e) [8].
Using precursor-assisted CVD technique, Lee et al. synthesized mesoporous graphene
nanoballs in which, iron chloride and PS balls were used as the catalyst precursor and
carbon source, respectively. The obtained graphene nanoballs which are given in
Figure 2.9f, showed a large specific surface area of 508 m?/g. Figure 2.9g illustrates the
schematic representation of produced mesoporous nanoballs, where PS balls were first
functionalized with carboxylic acid and sulfonic acid groups in order to enhance the

16



dispersion of PS balls in FeCls solution and then annealed at 1000 °C under hydrogen
atmosphere. During the process, the adsorbed iron ions on the surface of PS were reduced
to ion metals and thus it acted as 3D domains and catalyst for the growth of graphene
through CVD method [73].

2.4.2 Networks

Three-dimensional graphene networks, including graphene foams [74], [75],
hydrogels [76], [77], aerogels [78], [79] , and sponges [80], [81], are the most reported 3D
graphene architectures. CVD technique is the main method for the production of high
quality 3D graphene networks where few layers of graphene are deposited on the surface
of a metal substrate through carbon dissolution and segregation mechanism. Figure 2.10a-
d represent the CVD grown-graphene networks before and after etching the template [82].
Obtained 3D graphene networks contains less defects than chemically derived graphene
which can be also approved by Raman characterization technique [62], [82]. Since D-band
(~1350 cm™), a characteristic peak in the Raman spectra of graphene, is related to
disorderness and its intensity changes with the defects in the structure [83], thus
disappearance of D band of CVD growth graphene network in the Raman spectra confirms

the formation of defect-free graphene (Figure 2.10f) .
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Figure 2.9 (a) TEM image of rGO/PANI hollow spheres via layer-by-layer assembly
method [71], (b-c) SEM images of crumpled graphene balls composites synthesized by
direct aerosolization of a GO suspension mixed with precursor ions: graphene balls
composited with SnO> (a) and Pt (b) [72], (d) FIB-SEM image of core-shell
electrosprayed hollow graphene-based PMMA spheres, (€) SEM image of core-shell
electrosprayed filled graphene-based PS spheres [8], (f) High-resolution TEM image of
mesoporous graphene nanoballs obtained by CVD, and (g) The fabrication process of
mesoporous graphene nanoballs [73]

Despite their high quality, CVD growth graphene networks suffer from large pore
sizes (e.g. hundreds of micrometers) , high porosity (e.g. ~99.7%) and thus low yield [62].
To address this problem, many studies have been focused on the using of different
templates. In one of the works, Lee et al. [84] reported the fabrication of high-density 3D
graphene networks by using nickel chloride hexahydrate as catalyst precursor by
annealing it at 600 °C. After annealing, 3D graphene foam were grown at the different
temperatures on the cross-linked nickel skeleton in the presence of hydrogen and argon
atmosphere. Figure 2.11a-b show the difference between CVD growth 3D graphene

networks with commercial nickel foam and cross-linked nickel skeleton. The pore size of
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3D graphene networks grown from commercial nickel template was 1-2 orders of
magnitude greater than the one grown with cross-linked nickel template. Consequently,
the smaller pore size of annealed template led to the relatively higher density of 3D
graphene networks ranging from 22 to 100 mg/cm?, compared with that of the nickel foam
(1 mg/cmd).

The effect of growth temperature on the structure of 3D graphene networks was
investigated by Raman spectroscopy (Figure 2.12a-b). Lee et al. [84] demonstrated that
the quality of 3D graphene networks was improved by increasing the growth temperature
up to 1000 °C since defects in the structure decreased and thinner graphene layers were
formed as D-band (~1340 cm™) disappeared and the intensity of 2D-band (~2750 cm™)
increased, respectively (Figure 2.12a). In the Raman spectra of graphene, the intensity
ratio of 2D-band to G-band (~1575 cm™) together with the 2D-band full-width at half
maximum estimate the number of graphene layers (Figure 2.12b) [83]. The existence of
monolayer, bilayer and multilayer graphene at the same time in the structure was attributed

to the various size of cross-linked nickel grains in the template (Figure 2.12 f-k).

In addition to CVD, 3D graphene networks could be synthesized through different
approaches such as assembly methods [50], [85] and templated-assisted technique [86].
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Figure 2.10 Photographs of (a) Ni foam before and after the growth of graphene, and (b)
graphene networks obtained in a single CVD process. SEM images of (c) 3D graphene
networks grown on Ni foam after CVD, and (d) 3D graphene networks after removal of
Ni foam. (¢) TEM image of a graphene sheet. (f) Raman spectra of 3D graphene
networks [82].

Figure 2.11. Comparison of 3D graphene networks obtained by using two different
templates of (a) commercial nickel foam, and (b) cross-linked nickel skeleton [84].
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Figure 2.12 (a) Typical Raman spectra of 3D graphene network grown with different
temperatures (b) Typical Raman spectra of a 3D graphene network. (c) A photograph of
the free-standing 3D graphene network. (d, e) SEM images of honeycomb-like graphene
layers after etching nickel template with FeCls/HCI solution at different magnifications.

(f) Low-resolution TEM image of the graphene layers in 3D graphene network. (g—k)
High resolution TEM images of different graphene layers in 3D graphene network [84].

2.4.3 Films

In the past few years many efforts have been devoted on the fabrication of 3D
graphene films since it possesses large surface area, interconnected framework and good
mechanical strength which make it an ideal candidate for many applications specially
energy related areas. However, n- m interactions and van der Waals forces between 2D

graphene sheets cause a significant loss in the surface area and thus limits the usage of
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graphene films in practical applications [40], [87]. For understanding the behavior of
graphene sheets in bulky structure, one can consider graphite as a packed case of graphene,
although it lacks many of the superior characteristics of single sheet graphene as a
consequence of dense packing [88]. To address this problem, further consideration such
as addition of spacer materials is essential to inhibit intersheet restacking of sheets. Up to
now, the incorporation of spacer materials such as polymers [89], noble metals [90], metal
oxides and hydroxides [91], [92], carbon materials [93], and metal organic frameworks
[94] in between the 2D graphene sheets have been reported. In addition to the above-
mentioned materials, different templates (e.g. PS, PMMA and SiO; spherical particles)
could be used to prevent the agglomeration problem of graphene sheets. Choi et al. [95]
prepared MnO> deposited 3D macroporous graphene frameworks by using PS spherical
particles as template following by the filtration and removal of the template (Figure 2.13).
The proposed material exhibited high electrical conductivity and surface area, which

makes it a great potential as electrode material for supercapacitors.

In another study, Yang et al. [88] by inspiration from nature demonstrated that the
water molecules can act as a natural spacer for enlarging the space in-between the
graphene sheets and inhibits the agglomeration. Therefore, the resultant graphene film
could act as a high performance electrode material since water molecules provided a
porous structure, allowing the electrolyte ions to access the inner surface area of each sheet
individually. Interestingly, although the obtained film contained almost 92 wt% water, it
showed a high electrical conductivity which might stem from face-to-face-stacked

morphology of the wet film and provided electron transport paths in the structure.

At the same time, some different methods like tape casting [96], leavening [97], light
scribing [98], and chemical activation [99] have been developed for the fabrication of

porous graphene films without using spacer materials.
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Figure 2.13 (a) Schematic illustration of the fabrication procedure of 3D macroporous
MnO2-chemically modified graphene films, (b) SEM and (c) TEM images of the
chemically modified graphene films [95].

2.4.4 Other novel architectures

In addition to the aforementioned 3D graphene architectures, the fabrication of
different structures like 3D graphene scrolls [100], tubes [101], and honeycombs [102]
have also been reported. Figure 2.14 represented some of 3D graphene structures, which
are reported in the literature. In a work reported by Zhang et al. [100], nitrogen-doped
graphene ribbon assembled core-sheath MnO@graphene scrolls was fabricated by a
combination of hydrothermally assisted self-assembly and an N-doping strategy
(Figure 2.14 a-b). The obtained 3D architecture could serve as a high performance

electrode in lithium storage devices.

In another study, 3D graphene microtubings were prepared through hydrothermal
method and Cu wires as template. The morphology of graphene-based tubes is similar to
that of CNTs although the inner diameter of tubes is much larger when compared to CNT.
In this work, Cu wires were placed inside a glass pipeline and then GO dispersion was
filled in the pipeline. During hydrothermal reduction, GO sheets were wrapped around the
Cu wires and 3D graphene microtubings were obtained by removing the template and
pipeline (Figure 2.14c-d) [101].
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Honeycomb-like 3D graphene architecture was fabricated by a simple reaction of
lithium oxide and carbon monoxide gas under low pressure at 550 °C, which is shown in
Figure 2.14e-f. The obtained structure exhibited a high energy conversion efficiency

which makes it a promising material in the energy storage devices [103].
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Figure 2.14 (a) Schematic representation of the fabrication process for the 3D
hierarchical MnO@N-doped graphene scrolls/graphene ribbons architecture (b) FESEM
images of MnO@N-doped graphene scrolls/graphene ribbons at different magnifications

[100]. (c) SEM image of a helical graphene microtubings made by using a twist of two
Cu wires. (d) SEM image of the multichannel graphene microtubings with a channel
number of 4 [101]. (e) High-angle annular dark field image and (f) TEM image of a

honeycomb-structured graphene [103].

2.5 Applications of 3D graphene architectures

As discussed above, 3D graphene structures with improved performance and
advanced functionalities compared to 2D graphene sheets have been widely used in many

applications such as energy storage devices, sensors, polymeric composites, catalysis, etc.
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2.5.1 Supercapacitors

Supercapacitors have drawn significant attention compared to other energy-storage
devices owing to their advanced properties like high power density, long cycle life [104].
Based on energy storing mechanisms, supercapacitors divide into pseudo-capacitors and
electrochemical double layer capacitors (EDLCs). Pseudo-capacitors like transition metal
oxides and conducting polymers store the charges via chemical redox-reaction on the
surface, whereas EDLCs (e.g. carbon-based materials) store the energy by ion adsorption
on the electrode-electrolyte surface. Among various carbon-based materials, graphene as
an EDLC electrode is widely used in the electrochemical energy storage systems owing
to its rich variety of dimensionality and large surface area [105]. Very recently, 3D
graphene structures became an attractive candidate for supercapacitors thanks to their
porous structure, high surface area and interconnected network which improves the
accessibility of electrolyte ions to the surface of electrode and increases the electrical
conductivity [106]. So far, different structures of 3D graphene-based materials like
spheres [52], networks [82], and films [107] have been reported as potential electrodes for
supercapacitors. In following, the supercapacitor applications of the reported graphene

structures and their related composites have been discussed in details.

Graphene spheres with hollow micro/nanostructures offer advanced characteristics
such as high surface area and shortened diffusion length for charge and mass transport
which can greatly enhance the performance as electrode for supercapacitor [108]. For
instance, graphene-wrapped polyaniline hollow spheres were fabricated by deposition of
PANI polymer on the sulfonated PS spherical templates followed by the removal of
template to obtain hollow PANI spheres. Then negatively charged GO sheets were
wrapped on the positively charged PANI hollow spheres via electrostatic interaction and
then were reduced to graphene through electrochemical reduction (Figure 2.15a-b).
Obtained graphene-wrapped polyaniline hollow spheres exhibited an excellent specific
capacitance of 614 F/g at a current density of 1 A/g and over 90% retention of the
capacitance after 500 charging-discharging cycles (Figure 2.15c-d) [109]. In another work

reported by Lee et al. [73], mesoporous graphene nanoballs as electrode for
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supercapacitors were prepared by using CVD method and showed high specific
capacitance of 206 F/g at a scan rate of 5 mV/s. After 10000 cycles of charging-
discharging even at high current density, mesoporous graphene nanoballs still exhibited
96% retention of capacitance.

Three-dimensional graphene networks like graphene foam, sponges, and hydrogels
have attracted great attention due to their desired porous structure which enhances the
movement of electrolyte ions inside the graphene frameworks and thus increases the
electrical conductivity and electrochemical performance of the electrode materials [48].
Sponge-like graphene nano architectures fabricated by microwave synthesis of graphene
and CNT, exhibited a high energy density of 7.1 W-h/kg at an extra high power density of
48000 W/kg and retention of 98% after 10000 cycles of charging-discharging in 1M
sulfuric acid as electrolyte. The high performance of the obtained structure may attributed
to the large surface area of 418 m?/g and fully accessible porous network [80].

Up to now, considerable efforts have been dedicated for the fabrication of flexible
supercapacitors as the potential power supplies for future wearable and portable devices
like electronic textiles [110]. Concerning this, Xu et al. [111] produced a flexible solid-
state supercapacitor from graphene hydrogel film as electrode and polyvinyl alcohol and
sulfuric acid as electrolyte. The obtained electrode with a thickness of 120 um showed a
high gravimetric capacitance of 186 F/g at a current density of 1 A/g and excellent cycling
capability of 91.6% retention after 10000 charge/discharge cycles (Figure 2.15f-g).
Besides, 3D graphene hydrogel films with interconnected networks presented high
electrical and mechanical robustness, which is essential for the flexible supercapacitor
applications. Recently, He et al. [112] presented an ultralight and freestanding flexible
supercapacitor of graphene/MnO, composite networks, shown in Figure 2.15e, via CVD
growth of graphene on the nickel foam subsequently followed by electrochemical
deposition of MnO2 on the 3D graphene network. A high specific capacitance of 130 F/g
at a scan rate of 2 mV/s and a low resistance variations upon bending up to 180° was
achieved which confirms the excellent electrochemical performance of the obtained 3D

graphene networks.
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2.5.2 Lithium-ion batteries

In the recent years, 3D graphene structures have been extensively studied for their
potential use as active electrodes in batteries. The integration of 3D graphene into the
structure of electrodes improves the lifetime and energy density as well as the
electrochemical performance of the electrodes since the batteries usually suffer from low
reversible capacity and cyclic life when compared to supercapacitors. Therefore, in the
design of batteries (e.g. Lithium ion batteries, LIBs) one should consider the importance
of the LIB components (e.g. electrodes and electrolyte) role in the improvement of the
battery performance. By virtue of outstanding characteristics like high surface area, porous
structure, fast mass/charge transfer, and interconnected network, 3D graphene

architectures became an outstanding candidate for high performance LIBs.
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Figure 2.15 (a) Schematic illustration of the preparation steps, and (b) TEM image of
graphene wrapped hollow PANI spheres. (c) Galvanostatic charge—discharge curves of
electrochemically redued GO, PANI hollow spheres, and graphene wrapped PANI
holow spheres (d) Plots of specific capacitance for PANI hollow spheres and graphene
wrapped PANI hollow spheres at various current densities [109]. (e) Digital photograph
of 3D graphene/MnO. composite networks [112]. (f) CV curves of the flexible solid-
state supercapacitor based on the 3D graphene hydrogels at 10 mV/s for different
bending angles. (g) cycling stability of the flexible solid-state supercapacitor based on
the 3D graphene hydrogels at a current density of 10 A/g [111].
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So far the incorporation of various metal or metal oxides (e.g. Sn [113], NiO [114],
Fe304[115], LiFePO4[116]), and CNT [117] with graphene sheets and fabrication of 3D
graphene composites have been studied. Yu and co-workers [118] developed a
mesoporous TiO> spheres embedded in 3D graphene networks by a facile hydrothermal
self-assembly strategy. The as prepared composite as a negative-electrode for LIBs
exhibited an excellent high-rate capacitance of 124 mA.h/g at a current rate of 20 C when
compared to that of pure TiO2as 38 mA.h/g (Figure 2.16a-b). Such an improvement in the
electrochemical performance of the as prepared composite may attributed to the high
contact area between the electrolyte and electrode, desired diffusion kinetics for both
electrons and lithium ions and high electrical conductivity of the 3D graphene networks

as well as porous structure of TiO> spheres.

Using microwave-assisted synthesis of self-assembled 3D graphene/CNT/Ni, Bae et
al. [117] developed a new electrode for LIBs in which CNTs were grown on graphene
sheets through tip growth mechanism by Ni nanoparticles and acted as spacer by
preventing the re-stacking of 2D graphene sheets. The synthesized 3D composite as anode
electrode for LIBs showed a reversible specific capacity of 648.2 mA.h/g after 50 cycles

at a current density of 100 mA/g.

Due to its high theoretical capacity, low cost, and nontoxic properties, Fe3sO4 has
been considered as a promising electrode for LIBs. However, high volume expansion and
the low conductivity of FesOs prohibit stable performance of electrodes. Integration of
conductive nanomaterials like graphene and construct 3D architectures is one the main
strategies to improve the performance of FesO4 based electrodes. To this aim, Luo et al.
[115] prepared 3D graphene foam supported FesO4 LIB which exhibited a high capacity
of 785 mA.h/g at 1C charge-discharge rate without decay up to 500 cycles. The
electrochemical properties of the graphene supported FezO4 LIB electrodes are given in
Figure 2.16¢c-d.
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In all of the above-mentioned studies, 3D graphene provides short path length for Li
ion as well as electron transport, increases the conductivity by eliminating the

agglomeration, and thus improves the electrode performance.

2.5.3 Sensors

In recent years, graphene-based materials decorated with metals and metal oxides
have been studied in the various sensing devices (e.g. electorchemical sensing and bio-
sensing) due to graphene’s excellent optoelectronic properties as well as high catalytic
activity of the metals/metal oxides [119]. For example, Yavari et al. [120] prepared a 3D
graphene network for the detection of NH3 and NO> at room temperature and atmospheric
pressure with a high sensitivity of gas detection in the ppm range. In another study, Kung
et al. [121] designed a platinum-ruthenium bimetallic nanocatalysts integrated 3D
graphene foam as a sensor for the detection of hydrogen peroxide by enhancing the surface
area and improving the effective transport in the reaction. The proposed material exhibited
a high performance toward electrochemical oxidation of H20, with a high sensitivity of
1023.1 mA/mM.cm? and low detection limit of 0.04 mM.

Large-area 3D graphene interconnected GO intercalated by PANI nanofibers for the
determination of guanine and adenine have been constructed by Yang et al. [122]. By the
help of strong m-m interactions and electrostatic adsorption, positively charged guanine and
adenine adsorbed to the negatively charged proposed structure. High sensitivity, long-term
stability, and low detection limit of the prepared material makes it a reliable approach for

the determination of other small molecules.
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Figure 2.16 (a) Representative cyclic voltammograms of the TiO> spheres embedded in
3D graphene networks at a scan rate of 1 mV/s. (b) charge—discharge voltage profiles of
the TiO spheres embedded in 3D graphene composite at a current rate of 0.5 C [118].
(c) CV curves of the graphene foam supported Fe3O4 electrode. (d) Cycling profiles of
the graphene foam and graphene foam supported FezO4 electrodes [115].

2.5.4 Fuel cells

Nowadays, the finite nature of fossil fuels and rapid increase in energy consumption
persuade the scientists to design and develop renewable energy sources. To this aim, 3D
graphene architectures have attracted great attention in the fuel cells as catalysts or catalyst
carrier supporting metals and alloys in oxidation and oxygen reduction reactions (ORR)
and thus improve the performance of the fuel cell [48]. Microbial fuel cells (MFCs)
convert the chemical energy in biodegradable organic materials into electricity via bio-
oxidation process and thus provide environmental bioremediation. However, most of the
commercially available MFCs suffer from low power density and low bacteria loading on
the surface of the electrodes. To address this problem, many studies have focused on the
integration of catalysts materials to the both anode and cathode of the MFCs [123], [124].

Very recently, the use of 3D graphene as catalysts or support material has gained great
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attention because of the large surface area and high electrical conductivity of 3D graphene
structures. In one of the studies, Yong et al. [124] suggested a macroporous and monolithic
anode electrode based on PANI hybridized 3D graphene. Owing to large surface area of
graphene, the ability of integration with bacterial films have improved and thus more
electrons passed through multiplexing and conductive pathways. The schematic
illustration of the interface and interactions between 3D graphene/PANI electrode and
bacteria is shown in Figure 2.17a. As shown in Figure 2.17b-c, obtained MFC exhibited a
high power density of 768 mW/m?, which is 4 times higher than that of the carbon cloth
MFC under the same conditions. Similarly, 3D graphene aerogel decorated with Pt
nanoparticles have been fabricated as a freestanding anode for MFCs with an excellent
power density of 1460 m\W/m?. The superior performance of prepared MFC was attributed
to the high bacteria loading capacity, easy electron transfer between the bacteria and the
3D graphene/Pt, as well as fast ion diffusion in 3D pores [125].
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Figure 2.17 (a) Schematic illustration of the interface between 3D graphene/PANI
monolith electrode and S. oneidensis MR-1 bacteria. (b) Time courses of the power
density output of the MFCs equipped with a carbon cloth anode or a graphene/PANI
foam anode. (c) Polarization curves of the two types of MFCs. The inset shows the I-V
relation [124].
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2.6 Conclusions and perspectives

This review summarized the recent developments in 3D graphene-based materials
with different morphologies along with their properties and applications. So far,
considerable efforts have been devoted to the design and fabrication of 3D graphene
materials with different morphologies like spheres, films, and networks. Three-
dimensional graphene not only preserve the intrinsic properties of 2D graphene by
inhibiting the re-stacking and aggregation of sheets, but also provide advanced
functionalities with desired characteristics in the various applications like supercapacitors,
fuel cells, batteries, sensors, etc. The main approaches for the construction of 3D graphene
architectures are assembly method, template-assisted techniques, chemical vapor
deposition and electrospraying technology. Nevertheless, there are still some challenges
in the production of the 3D graphene architectures. For instance, the size of constructed
structures and their properties strongly depend on the building blocks (e.g. templates).
Besides, the main problem of the graphene sheets is their tendency to agglomerate which
strongly decreases the electrical conductivity and utilization of graphene in bulk
application. Therefore, there is a need to design new and feasible approaches that can
prevent the re-stacking of graphene layers and fabricate an ideal 3D graphene structure.
Finally, low-cost as well as mass production of 3D graphene materials are critical issues
for the practical applications. Taking these into account, 3D graphene architectures could
provide a new platform to offer advanced functionalities in various applications in the near

future.
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CHAPTER 3 DESIGN AND FABRICATION OF HOLLOW AND FILLED
GRAPHENE-BASED POLYMERIC SPHERES VIA CORE-SHELL
ELECTROSPRAYING

3.1 Introduction

Graphene with a 2D honeycomb-like structure of carbon atoms has been used in
many applications including microchips, sensors, energy storage devices, and composites
due to its unique mechanical, thermal and electronic properties[126]. There are two main
approaches in the synthesis of 2D graphene; bottom-up approach consisting of epitaxial
growth on silicon carbide and chemical vapor deposition (CVVD) method, and top-down
approach including micromechanical cleavage, electrochemical exfoliation and chemical
exfoliation of graphite. The advantage of using bottom-up approach is controlling the
morphology and structure of the produced graphene sheets [127], whereas top-down
methods have some drawbacks of preserving 2D structure of graphene and limitations in
the utilization of graphene in polymer matrix and transferring graphene sheets on different
templates [128]. Graphene sheets have tendency to agglomerate in matrix and form
crumpled structure which causes a significant decrease in the surface area, electrical and
other characteristic properties [48]. To overcome this problem, several studies have
focused on the development of 3D graphene materials with different structures and
morphologies such as graphene fibers [7], [129], graphene tubes [101], graphene balls
[130] and, graphene networks [95], [131]. CVD technique is one of the widely used
bottom-up approaches for the production of 3D graphene networks, 3D porous graphene
films and macroporous structures over templates such as conductive substrates and 3D
metal substrates (e.g. nickel foam) by using different carbon sources at different conditions
[62], [132], [133]. It is also possible to convert 2D graphene sheets into 3D structures by
wet chemistry methods like water-in-oil emulsion technique without using any surfactant
[134] and hydrothermal process by mixing graphene oxide (GO) with carbon nanotubes
and metal oxides to improve surface area, electrical conductivity and capacitance
properties of 3D graphene structures [135], [136]. In the recent works, thermoelectric
properties of graphene based nanocomposites have been improved by constructing 3D

interconnected structures consisting different conducting polymers and reduced graphene
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oxide (rGO) by in situ polymerization techniques [137]-[139]. Especially in flexible
energy storage devices, graphene based fibers and 3D porous graphene polymer networks
are fabricated as an electrode material in supercapacitors to enhance specific capacitance
and provide long-term cyclic stability [140], [141].

For the production of hollow 3D graphene structures, sphere-like templates such as
polystyrene (PS), silicon dioxide (SiOz), and titanium dioxide (TiO2) were used in several
published techniques. In one of the works, graphene hollow spheres were prepared by
covering PS balls with graphene oxide (GO) sheets and then calcination was applied at
420°C for 2h to remove PS from the core [54]. In another work, graphene-based hollow
spheres were fabricated by electrostatic assembly of GO sheets on polyethylenimine
covered SiO2 spheres in solution phase, and subsequently followed by washing with
hydrofluoric acid and annealing processes to get hollow structure [142]. In order to
improve the catalytic properties of hollow spheres, Pd nanoparticles were decorated in
double-shelled hollow carbon spheres by using SiO2 nanospheres as template during in
situ process [143]. In the mentioned processes, the size of spheres directly depends on the
templates. It is not an easy process to control the shape of spheres and hollowness and get
higher yield of graphene balls due to the recovery process in wet-chemical methods.

Electrospinning is one of widely used techniques to produce fibers and spherical or
bead-like structures with the diameters ranging from few micrometers to nanometer by
adjusting the surface tension of the droplet and viscosity of the solution under electric field
[144]. Recently, co-axial electrospinning process has received great attention due to its
ability to produce core-shell 3D structures with different functionalities which have
distinct advantages in comparison to structures fabricated by regular electrospinning
technique [145]. In this technique, two dissimilar solutions in concentric tubes flow under
a high electric field, which is applied between the tip of the nozzle and collector. As a
result, the surface tension of a compound droplet at the tip of the nozzle is overcome
whereby the droplet stretches and forms a continuous jet which is collected on the
electrically grounded plate as a fiber [146]. In electrospinning and electrospraying, the
final morphology of the product is affected by solution properties (such as viscosity and

electrical conductivity) and process parameters (such as voltage, flow rate, and distance
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between collector and nozzle). There are few attempts for the integration of graphene into
the fiber structure by using classic and co-axial electrospinning techniques. In one of the
studies, Promphet et al. [60] fabricated graphene based nanoporous fibers by
electrospinning of graphene/polyaniline/polystyrene mixture to be used as an
electrochemical sensor to detect heavy metals. In another work, aligned poly(3-
hexylthiophene)—graphene nanofibers produced via two-fluid coaxial electrospinning
technique were integrated into high-performance field effect transistors since graphene
acts as an electronically conducting bridge between the polymer domains in the structure
[147]. Shilpa et al. [148] synthesized core-shell composite nanofibers as an anode
electrode for Li-ion batteries by co-axial electrospinning of rGO-polyacrylonitrile (PAN)
solution as shell and zinc oxide with polymethyl methacrylate (PMMA) as core and then
applied carbonization and calcination processes to this fiber mat. In all above mentioned
relevant studies, for preserving the intrinsic properties of graphene materials in the bulk
matrix, GO and rGO are incorporated into the fiber structure by electrospinning technique
in one-step process.

One can conclude from literature that so far, considerable amount of works have
focused on the production of polymeric bead structures and core-shell microcapsules and
the investigation of their morphological changes by tailoring electrospinning parameters
[149], [150]. In the present work, thermally exfoliated graphene oxide (TEGO) sheets are
converted into 3D spheres with controlled hollowness and porosity by using three different
carrier polymers through core-shell electrospraying technique. The effect of electric field
on the exfoliation of graphene sheets is investigated by spectroscopic techniques to
understand graphene dispersion behavior in polymeric shell during electrospraying
process. In this study, shell polymers namely PS and PMMA are chosen due to their ease
for the formation of spherical topology during electrospinning process since these two
polymers are widely used as a template material for the production of 3D structures.
Additionally, PAN polymer is used to form carbon network because of its high
carbonization degree. The appropriate concentration for the production of spheres is
verified by using Mark-Houwink-Sakurada equation. Hollowness of these spheres is

controlled by changing core solvent and its flow rate. The dimension and morphology of
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graphene based spheres are investigated and optimized by tailoring the parameters of
polymer type, polymer concentration, solution viscosity, TEGO amount, solvent

evaporation rate and flow rate.

3.2 Experimental

3.2.1 Materials

The following materials were used in the experiments: TEGO-grade 2 (Thermally
exfoliated graphene oxide purchased from NANOGRAFEN Co., average number of
graphene layers: 27 calculated from X-ray diffraction data, 4% oxygen content obtained
from X-ray photoelectron spectroscopy), N, N-dimethyl formamide (DMF, Sigma
Aldrich, 99%), and methanol (Sigma Aldrich, 99.7%). Polystyrene (PS), Polymethyl
Methacrylate (PMMA) and Polyacrylonitrile (PAN) were synthesized through free radical
polymerization method. A detailed synthesis procedure of PS and PMMA polymers and

their characterization results were reported in our previous publication [57].

3.2.2 Preparation of electrospraying solutions

TEGO-based polymeric solutions were prepared as shell materials. PS and PMMA
solutions were prepared with a concentration of 20 wt% in DMF solvent. DMF is
considered as one of the most widely used polar solvents for electrospinning technique for
to provide good and stable dispersion of graphene sheets and PAN in electrospun solution.
For PAN polymer, 5 wt% and 3.5 wt% were selected as polymer concentration due to its
high viscosity. TEGO was dispersed in DMF at different TEGO:DMF weight ratios of
0.005, 0.01, 0.02, and 0.05 % by probe sonicator (Qsonica, Q700) for 20 minutes with 5
seconds pulse on and 3 seconds pulse off time in ice bath to get homogeneous dispersions
in solutions. Then, polymers were added into TEGO dispersed DMF solution and the
mixtures were stirred at room temperature for 1 day to improve the stabilization of
polymer chains. The chemical structures of synthesized polymers are given in Appendix
Al
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3.2.3 Production of TEGO based 3D hollow and filled polymeric spheres by core-
shell electrospraying

Core-shell electrospraying process was performed by following two different
procedures. In the former one, the core was kept empty during spraying process and
atmospheric air was used as a core material. In the latter one, methanol was used as a core
solvent to study the effect of methanol on the hollowness and morphology of spheres.
Three different polymeric solutions with different TEGO contents were used as shell
materials. Figure 3.1 shows schematic representation of graphene based sphere fabrication
by tri-axial core-shell electrospraying technique. The size of spheres was controlled by
solution parameters (type of polymer, viscosity, surface tension, concentration, and
evaporation rate of solvent) and system parameters (voltage, distance between collector
and syringe, flow rate) through electrospraying process. Electrospraying is performed at
ambient conditions by using tri-axial electrospinning equipment purchased from Yflow
Company. At the initial step, the different distances between nozzle to collector were
examined and the optimized distance of 10 cm was set in all of the experiments owing to
homogeneous and continuous spraying process at this distance. The applied voltage was
in the range of 10-20 kV. The flow rates of shell solutions varied between 10-20 pL/min.
Methanol as a core solvent was sprayed with a flow rate in the range of 0.5-2 pL/min.

Electrospraying parameters of the produced spheres are given in details in Appendix A2.

Core solution or Air

Graphene based _~7 Middle layer

polymeric solutions ~~a
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Collector

Figure 3.1 Schematic representation of fabrication of graphene based spheres by tri-axial
electrospraying technique.
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3.2.4 Carbonization process of produced spheres

Carbonization of TEGO based PAN spheres was completed in two steps. Firstly,
spheres were stabilized by an oxidation process by heating up to 300°C under air, and then
carbonization step was followed by increasing the temperature up to 1000°C under argon
atmosphere. Stabilization process changes the chemical structure of spheres and the
produced spheres become thermally stable at higher temperature without transition to

melting phase [151].

3.2.5 Characterization

Molecular weights and polydispersity index of polymers are measured in DMF as
an eluent by using Gel Permeation Chromatography (GPC) and the concentrations of
polymers in column are converted to the intrinsic viscosity. The morphology and inside
structure of spheres were analyzed by Leo Supra 35VP Field Emission Scanning Electron
Microscope (SEM) and JEOL JIB 4601F Focused lon Beam (FIB/SEM dual beam
platform). Elemental analysis of spheres was conducted by using Energy-Dispersive X-
Ray (EDX) analyzing system. X-ray diffraction (XRD) measurements were carried out by
using a Bruker AXS advance powder diffractometer with a CuKo radiation source. Raman
spectroscopy was used to identify the surface characteristics of samples by using a
Renishaw inVia Reflex Raman Microscopy System with the laser wavelength of 532 nm
at room temperature in the range of 100-3500 cm™*. The functional groups of spheres were

determined by Netzsch Fourier Transform Infrared Spectroscopy (FTIR).

3.3 Results and discussion

3.3.1 The effect of electric field on the exfoliation process of TEGO sheets

Electrospraying process enables graphene sheets to be dispersed homogeneously in
polymer solution, prevents their agglomeration under electric field and enhances the
intercalation of polymer chains into graphene layers. SEM images of TEGO sheets after
the sonication and electrospraying processes are given in Figure 3.2 to promote
understanding the effect of electric field on the morphological changes of TEGO sheets.

Untreated TEGO has worm-like structure (Figure 3.2a). After sonication in DMF, layers
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are separated from each other, and hence, flake dimension decreases (Figure 3.2b);
however, the structure still has multi-layered graphene [30]. Upon the being subjected to
applied electric field, the layers become more flattened whereby more transparent sheet
formation is observed (Figure 3.2c). Electric field deforms the working fluid during

electrospraying which causes loosely broad graphene layers.

Figure 3.2 SEM images of (a) as received TEGO sheets, (b) sonicated TEGO sheets in
DMF, and (c) electrosprayed TEGO sheets in DMF without polymer.

In order to detect the changes in the number of graphene layers, Raman
Spectroscopy analysis was conducted for as received, sonicated and electrosprayed TEGO
sheets and the results are presented in Figure 3.3. Raman spectrum of TEGO has three
sharp main peaks: 1338 cm™, 1577 cm™, and 2750 cm™, refer to as D, G, and 2D peaks,
respectively [83]. D peak is related to disorderness and its intensity changes with the
defects in the structure. G peak corresponds to in-plane vibrations of sp? bonded carbon
atoms and its intensity is altered due to the variation in the number of graphene layers
[27], [83]. It is known from literature, as the ratio of D to G intensities (Ip/lg) increases,
sp? bonds are broken implying that there are more sp® bonds and more defects in the
structure[83]. In the current study, after the sonication process, there is a slight decrease
in Ip/lg of untreated TEGO sample from 0.2 to 0.1. After eletrospraying of TEGO sheets,
D band completely disappears indicating that defect-free multi-layer graphene sheets are

39



obtained. This decrease in D band intensity comes from the reduction in the thickness of
graphene layers which is due to the deformation of solvent. In addition, shape, width and
position of 2D peak determine the graphene layers [83]. The reduction in the intensity
ratio of G to 2D peaks (lc/l2p) indicates the decrease in the number of graphene layers.
Ie/l2p values of untreated TEGO and sonicated TEGO, and electrosprayed TEGO are 2.3,
2.0 and 2.0, respectively. This shows that the sonication process breaks down graphene
layers, which are bonded by weak van der Waals forces, and then initiates the exfoliation
process. On the other hand, multi-layer structure is still preserved after electrospraying
process because there is no notable change in Ic/l2p value. Furthermore, the intensity
values of 2D peak increases after each process, and 2D peak of electrosprayed TEGO gets
sharper and thus number of graphene layers decreases slightly when compared to
sonicated TEGO. The peak positions and intensity ratios are given in Appendix A3.
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Figure 3.3 (a) Raman spectra of as received TEGO, sonicated TEGO and electrosprayed
TEGO and (b) the comparison of 2D peak intensities

Intensity (a.u.)

Intensity (a.u.)

3.3.2 The effect of polymer type, polymer concentration and TEGO amount on the

structural properties of graphene-based spheres

In the electrospraying process, the viscosity of solution is one of the important
parameters, which determines the morphology of structure. The higher the viscosity is, the
greater the electric field should be to be able to deform the droplet at the nozzle tip to

initiate the polymeric jet formation. The viscosity of solution depends on the molecular
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weight of polymer and polymer concentration. PS, PMMA, and PAN as thermoplastic
polymers are chosen as shell materials in the production of polymer-based composites via
core-shell electrospraying process. Weight average molecular weight (Mw), number
average molecular weight (Mn), polydispersity index (PDI) and intrinsic viscosity values
of the used polymers are given in Table 3.1. These polymers have similar Mw values but
their intrinsic viscosity values are different and this directly affects polymer concentration
and viscosity of electrospun solutions.

Table 3.1. Mw, Mn, PDI and intrinsic viscosity values of shell polymers from GPC
analysis

Polymer Mw Mn PDI _ I_ntrinsic
type (g/mol) (g/mol) viscosity (dL/g)

PMMA 41645 20798 2.00 0.3404

PS 49283 29686 1.66 0.0781

PAN 44489 32293 1.38 0.7261

Selected polymers can form spherical structures by the optimization of the system
(applied voltage, syringe and collector distance, flow rate) and solution parameters
(polymer concentration and TEGO content). In addition to these mentioned parameters,
polymer chain entanglements affect the structural formations during electrospinning
process. The degree of entanglement is determined by calculating two limiting
concentrations, C* and C.. C* corresponds to the solution concentration where the
hydrodynamic volumes begin to overlap and Ce is the entanglement concentration which
separates the semi-dilute unentangled and semi-dilute entangled regimes. C* is calculated

using the following equation:

C*=1/[n] 1)

where [n] is the intrinsic viscosity [149]. Ce value is approximately equal to 10C* for

neutral polymers in good solvent systems [152]. When polymer concentration, C, is higher
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than Ce, bead free fibrous structures are produced due to the extensive chain entanglement.
When C*<C<C,, bead dominant structures are generated [149]. In this study, C* values
of PMMA and PS are about 29.4 mg/mL and 128.1 mg/mL, respectively and the adjusted
concentrations (C) of PMMA and PS are 200 mg/mL which is in the range of C*<C<Ce.
In case of PAN based spheres, C* is about 13.8 mg/mL and polymer concentrations of 3.5
wit% and 5 wt% are 35 mg/mL and 50 mg/mL, respectively, and these values are between
C* and Ce.

Moreover, the optimum concentration for the fabrication of polymer based TEGO

spheres was investigated by using Mark-Houwink-Sakurada equation (Eq.2):
[n]=KnM* )

where the constants “Kn” and “a” depend on the polymer type, solvent and temperature.
The Mark-Houwink-Sakurada constants of PMMA, PS, and PAN are given in Appendix
A4. By combining Eq.1 and Eq.2, following expressions based on C* and molecular

weight is obtained for each polymer:

C*= 4x10*Mw 062 PMMA (3)
C*=3.15x10*Mw 0603 PS (4)
C*=5.65x10*Mw 0780 PAN (5)

Figure 3.4 shows the entanglement concentration C.=10C* as a function of
molecular weight of PMMA, PS, and PAN polymers. Solid lines represent the
concentration threshold of each polymer obtained from Eq.3 (black line), Eq.4 (red line)
and Eq.5 (blue line), and each point corresponds to the polymer concentrations which are
selected for the fabrication of spheres. As seen in Figure 3.4, all of the corresponding
points attributed to the used polymer concentrations stay on the lower region of threshold
line (Ce) where bead formation is dominant.
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Figure 3.4 Entanglement concentration Ce=10C* as a function of the molecular weight
of PMMA, PS, and PAN polymers.

Polymeric solutions were purged through outer syringe by keeping core syringe
empty during co-axial electrospraying. Table 3.2 summarizes the synthesis conditions and
characteristic properties of spheres made of PMMA and PS polymers and shrinkage
percentages of polymeric spheres after the integration of TEGO into the structure. By the
addition of TEGO in electrospun solutions, there is a significant decrease in the diameter
of TEGO based spheres when compared to neat polymeric spheres. Herein, TEGO sheets
start the shrinkage of the spheres under electric field since the surface forces increase on
droplets. After increasing the amount of TEGO, a gradual increase is observed in sphere
diameter. For instance, as seen in Table 3.2, PMMA spheres shrink by about 38% through
the addition of 0.005 wt% TEGO and the shrinkage values decreases down to 29% and
20% with 0.01 wt% and 0.02 wt% TEGO loadings, respectively. The decrease in diameter
shows the dense stacking of graphene layers in polymeric shell. It is known that oxygen
functional groups of GO in aqueous and organic solutions are negatively charged [153],
and hence, the electrostatic interaction between these negatively charged GO sheets and
positively charged polymers minimizes the size of the spherical structure. Carbon/oxygen
ratio of GO is changed regarding the type of chemical exfoliation process [24], [30]. Most
of surface oxygen functional groups can be removed by applying thermal treatment and
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hydrophilicity of GO decreases and this allows for controlling the surface chemistry of
graphene [154]. In addition, thermal treatment extends the distance between graphene
layers and ease intercalation process is achieved during electrospraying process.
Therefore, TEGO is preferred as filler for the production of composite spheres. Increasing
TEGO amount in electrospun solution gradually imbalances the electrostatic interaction

between charges, and enlarges the sphere diameter.

Table 3.2: Synthesis conditions and characteristics of TEGO based PMMA and PS spheres
and their shrinkage percentages.

TEGO amount Average diameter Average
(Wt%) of spheres (um) shrinkage of spheres
(%)

PMMA 0 47+0.1 -
0.005 29+0.1 38
0.01 34+03 29
0.02 3.8+0.1 20

PS 0 45+0.2 -
0.005 22+0.1 51
0.01 26+0.1 42
0.02 3.1+04 32

Figure 3.5 exhibits SEM images of spheres sprayed by using air at atmospheric
pressure in the core of the syringe. After electrospraying process without any core
materials, it is observed that all types of polymers form porous and filled sphere structures.
After the addition of TEGO into the polymer, it is noted that the diameter of these spheres
decreases. Furthermore, Figure 3.6 presents SEM images of neat PS spheres and TEGO
based PS spheres at higher magnification. By the incorporation of TEGO, the porosity of

spheres decreases and the surface becomes smoother.
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Figure 3.5 SEM images of spheres produced by (a) PMMA, (b) PMMA-0.01 wt%
TEGO, (c) PMMA-0.02 wt% TEGO, and (d) PS, (e) PS-0.005 wt% TEGO, (f) PS-0.02
wt% TEGO.

Figure 3.6 SEM images at higher magnifications of (a) PS spheres and (b) PS-0.005 wt%
TEGO spheres.

XRD characterization was performed in order to prove the presence of TEGO in
polymer spheres. In Figure 3.7, TEGO has a characteristic 002 peak at 26.5°. In the XRD
analysis of polymer-graphene based nanocomposites, 002 peak can either completely
disappear or shift to the lower region due to the intercalation of polymeric chains into
graphene sheets [155], [156]. In Figure 3.7a, PMMA shows a wide diffraction peak
spanning from 10° to 20° with a maximum intensity at 26~14.4° and the intensity of this

peak decreases as TEGO amount increases and 20 shifts to lower angel values due to the
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complete coating of multi-layer graphene by polymer chains. Also, the diffraction peak
broadens and its intensity decreases by the incorporation of TEGO and thus composite
becomes completely amorphous structure. In Figure 3.7b, PS has a broad diffraction peak
between 15° and 25° and as the value of TEGO increases, PS diffraction peak shifts
towards lower angles and its peak becomes wider by increasing TEGO amount.

The slight shifting of polymer diffraction peak to the lower angle region and the
disappearance of 002 peak of TEGO bespeak that the electric field enhances the
distribution of graphene sheets in polymer solution so that multi-layer graphene sheets are
completely coated by polymer during sphere formation. Figure 3.8 also shows
schematically how complete coverage occurs between TEGO and polymer chains and

avoids restacking of multi-layer graphene sheets under electric field.

R 9.2
M PMMA-0.02 wt% TEGO m B5:0.02 w6 TEGO

127 PMMA-0.01 wtt% TEGO 195 PS-0.01 wt TEGO

" 'v, " Y "

13.9 19.6

PMMA-0.005 wt% TEGQ M

14.4 19.9

— MM

002
002, )

¥ TEGO h TEGO
1 1 1 1 1 1 1
20 24 28 32

1 1 1 1 1
12 16 2( 24 28 32 12 16
28 28

Figure 3.7 XRD spectra of (a) PMMA-TEGO spheres and (b) PS-TEGO spheres
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Figure 3.8 Schematic illustration of interactions between polymeric chains and
TEGOsheets during sphere formation
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Figure 3.9 shows Raman spectra of TEGO, PS, and PS-TEGO spheres. PS has
characteristic Raman peaks at 3050 cm™ and 2900 cm™* due to the vibration of C-H bonds,
1600 cm™* attributed to C=C vibrations and 995 cm™ related to aromatic carbon rings
[157]. In the Raman spectrum of the PS-0.02 wt% TEGO, the characteristic peaks of
TEGO do not appear because of the low amount of TEGO in the polymeric spheres and
overlapping of polymer main peaks with TEGO peaks. On the other hand, significant
decrease in Raman peaks of PS was observed by the integration of TEGO, which also
proves the presence of TEGO in the spheres.
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Figure 3.9 Raman spectra of TEGO, PS spheres, and PS-0.02 wt% TEGO spheres

3.3.3 The effect of core material on the hollowness of TEGO based polymeric spheres

In order to observe the effect of the core material on the hollowness of PMMA-
TEGO spheres, methanol was used as a core solvent in electrospraying process. The shell
solvent of polymer solution is DMF with a vapor pressure of about 516 Pa whereas
methanol has higher vapor pressure about 13020 Pa. Shell formations and hollowness can
be controlled by increasing solvent vapor pressure and tailoring flow rates. In addition,
the evaporation rate depends on the flow rate of core solution so that three different flow
rates are investigated to tailor the hollowness formation in the present study. Other system
(voltage, distance between collector and syringe) and process (polymer concentration,

type of solvent, TEGO amount) parameters were kept the same in each trial to see the
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effect of flow rate on the morphologies of spheres. As the evaporation rate of the core
solvent increases, the solvent will have sufficient time for the evaporation. Hence, low
flow rate of the core solution causes hollow sphere formation, the shell is formed initially
and then core solvent evaporates through the pores of shell until the spheres reaches the
collector. Surface forces have a significant role in shaping the surface of the jet and
controlling the porosity [158]. As the flow rate of core solvent increases, the fast
evaporation of core solvent causes local phase separation, and the solvent-rich regions
leaves behind porous structures during the electrospraying process and thus porous and
filled spheres are formed. Increasing the flow rate further (i.e., 5 uL/min) leads to fiber

formation instead of spheres.

The produced spheres were cut by using an ion beam source of FIB-SEM instrument
to investigate the inside of microstructures. Figure 3.10 displays FIB-SEM images of 0.02
wt% TEGO+PMMA spheres produced utilizing the methanol as core solvent with the
lowest flow rate. Before the ion bombardment, spherical structure is clearly seen in
Figure 3.10a. After the ion bombardment, the shell material starts to melt upon increasing
the current of the ion beam whereby one can clearly observe the hollowness within the
sphere as seen in Figure 3.10b. Figure 3.11 yields the FIB-SEM images of TEGO based
PMMA spheres produced with a flow rate of 2 pL/min during the ion beam bombardment
process. The porous core structure is detected at the end of complete melting of shell
materials as seen in Figure 3.11c. This proves that increasing the flow rate of core solvent
facilitates the penetration of core solvent through shell and induces phase separations and
thus leads to porous core structure. The average diameter of spheres changes from 3.4 pm
to 4.6 um by increasing the flow rate of core material because higher flow rate speeds up
the evaporation process of solvent. Spraying methanol with a high flow rate of 5 uL./min

totally changes the morphology and fiber formation is detected among spheres.
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Figure 3.10 FIB-SEM images of PMMA spheres containing 0.02 wt% TEGO using
methanol as a core material and a flow rate of 0.5 uL/min (a) before and (b) after ion
bombardment.

Figure 3.11 FIB-SEM images of PMMA spheres containing 0.02 wt% TEGO using
methanol as a core material and a flow rate of 2 pL/min (a) before and (b) during and (c)
after ion bombardment.

In addition, FIB-SEM technique is used for the observation of porous core in PMMA
spheres produced by using atmospheric air in core syringe. Figure 3.12 displays FIB-SEM
images of these spheres after the ion bombardment. The structure of spheres is noticeably

porous even at longer bombardment period.
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Figure 3.12 FIB-SEM images of 20 wt% PMMA spheres containing 0.02 wt% TEGO by
using atmospheric air as a core material (a) and (b) after ion bombardment.

3.3.4 The effect of carbonization on the morphology of TEGO based polymeric
spheres

PAN polymer is one of the most important precursors of carbon source in the
production of polymeric composites. Carbonization makes PAN polymer promising
especially in energy applications because its electrical and mechanical properties are
significantly improved by increasing carbon content up to 95% [151]. Instead of PS and
PMMA used as template materials having lower degradation temperatures between 300-
400°C, PAN is chosen as a carrying polymer for the carbonization process to form carbon
network with graphene sheets since PAN undergoes heating process at high temperature
in the range of 800-3000°C [151].

At the initial step of our process, 5 wt% PAN, 5 wt% PAN-0.02 wt% TEGO and 3.5
wt% PAN-0.05 wt% TEGO solutions were sprayed separately without using any core
material to produce PAN-based spheres. Fabricated spheres containing 5 wt% PAN and 5
wt% PAN-0.02 wt% formed half hollow spheres (donut-shaped structures) and
carbonization does not affect the morphologies of these structures as seen in Figure 3.13.
The reason for donut-shaped formation might be due to the combined effects of low
polymer concentration, high intrinsic viscosity and applied electric forces. Thus, a rather
interesting sphere structure is formed during the discharge process of the polymeric
mixture from the tip of syringe. Average diameters of 5 wt% PAN and 5 wt% PAN-0.02
wt% TEGO spheres are about 1.6 um and 2.9 pm, respectively. The incorporation of
TEGO enlarges the diameter of spheres, which might stem from better dispersion and
alignment of multi-layer graphene sheets in higher viscosity of PAN solution during
electrospraying process when compared to the results of PMMA and PS solutions.

After the carbonization process, both neat PAN and TEGO based PAN spheres
shrink about 75%, and the diameters of PAN and TEGO based PAN spheres decrease

down to nanometer scale and become 400 and 700 nm, respectively. Carbonization leads
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to the formation of more packed spheres having less porosity (Figure 3.13b and
Figure 3.13d).

Figure 3.13 SEM images of 5 wt% PAN spheres (a) before and (b) after carbonization,
and 5 wt% PAN-0.02 wt% TEGO spheres (c) before and (d) after carbonization.

In another PAN sphere production, TEGO amount increased up to 0.05 wt% and
polymer concentration decreased down to 3.5 wt% in order to investigate the changes in
morphologies of spheres. By increasing TEGO content, the zero shear viscosity of
electrospun solution is expected to increase which will require larger electric field strength
to deform the droplet whereby the diameter of spheres gets bigger. Figure 3.14 shows
SEM images of 3.5 wt% PAN-0.05 wt% TEGO before and after carbonization. The
average diameter of spheres before carbonization is about 6.5 um. In Figure 3.14b and
Figure 3.14c, one can immediately notice an interesting microstructure composed of two
disjointed spheres which might have been formed due to phase separation because of high
TEGO amount in electrospun solution. EDX results confirm that the average carbon wt%
in outer sphere shell is about 71 whereas the inner sphere shell has 62 % carbon. High
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carbon content in outer sphere and the wrinkles in Figure 3.14b point to the high amount
of graphene sheets and less polymer intercalation in the outer part of the structure.
Consequently, TEGO starts phase separation after the complete diffusion of polymer
chains through graphene layers and spheres are entwined together and isolated from each
other. Moreover, since the inner layer should have smaller viscosity than the outer layer
referring to the graphene content as measured by the EDX, during electrospraying process,
the inner layer should be deformed much easier than the outer layer by the combined
surface forces (i.e., electric and surface tension forces).

After heat treatment, TEGO based PAN spheres collapses totally and the boundaries
on the surface of layers and the smooth surfaces are clearly seen in Figure 3.14d. When
compared to the results having high polymer concentration and low TEGO amount given
in Figure 3.13, the porosity of surfaces in Figure 3.14 decreases significantly by increasing
TEGO and reducing polymer concentration. These results confirmed the significance of
solvent evaporation rate, solution viscosity, polymer concentration and TEGO amount on

sphere morphology.
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Figure 3.14 SEM images of 3.5 wt% PAN-0.05 wt% TEGO spheres (a-c) before and (d)
after carbonization

Raman spectra of TEGO and 5 wt% PAN-0.02 wt% TEGO spheres before and after
carbonization are shown in Figure 3.15a. In the Raman spectrum of carbonized TEGO
based PAN spheres, two peaks appears: the peak at ~1340 cm™! related to D band of
graphene and the peak around ~1580 cm™ attributed to G band. Ip/l ratio of carbonized
spheres is approximately 0.9 higher than Ip/l ratio of TEGO as 0.2 which shows the
growing of graphene-like structures and reordering of aromatic groups towards graphene
networks at higher temperatures [159]. Figure 3.15b shows FTIR spectra of TEGO and
produced PAN spheres. In the FTIR spectrum of TEGO, there is no sharp peak since
thermal exfoliation of GO removes most of the oxygen functional groups and the resultant
material has high carbon content. Only a weak peak at around 1722 cm* appears which is
assigned to carbonyl stretching of C=0 [160]. PAN spheres show characteristic peaks at
2930 cm, 2250 cm™, and 1450 cm™ which are associated with C-H bonds in CHp, nitrile
bond (C=N), and tensile vibration of CH2, respectively [161]. By the incorporation of
TEGO into the structure, a sharp peak at 1720 cm™ can be distinguished easily related to
the stretching vibration from carbonyl group (C=0) of TEGO. Thus, this confirms the
presence of TEGO in the structure. After applying heat treatment, the reduction in peak
intensities at 2930 cm™ and 1450 cm™ and the disappearance of the peak at 2250 cm™
indicate the cyclization and dehydrogenation of TEGO based PAN spheres during

carbonization process.
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Figure 3.15 (a) Raman spectra and (b) FTIR spectra of TEGO, and 5 wt % PAN-0.02
wt% TEGO spheres before and after carbonization.

3.4 Conclusions

In this study, hollow and filled graphene based polymeric spheres are successfully
produced by using core-shell electrospraying technique. Without applying any post
treatment or using any template, it is possible to control the hollowness of spheres by using
core solvent and changing its flow rate in one-step process. This technique also diminishes
crumbling and agglomeration of 2D graphene sheets and provides better dispersion of
graphene layers through polymer chains. In this study, PS and PMMA are used as carrier
polymers to convert 2D graphene sheets into 3D dimensional spheres since these polymers
are easily processable for bead formation and are widely used as templates to produce
hollow structures. In addition, PAN polymer is preferred as a carrier polymer to improve
connections between TEGO sheets, and after carbonization, carbon content of spheres and
graphene-like growing significantly increase. Decreasing PAN concentration and
increasing TEGO amount lead to the formation of disjointed spheres in the same structure
and this phenomenon is still under investigation. The control of solution parameters in
bead formation might give new direction to several applications including aerosols,
surface coatings, membranes, and drug delivery systems. In order to find the proper
concentration for the fabrication of polymeric spheres, a new diagram based on
concentration and molecular weight of PMMA, PS and PAN in DMF solvent is
constructed by using Mark-Houwink-Sakurada equations. The obtained data from the
diagram is consistent with the experimental results. In the presence of graphene in the
sphere structure, the intercalation and shifting in XRD patterns towards lower angles
indicate the presence of graphene sheets in polymer matrix. In the proposed technique, the
number of polymeric shells can be increased by increasing syringe number in
electrospraying set-up, and multi-layer composite spheres having enhanced multi-
functionality can be produced by using different polymers with different degree of
hydrophilicity. In addition, catalysts can be deposited on the surface of polymeric shells
and electrolytes can be inserted in core part during electrospraying. Consequently, multi-
axial core shell electrospraying technique will increase accessible surface area of 2D
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graphene sheets and preserve characteristic properties of graphene in bulk systems, and
open up new directions especially in energy applications such as Li-ion batteries, fuel

cells, and supercapacitors.
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CHAPTER 4 DESIGN OF Pt SUPPORTED 1D AND 3D MULTI-LAYER
GRAPHENE-BASED STRUCTURAL COMPOSITE ELECTRODES WITH
CONTROLLED MORPHOLOGY BY CORE-SHELL
ELECTROSPINNING/ELECTROSPRAYING

4.1 Introduction

In the recent years, a rapid increase in the global energy consumption persuades
scientists to develop new eco-friendly energy storage devices. In the field of energy
storage, electrode design plays a significant role by providing high surface area, fast
electron mobility, high electrical conductivity and good chemical stability to attain high
electrochemical performance [162]. Especially carbon materials are widely used as an
electrode material in electrochemical energy storage systems owing to their rich variety
of dimensionality and large surface area [105]. Among various carbon-based materials,
graphene becomes a promising candidate since it has long-range © conjugation and thus
fast electron mobility which makes it extremely attractive for energy storage devices [61].
There are different types of graphene production techniques by using top-down and
bottom-up approaches. The main problem in the utilization of graphene in bulk
applications is its restacking and agglomeration and the formation of crumpled structure
leading to a significant decrease in the surface area, electrical conductivity and thus great
loss of electrochemical activity. Up to now, many efforts have been made to overcome
this obstacle by the integration of 2D graphene sheets into macroscopic structures through
different methods including chemical vapor deposition, encapsulation, self-assembly and
wet spinning [40], [163]. With these methods, it is possible to convert graphene into
several structures such as graphene fibers [164], spheres [130], films [165], and networks
[95].

Template-assisted method and self-assembly technique are the most common used
strategies to obtain 3D graphene-based structures. In one of the studies, Fan et al. [109]
fabricated graphene-wrapped polyaniline hollow spheres as an electrode material by using
polystyrene spheres as template and obtained a high specific capacitance of 614 F/g at a
current density of 1 A/g and maintained the capacitance at around 90% after 500 cycles.
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In another work, Xu et al. [166] produced microporous carbon spheres incorporated into
3D graphene frameworks via wet chemistry and self-assembly techniques, which showed
a specific capacitance of 288.8 F/g at a current density of 0.5 A/g. However, in these
aforementioned processes, it is not easy to control structural properties such as porosity
and hollowness since the morphology directly depends on the chosen templates. At this
point, electrospinning is an alternative and easy method for the production of graphene-
based structures in the form of spheres [8], [167] and fibers [168] by adjusting the polymer
concentration and surface tension of droplet. The electrodes produced by electrospinning
have an ability to form a continuous network, which is essential for the charge transport
and provides conducting framework and excellent interconnectivity. In one of work, Kim
et al. [169] examined the electrochemical behavior of graphene/carbon nanofiber
composite electrode produced via classical electrospinning technique by using graphene
oxide (GO) and polyacrylonitrile (PAN) as carbon precursor having high conductivity and
a specific capacitance of 146.6 F/g at a current density of 1 mA/cm. Recently, core-shell
electrospinning has received great attention in order to attain multi-functionality and
utilize different materials in one-step process by eliminating coating and deposition steps
and thus expand the potential applications of fabricated structures [168], [170]. Kou et al.
[171] fabricated polyelectrolyte-wrapped graphene core-sheath fibers as high-energy
density electronics by co-axial electrospinning of reduced GO solution as core and sodium
carboxymethyl cellulose as shell material following by reduction and washing processes.
Instead of morphology design in electrode structures, the integration of noble metals
improves electrical conductivity and electrochemical stability in graphene electrodes used
in Li-ion batteries, fuel cells and supercapacitors [172]. Among them, Pt has gained great
interest due to its lowest over potential and stability which facilitate the electron transport
during redox reactions [172], [173]. For instance, Zhang et al. [174] fabricated
graphene/Pt films having a high capacitance of 120 F/g at high scan rate of 50 A/g to
enhance the conductivity of charges, and thus give higher reversible capacitance at high
rates. So far, there are several attempts for the fabrication of graphene-based fibers as
electrodes in the energy storage systems by applying classical and core-shell

electrospinning techniques. To the best of our knowledge, there is no related work to
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control the dimension of graphene based electrodes in different forms of foam and sphere
by applying core-shell electrospinning technology.

In the present study, Pt deposited 1D graphene-based fiber and 3D graphene-based
sphere and foam electrodes were produced by core-shell electrospinning/electrospraying
techniques. Figure 4.1 shows the schematic representation of fabrication process for Pt
decorated graphene-based foam, fibers and spheres by core—shell electrospraying. During
electrospinning, thermally exfoliated multi-layer graphene layers were transformed into
the three different forms of fiber, foam and sphere by using a carrier polymer by altering
solution parameters of polymer concentration and molecular weight of polymer and
process parameter of applied voltage. In the electrode structure, PAN polymer was used
as a carrier to increase carbon network. Due to the high catalytic activity and good
chemical stability against oxidation, Pt particles was chosen as catalyst and deposited at
low loadings in the structures. Structural and morphological properties of structures were
analyzed by spectroscopic and microscopic techniques in details. The electrochemical
performance of Pt deposited graphene-based carbon structures as electrodes was
investigated by cyclic voltammetry and galvanostatic charge-discharge.
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Figure 4.1 Schematic representation of the fabrication process of Pt decorated graphene-
based foam, fibers, and spheres

4.2 Experimental

4.2.1 Materials

Polyacrylonitrile (PAN, My: 150000 g/mol), N, N-dimethyl formamide (DMF,
99%), chloroplatinic acid (H2PtCls, 8 wt% in H20), and hydrazine hydrate (N2H4) were
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purchased from Sigma-Aldrich. Low molecular weight PAN (Mw: 45000 g/mol) was
synthesized through free radical polymerization method [175]. TEGO Grade 2 (thermally
exfoliated graphene oxide) having average number of graphene layers of 27 calculated
from XRD data by using Debye Scherer equations and 4% oxygen content was obtained

from Nanografen Co. The characterization results of TEGO were given in Appendix B1.

4.2.2 Fabrication of graphene-based structures by core-shell electrospinning

Foam, fiber and sphere-like graphene-based structures were produced at ambient
conditions by using tri-axial electrospinning equipment purchased from Yflow Company.
PAN polymer containing graphene sheets were used as a shell material in the proposed
structures. In the shell material, 0.02 wt% TEGO based on the weight of solvent was
dispersed in DMF by probe sonicator for 20 minutes to get homogeneous dispersion. The
optimum amount of 0.02 wt% TEGO was chosen for the production of electrospun
structures and the detailed results about optimization process were given in our previous
paper [8]. Two different polymer concentrations of 1 wt% and 5 wt% PAN with a
molecular weight of Myw=150000 g/mol were adjusted to get foam and fiber structures,
respectively. In case of graphene-based sphere production, low molecular weight PAN
polymer (Mw=45000 g/mol) was used as 5 wt% PAN in 0.02 wt% TEGO/DMF mixture.

For the production of graphene-based foam, 1 wt% PAN solution was
electrosprayed with an applied voltage of 18 kV and flow rate of 5 pL/min. In the case of
fibers, as-prepared 5 wt% PAN solution was electrospun with an applied voltage of 10 kV
and flow rate of 8 pul/min. For the production of graphene-based spheres, electric field
was adjusted as 13 kV and flow rate was kept as 10 pL/min by using 5 wt% low Mw PAN
based solution. All electrospinning/electrospraying experiments were performed with
constant working distance of 10 cm and the core part of nozzle was kept empty during

each process.

4.2.3 Pt deposition

In each material, HoPtCls was added into the solution to observe 0.05 wt% Pt based
on the polymer weight in the final structure. The amount of Pt was optimized by the
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addition of two different amounts of 0.05 wt% and 0.1 wt% of Pt in the fiber structure. As
it can be seen in Appendix B2, high amount loading of 0.1 wt%, results in the serious
agglomeration problem in the surface of fibers. Thus 0.05 wt% was selected as optimized
amount for the decoration of Pt on the surface of graphene-based architectures. In case of
graphene-based foam and fibers, Pt catalyst was dispersed in electrospun solution and
impregnated in the matrix during electrospinning process in one step process. On the other
hand, Pt particles were dispersed on electrospun graphene spheres after carbonization

process to improve capacitance value.

In order to obtain Pt from H2PtCls, hydrazine hydrate was used as reducing agent in
distilled water (1:100, v:v). Agqueous hydrazine solution is used as a non-solvent for PAN
polymer not to damage the structure [176]. Electrosprayed/electrospun graphene-based
foam and fibers were immersed into hydrazine hydrate solution and kept for 1 day at room
temperature and then washed several times with water and kept for drying in oven. After
the reduction process, the color of the materials turned into gray indicating that Pt ions
were reduced into Pt metal particles. For graphene-based spheres, the same steps of
reduction were applied after carbonization process.

4.2.4 Carbonization process

Heat treatment of the produced fibers, spheres and foam was performed in two steps
to increase carbon amount in the structure and thus improve electrochemical properties of
the designed electrodes. In the first step, samples were stabilized by applying oxidation
process by heating up to 300°C under air for 30 min and thus the structures became more
stable at higher temperature without transition into melting phase. In the second step, these

samples were heated up to 1000°C under argon atmosphere.

4.2.5 Electrode preparation and their electrochemical tests

Electrochemical performance of the carbonized samples was evaluated by
PARSTAT MC (Princeton Applied Research) under a three-electrode system in 0.5 M
H2SO4 aqueous electrolyte using platinum wire as a counter electrode and Ag/AgCl as a

reference electrode in a typical potential range for aqueous electrolytes of 0-0.8 V.
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Working electrodes were prepared by dispersing graphene-based materials in 3 mL
distilled water using probe sonicator and then 0.5 mL of Nafion solution (10 wt%) used
as a binder was added into the mixture and stirred for 1 hour to get complete wetting.
Then, the solution was dispersed on the Toray carbon film by drop-casting and dried the

electrode in a 90°C oven for 2 hours.

4.2.6 Characterization

The morphology of samples were analyzed by Leo Supra 35VP field emission,
TESCAN LYRAZ3 focused ion beam Scanning Electron Microscopies (SEM) and JEOL
ARM 200CF Transmission Electron Microscope (TEM). Elemental analysis of samples
was conducted by using Energy-Dispersive X-ray (EDX) analyzing system. X-ray
diffraction (XRD) measurements were carried out by using a Bruker AXS advance powder
diffractometer with a CuKa radiation source. Raman spectroscopy was used to identify
the surface characteristics of samples by using a Renishaw inVia Reflex Raman
Microscopy System with the laser wavelength of 532 nm at room temperature in the range
of 100-3500 cm™. The functional groups in the structures were determined by Netzsch

Fourier Transform Infrared Spectroscopy (FTIR).

4.3 Results and discussion

4.3.1 The effect of polymer concentration on the morphology of electrospun

structures

In the electrospinning process, viscosity of the solution plays an important role to
determine the final morphology of electrospun structures. During electrospinning process,
the droplet at the tip of the nozzle is being subjected to the electric field; it starts to distort
which is a result of balancing force between electric field and surface tension of droplet.
When the surface tension of droplet is overcome to the voltage, a polymeric jet is initiated
from the nozzle tip to the collector. The viscosity of a solution depends on the polymer
molecular weight and concentration of polymeric solution. In the case of low viscosity
solution, the jet breaks up to the droplets, which cause the formation of spheres and foam-

like structures. The greater the viscosity is, the more stable polymeric jet is be able to
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travel through grounded collector [177]. In our previous work [8], we showed the effect
of polymer concentration and molecular weight on the formation of different polymeric
structures by using Mark-Houwink-Sakurada equation (Appendix B3). Figure 4.2
represents the concentration as a function of molecular weight of PAN where, solid line
shows the concentration threshold of PAN polymer where above and on the line fiber
formation is dominant (see Appendix B). By moving toward lower regions, spherical and
foam-like structures are started to form. On the other hand, each point in the graph
corresponds to the different PAN concentration with different molecular weight, which
are selected for the fabrication of fibers, spheres, and foam colored as red, purple, and
blue, respectively. Hence, it is possible to get the structures with the desired morphology
and size such as spheres [8], foams, and fibers [57] by tailoring system (e.g. flow rate,
applied voltage, working distance between nozzle and collector) and solution parameters

(e.g. polymer concentration).
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Figure 4.2 Entanglement concentration as a function of the molecular weight of PAN
polymer.

In the first part of work, structural morphologies of electrospun/electrosprayed
structures were tailored by controlling polymer molecular weight and polymer
concentration. Three different polymeric solutions with different concentrations of 1 wt%

and 5 wt% and different PAN molecular weights were prepared to monitor the effect of
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concentration and viscosity on the morphology of structures. Table 4.1 summarizes the
synthesis conditions of graphene-based structures. The results showed that low polymer
concentration brought about the formation of porous interconnected foam. Figure
Figure 4.3a represents SEM image of 1 wt% PAN electrospun foam with average pore
size of 100 um. On the other hand, as PAN concentration increased up to 5 wt%,
homogeneous and uniform fibers having an average diameter of 150 nm were obtained as
seen in Figure 4.3b. Graphene-based spheres having donut-shaped structure with an
average diameter of 1.6 um were fabricated by electrospraying 5 wt% PAN (Mw= 45000
g/mol) shown in Figure 4.3c and the production details of these spheres were given in our
previous publication [8]. The reason behind the formation of donut-shaped structure is the
combined effects of low polymer concentration, high intrinsic viscosity and applied
electric forces at the tip of syringe during the discharge of electrospun solution [8].
Consequently, it is possible to convert TEGO sheets into 1D and 3D structures by using a

carrier polymer by tailoring the parameters of applied voltage and solution viscosity.

Table 4.1 The effect of polymer molecular weight and synthesis conditions on the final
morphology of structures

Morphology | Mw of PAN | Polymer Applied Flow rate
(g/mol) concentration | voltage (nL/min)
(Wt%) (kV)
Foam 150000 1 18 5
Fiber 150000 5 10 8
Sphere 45000 5 15 10

0

Figure 4.3. SEM images of (a) PAN-based foam, (b) PAN-based fibers and (c) PAN-
based spheres
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4.3.2 Pt decorated 1D and 3D graphene-based structures

Electrospinning/electrospraying technique provides homogenous distribution of
graphene sheets into polymeric matrix by preventing their agglomeration and restacking
under electric field [8], [178]. In order to increase the conductivity, Pt particles were
integrated into graphene-based foam, fibers, and spheres during electrospinning and after
post-process. In case of foam and fiber structures, Pt nanoparticles were integrated during
electrospraying/electrospinning. Figure 4.4a shows SEM image of electrosprayed
graphene-based foam having pores in the range of micron size. It should be noted that
desirable pore size could be achieved by controlling the polymer drying time and adjusting
solvent vapor pressure [179], [180]. After reduction process, structure still preserved its
framework shown in Figure 4.4b. In order to improve carbon content, carbonization was
applied on the reduced foam. Figure 4.4c represents SEM image of Pt decorated 3D
graphene-based foam after carbonization process. Pt nanoparticles with an average length
of 50 nm in cubical form were distributed homogeneously on the surface of graphene-
based foam (Figure 4.4d). The large diameter of Pt might stem from the growth of Pt
nanoparticles during the heat treatment of foam. According to Sellin et al., [181] Pt grains
under inert atmosphere (e.g. argon) started the reconstruction after 250 °C resulted in the

grain growth and agglomeration of Pt particles.
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Figure 4.4 SEM images of (a) electrosprayed, (b) reduced and (c) carbonized Pt
decorated graphene-based foam, and (d) TEM image of Pt decorated foam

Figure 4.5 shows the fabrication steps of Pt decorated graphene-based fibers.
Graphene sheets and Pt nanoparticles were integrated into the PAN solution with a
polymer concentration of 5 wt%, where higher concentration of PAN polymer resulted in
the formation of homogeneous fibers with an average diameter of 100 nm. Figure 4.5a
shows the SEM image of graphene-based fibers. After the reduction process, well-
dispersed Pt nanoparticles appeared on the surface of fibers shown in Figure 4.5b where
the diameter of reduced fibers increased up to 250 nm due to the growth of Pt nanoparticles
all over the surface of fibers. Figure 4.5c represents the SEM image of carbonized
graphene-based fibers having leaf-like structure owing to the expansion of graphene and
the growth of Pt during carbonization. As seen in Figure 4.6a, after applying heat
treatment, Pt particles with the average size of 45 nm were grown and graphene layers
were exfoliated on the surface of carbonized fibers. The large diameter of Pt particles, as
discussed above, is due to the Pt agglomeration during carbonization process. In this
structure, Pt catalysts were on graphene sheets but not seen clearly in TEM image in

Figure 4.6b since leaf-like exfoliation on fiber surface caused the formation of wrinkled
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structures and catalysts were placed under these structures. In addition, it is noticeable that
using unpressurized air as core material during electrospinning leads to the formation of
the hollow fibers in Appendix B4.

Figure 4.5 SEM images of (a) electrospun, (b) reduced and, (c) carbonized Pt decorated
graphene-based fibers

Figure 4.6 (a) and (b) TEM images of Pt decorated graphene-based fibers at different
magnifications

Figure 4.7 represents SEM images of graphene-based spheres after electrospraying,
carbonization and Pt deposition. Graphene spheres with an average diameter of 2.9 um
were fabricated by electrospraying of low Mw PAN solution containing graphene sheets
(Figure 4.7a). Low Mw PAN having high intrinsic viscosity and high electric field during
process are main parameters that cause the formation of donut-shaped spheres. After
carbonization, graphene-based spheres shrank about 75%, and the diameter decreased

down to 700 nm (Figure 4.7b) [8]. The decoration process of Pt nanoparticles was
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performed on the carbonized graphene-based spheres shown in Figure 4.7c. Pt
nanoparticles with an average diameter of 4 nm were decorated homogeneously on the
surface of graphene-based spheres in Figure Figure 4.7d. The addition of Pt particles after
carbonization process brought about the formation of smaller Pt particles rather than foam

and fibers since heat treatment accelerates the growth process of Pt particles.

Figure 4.7. SEM images of (a) electrosprayed, (b) reduced, (c) carbonized Pt decorated
graphene-based spheres, and (d) TEM image of Pt decorated spheres

Figure 4.8 represents the distribution of Pt on the surface of graphene-based foam,
fibers, and spheres. Although Pt was loaded with equal amounts into the structures, there
were variations in the distribution of Pt particles on the surface of structures coming from
the morphological differences of the samples. EDX results confirm that the average Pt
wt% in sphere structure is 20, whereas in the case of fiber and foam this amount decreases
down to 5 and 9, respectively. The elemental mapping results of the samples are given in
Appendix B5 and Appendix B6. The Pt particles on fiber and foam surface were
distributed uniformly but during heat treatment, the size of Pt particles was increased to
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45 nm and 50 nm, respectively due to the reconstruction and agglomeration of particles

[181]. In the case of graphene-based spheres, Pt nanoparticles was distributed densely with

a size of few nanometers.

Figure 4.8. Elemental mapping images of Pt element (left) and SEM images (right) of Pt
decorated graphene-based (a) foam, (b) fiber, and (c) sphere.

XRD characterization was performed to confirm the presence of Pt in graphen based
structures.

Figure 4.9 shows the XRD spectrum of Pt decorated graphene-based fibers. TEGO
shows a characteristic 002 peak at 26= 26.5° [8]. On the other hand, the characteristic
peaks at 20 = 39°, 45.8°, and 67° are attributed to the (111), (200), and (220) planes of the
face-centered cubic (FCC) crystal lattice of Pt, respectively [182]. The high intensity of Pt
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characteristic peaks compared to graphene characteristic peak may stem from the low
amount of TEGO in the structure and growing of Pt particles during heat treatment

process.
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Figure 4.9 XRD spectrum of Pt decorated graphene-based fiber after carbonization
process

Figure 4.10a exhibits FTIR spectra of Pt decorated neat electrospun, reduced and
carbonized graphene-based fibers. PAN shows characteristic peaks at 2930 cm™, 2250 cm
1 and 1450 cm™ belonging to C—H bonds in CH, nitrile bond (C=N), and tensile vibration
of CHz, respectively [161]. There is a significant decrease in the intensity of C=0 bond at
around 1660 cm™ after hydrazine reduction and this proves successful reduction process
and decrease in oxygen functional groups. After applying heat treatment, no characteristic
peak was observed due to high carbon content in fiber structure. Figure 4.10b displays
Raman analysis of TEGO sheets, Pt decorated fiber and Pt decorated graphene-based fiber.
TEGO sheets have three main characteristic peaks at 1338 cm™, 1577 cm™, and 2750 cm
L known as D, G, and 2D peaks, respectively [8]. On the other hand, in the Raman spectrum
of Pt decorated fiber, the presence of D peak at 1342 cm™ and G peak at 1596 cm™ are
attributed to the disordered carbon structure and in-plane vibration of sp? carbon atoms,
respectively [178]. The ratio of D and G peak intensities (Ip/lg) is a way to measure the

defects in the carbon-based structures. As Ip/lg increases, sp? bonds are broken and thus
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more defects appear in the structure [83]. Pt decorated fibers show an Ip/lg ratio of 0.93
whereas by the addition of TEGO to the structure, this value increases up to 0.98, which
indicates the growing of carbon network on graphene sheets after carbonization. The
structural properties of Pt decorated graphene-based foam and spheres are given in
Appendix B7 and Appendix B8, respectively.
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Figure 4.10 (a) FTIR spectra of neat, reduced, and carbonized Pt decorated graphene-
based fibers, and (b) Raman spectra of TEGO, Pt decorated fibers without graphene and
Pt decorated graphene-based fibers

4.3.3 Investigation of electrochemical performance of 1D and 3D electrodes

The electrochemical behavior of Pt decorated graphene-based structures with
different morphologies was investigated by standard cyclic voltammetry (CV) and
galvanostatic charge-discharge technique in a three-electrode cell. The specific

capacitance of electrodes was measured using following equation:
C =1dV/(2mIAV) (1)

where C represents the specific capacitance (F/g), | is the current (A), m indicates the mass
of active materials (g), 9 is the potential scan rate (V/s), and AV is the applied voltage
window (V). Table 4.2 gives the summary of CV results of fabricated electrodes regarding
the dimension of the structures. In order to understand the dimension effect of graphene

sheets on the electrochemical behavior of electrodes, CV test of Pt decorated 2D TEGO
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sheets was also performed at the initial stage. TEGO-based electrode did not show any
capacitance behavior due to its nearly linear CV curve as seen in CV plot of Pt decorated
TEGO sheets (Appendix B9). Figure 4.11a exhibits the graphs of specific capacitance of
Pt decorated graphene-based structures as a function of scan rates. Capacitance values of
spheres, foam and fibers decreased gradually as the current rate increased. The specific
capacitances of Pt decorated graphene-based structures at a scan rate of 1 mV/s were
calculated as 118 F/g for spheres, 54 F/g for foam, and 8 F/g for fibers. An increase in
capacitance values of hybrid electrodes when compared to neat TEGO-based electrodes
stem from the diffusion of PAN polymer chains through graphene layers during
electrospinning since PAN can serve as a spacer by preventing re-stacking of sheets and
increase the electron mobility. In addition, Pt decorated TEGO showed poor capacitance
behavior when it was utilized without using as a polymer carrier due to the sheet-sheet
junctions that limit the conductivity and thus capacitance [183]. Another reason of low
capacitance performance is the intercalation of Pt through layers and this decreases the
catalytic activity of Pt particles. Afterwards, graphene sheets were converted into 1D
fibers, the structure started to show capacitance activity but still has low value as about 8
F/g since electrospinning process buried Pt particles deeply inside the structure and hence
electrochemical reaction was not observed effectively [184]. Figure 4.11b represents CV
curves of graphene-based fibers at scan rates of 1, 5, 10, 50, and 100 mV/s where the
capacitance value was calculated based on the lowest scan rate. Pt decorated graphene-
based foam and spheres as 3D structures showed enhanced specific capacitance of 54 F/g
and 118 F/g, respectively in comparison of 1D fibers. The CV plots of Pt decorated
graphene-based foam are shown in Figure 4.11c. 3D graphene structures consist of micro
and macro interconnected pores which results in a high surface area and fast ion/electron
transport channels [106]. However, the diameter of Pt nanoparticles is considerably high
as about 50 nm and thus the electrochemical activity of Pt decorated graphene-based foam
decreased. Therefore, Pt decorated graphene-based foam although its unique structure did
not show better capacitance behavior. In case of sphere electrode, Pt particle size
decreased down to 5 nm and the structure became more porous as seen in SEM image of

Figure 4.7c and thus electrode/electrolyte interface was improved and catalytic activity
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increased in Figure 4.11d. As a result, Pt decorated graphene sphere electrode exhibited
higher capacitance behavior due to its uniform structure since the morphologies of fiber
and foam become more complex after carbonization process. Pt decorated graphene-based
structures at low scan rates showed an approximately rectangular shape, which is the
characteristic of an electric double layer capacitor. However, the rectangular shape started
to distort by increasing the scan rate up to 100 mV/s. This comes from an increase in the
polarization intensity and kinetically limited penetration of the electrolyte ions into pores
of active materials at high scan rates [185].
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Figure 4.11 (a) Specific capacitance of Pt decorated graphene-based structures at
different scan rates, CVs of Pt decorated graphene-based structures at different scan
rates; (b) fibers, (c) foam, and (d) sphere electrodes
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Table 4.2 CV results of Pt decorated graphene-based spheres, foam and fiber electrodes

Different Specific capacitance (F/g)
dimensional electrodes at a scan rate of 1 mV/s

Pt/TEGO ND*

Pt/Spheres 118

Pt/Foam 54

Pt/Fibers 8

*ND: Not detected
The galvanostatic charge-discharge measurements were carried out in a 0.5 M

H>SO4 electrolyte between 0 and 0.8 V at various current densities ranging from 2 to 10
Alg. The representative charge-discharge curves of Pt decorated graphene-based
structures at a current density of 2 A/g are presented in Figure 4.12a. Pt decorated
graphene-based structures showed nearly triangular shape, which is a behavior of electric
double-layer capacitance electrodes [186]. On the other hand, Pt decorated graphene-
based spheres showed a much longer discharge time at the same current density when
compared to other structures. This indicates higher specific capacitance, which is also
confirmed by CV results of graphene-based spheres. In practical electrodes, long-term
cycling stability of electrodes is one of the critical parameters. In the present work, the
cycling stability test was carried out under the current density of 5 A/g for 1000 cycles of
charging-discharging. In Figure 4.12b, specific capacitance of Pt decorated graphene-
based spheres decreased about 12% after 1000 cycles of charge-discharge whereas the
values of Pt decorated graphene-based foam and fibers decreased 6% and 10%,
respectively. The slight decrease in the cycle stability of spheres stem from a rapid
shrinking of pores of spheres due to its 3D nature that results in a decrease in the
capacitance as time passes which is in the agreement with coulombic efficiency results
given in Appendix B10. Consequently, 1D and 3D graphene-based structures showed
comparably higher cycling stability when compared to the other reported values in the
literature [106], [187].
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Figure 4.12 (a) Galvanostatic charge-discharge curves of Pt decorated graphene-based
structures at a current density of 2 A/g, and (b) cycling stability of Pt decorated
graphene-based structures upon charging-discharging at a current density of 5 A/g.

4.4 Conclusions

In the present work, Pt decorated graphene-based structures with different
dimension and morphologies were successfully fabricated by core-shell
electrospraying/electrospinning technology. Graphene foam was produced by
electrospinning for the first time instead of CVD technique. PAN polymer was used as a
carrier polymer to improve the carbon network and decrease the sheet-sheet junction of
graphene sheets and thus enhance capacitance values. Pt were used as a catalyst to improve
the catalytic activity of electrodes during CV analysis. Electric field during
electrospraying/electrospinning enhanced the diffusion of polymer chains through
graphene layers and provided better dispersion by converting graphene sheets into 1D
fibers and 3D foam and spheres. The structural morphology was tailored by changing the
molecular weight of PAN and polymer concentration in the electrospun solution and
adjusting applied voltage during electrospinning. The relation between molecular weight
of PAN and polymer concnetration on the formation of different structures was
investigated by using Mark—Houwink—Sakurada equations in which, the obtained data was
consistent with the experimental results. Structural properties of 1D and 3D structures
were confirmed by FTIR and Raman spectroscopy. Electrochemical results showed that
neat Pt/TEGO electrode did not show any capacitance behavior whereas the integration of

TEGO sheets into 1D fibers and 3D foam and spherical structures in carbon network
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improved capacitance characteristics. Specifically, a high capacitance was obtained from
3D graphene-based spheres having 118 F/g at a scan rate of 1 mV/s due to the
homogeneous decoration of Pt particles with a diameter of 4 nm on the surface after post-
treatment. After carbonization process, foam and fiber structures lost their uniformity, and
graphene exfoliation and destruction in the structure and agglomeration of Pt particles
caused to decrease their electrochemical performance. Therefore, the size and place of Pt
particles are needed to be controlled for to get higher catalytic activity. After 1000 cycle
of charging-discharging, Pt deposited graphene-based structures exhibited high cyclic
stability and retention of capacitance due to the deposition of Pt particles into electrode
structure. Consequently, core-shell electrospinning technology provided to adjust the
dimension of structures by the embedment of graphene sheets and preventing
agglomeration of graphene sheets by applying electric field to electrospun solutions.
Especially this study brings a new insight for the fabrication of high performance electrode

materials for energy storage devices.
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CHAPTER 5 FREE-STANDING HIERARCHICAL HYBRID ELECTRODES
BASED ON PANI COATED Mn304/GRAPHENE EMBEDDED CARBON
FIBERS FOR HIGH PERFORMANCE SUPERCAPACITORS

5.1 Introduction

Supercapacitors, also known as ultracapacitors, are considered as one of the
promising energy storage devices which offer long cyclic life, high power density and safe
operation [188], [189]. According to energy storing mechanisms, supercapacitors are
divided into two common groups, which are pseudo-capacitors and electrochemical
double layer capacitors (EDLCs). Pseudo-capacitors such as transition metal oxides and
conducting polymers store the charges via fast chemical redox reactions on their surface
[190] and thus exhibit high theoretical capacitance. In the last years, manganese oxide, a
typical metal oxide, has been considered as a promising pseudo-capacitor due to the high
theoretical specific capacitance, low cost, and environmental friendly nature [12]. Besides,
electrically conductive polyaniline (PANI) has been widely studied owing to its high
electrical conductivity, fast redox rate and high theoretical specific capacitance [189]. On
the other hand, EDLCs store the energy by reversible physical adsorption of ions without
any chemical reactions [40]. Compared with pseudo-capacitors, EDLCs suffer from low
energy density and poor capacitance [191]. To solve this problem and improve the
electrochemical performance, pseudo-capacitors can be integrated into EDLCs by
fabricating a hybrid structure and thus fully utilize the advantages of each component in
the combined system.

Recently, graphene-based supercapacitors have attracted significant attention for
EDLCs and other energy storage devices due to its fast electron mobility and high
electrical conductivity [106]. Especially the design of ternary hybrid electrodes as novel
hierarchical structures can effectively boost the electrochemical performance [192]-[194].
For instance, Wu et al. [195] fabricated a high performance supercapacitor based on
ternary composite of manganese dioxide nanorods and graphene nanoribbons embedded
in PANI matrix by two-step in-situ polymerization method and obtained a high specific

capacitance of 472 F/g at a current density of 1 A/g and a cyclic stability of 79.7% after

76



5000 cycles. In another study, Huang and co-workers [196] investigated the
electrochemical properties of reduced graphene oxide/manganese oxide/PANI composite
electrodes by using potassium permanganate (KMnQO4) as manganese oxide source and
also initiating agent for the polymerization of aniline followed by the hydrothermal
method. This synthesized composite having fiber-like structures showed a high specific
capacitance of 344 F/g and capacitance retention of nearly 100% after 6000 cycle of
charging-discharging. Consequently, hydrothermal approach and wet chemistry method
are mostly used to synthesize manganese oxide/graphene/polyaniline hybrid composites

in the literature.

In particular, the deposition of manganese oxide on the surface of graphene is
achieved through redox deposition by using oxidizing agents such as KMnO4 but this kind
of a strong agent can dramatically change the nature of the composites during the
fabrication process [11]. Additionally, all of the aforementioned techniques are time-
consuming and need many post-treatment processes and harmful chemicals. At this point,
there is a tendency for the development of alternative approaches for the integration of
manganese oxide on the graphene. Very recently, our group reported the design and
fabrication of graphene-based hybrid composites in an easy and controllable manner via
core-shell electrospinning [197]. With this technique, it is possible to integrate different
functional nanoparticles and polymers and thus utilize hybrid materials with improved
performance. Moreover, electrospun graphene-based fibers with their interconnected
mesoporous texture provides a platform for the post-synthesis and integration of various
in-situ materials like PANI into the fiber structure [11].

In this study, we reported a facile and straightforward route for the fabrication of
hierarchical PANI coated graphene and manganese oxide embedded in carbon fibers (CF)
via core-shell electrospinning. Polyacrylonitrile (PAN) polymer was selected as a carrier
to increase the interconnections in fiber network and also carbon content. In addition,
KMnO4 was replaced by mild manganese (11) chloride tetrahydrate, which can oxidize to
manganese oxide during heat treatment. In order to fully understand the effect of graphene

on the structure and electrochemical performance of electrodes, two different types of
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graphene including thermally exfoliated graphene oxide (TEGO) and graphene
nanoplatelet (GNP) were selected based on the number of graphene layers. In order to
increase the conductivity, the surfaces of these new design composite electrodes were also
coated by PANI via in-situ polymerization of aniline monomer for the production of
supercapacitor electrodes. Structural and morphological properties of composite

electrodes were analyzed by spectroscopic and microscopic techniques in detail.

5.2 Experimental

5.2.1 Materials

The following materials have been used for the experiments: polyacrylonitrile
(PAN, Mw: 150000 g/mol, Sigma-Aldrich), N, N-dimethyl formamide (DMF, Sigma-
Aldrich, 99%), aniline (Sigma-Aldrich, 99.5%), ammonium persulfate (APS, Sigma,
98%), manganese (II) chloride tetrahydrate (Sigma-Aldrich, 99.99%), sulfuric acid
(H2SO4, Sigma-Aldrich, 98%). Thermally exfoliated graphene oxide (TEGO) and
graphene nano platelet (GNP) were purchased from NANOGRAFEN Co., Turkey. TEGO
contains 27 graphene layers and 2.1 wt% oxygen content and its surface area is about 11
m?/g. GNP has single plates with the length of 50 nm having 8.1 wt% oxygen functional
groups and its surface area is around 85 m?/g. The densities of TEGO and GNP are 1.05

g/cm?® and 2.30 g/cm3, respectively.

5.2.2 Preparation of MnsOas/graphene embedded carbon fibers by core-shell
electrospinning

MnzOa4/graphene-based fibers were fabricated by using tri-axial electrospinning
equipment purchased from Yflow Company and converted into carbon fibers (CF) by
applying heat treatment. For the fabrication of Mn304/TEGO-CF, 0.03 wt% TEGO and 1
wt% MnCl, were dispersed in DMF by sonicating the mixture for 15 min. PAN polymer
with a concentration of 5 wt% was then poured into the sonicated dispersion followed by
stirring for 1 day in order to attain homogeneous and stable mixtures. In the case of
Mn304/GNP-CF, 0.5 wt% GNP and 1 wt% MnCl. were sonicated in DMF solvent and
then 5 wt% PAN polymer was added into the mixture and stirred for 1 day. The

78



electrospinning process was performed with an applied voltage of 12 kV, flow rate of 9
uL/min with the nozzle to collector distance of 10 cm while atmospheric air was used as
core material. For two different graphene solutions, electrospinning parameters were kept
same. The amount of graphene used in electrospun solutions was dependent on the density
of graphene and thus TEGO was adjusted as 0.03 wt% due to its comparably lower density
than GNP. Finally, Mn3O4/TEGO-CF and Mn3O4/GNP-CF were obtained by performing
heat treatment where MnCl, was oxidized to MnzO4 and PAN was carbonized. During
heat treatment, fibers were stabilized by applying oxidation process up to 300°C under air

for 2 h and then heated up to 800°C for 2 h under argon atmosphere.

5.2.3 Fabrication of PANI@Mn3Oa4/graphene carbon fibers

PANI polymer was coated on the surface of fabricated fibers by in-situ chemical
polymerization of aniline monomer in the presence of ammonium persulfate (APS) as the
initiator. Briefly, Mn3Oa4/graphene-CF were immersed in 50 mL of 1 M H>SO4 aqueous
solution containing 0.5 mL of aniline monomer. In the following, 0.5 g of APS was
dispersed in 20 mL distilled water and then added dropwise to the aniline containing acid
solution. The mixture was stirred at about 0°C for 2 h followed by the filtration and
washing process with ethanol and distilled water. Finally, the obtained composite samples

were kept at 60 °C in oven for drying.

5.2.4 Electrode preparation and their electrochemical tests

Electrochemical performances of the produced composite electrodes were evaluated
by PARSTAT MC (Princeton Applied Research) under a three-electrode system in 1 M
H>SO4 aqueous electrolyte using platinum wire as a counter electrode and Ag/AgCl as a
reference electrode in the potential range of 0-0.8 V. PANI@Mn3O4/graphene-CF samples
were directly used as free-standing working electrodes without using any binder in

electrochemical tests.
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5.2.5 Characterization

The morphologies of fabricated structures were analyzed by Leo Supra 35VP field
emission Scanning Electron Microscopy (SEM). X-ray diffraction (XRD) measurements
were carried out by using a Bruker D2 PHASER desktop diffractometer with a CuKa
radiation source. Raman spectroscopy was used to identify the surface characteristics of
composite samples by using a Renishaw inVia Reflex Raman Microscopy System with
the laser wavelength of 532 nm at room temperature in the range of 100-3500 cm™. The
functional groups in the produced structures were determined by Netzsch Fourier
Transform Infrared Spectroscopy (FTIR).

5.3 Results and discussion

5.3.1 Structural characterization and  morphological investigation  of
PANI@Mn304/graphene-based electrodes

The fabrication procedure of PANI coated Mns3Oa/graphene-based electrodes is
illustrated in Figure 5.1. Firstly, PAN/MnCI solution containing two different graphene
sources of GNP and TEGO were electrospun separately. During electrospinning process,
electrospun solution comes up against a high electric field, which stretches the polymeric
droplet at the tip of the nozzle and thus initiates a continuous fiber formation on an
electrically grounded plate [197]. Figure 5.2a and Figure 5.3a represent SEM images of
electrospun PAN/MnCI2/TEGO and PAN/MnCI2/GNP fibers with an average diameter of
200 nm and 270 nm, respectively. Both of electrospun fibers formed continuous network
without beads. The heat treatment of electrospun fibers was applied in two steps of
stabilization of fibers under air up to 300°C and carbonization of PAN polymer under
argon atmosphere up to 800°C. The oxidation of MnCl. particles into Mn3zO4 started at
around 180°C under air atmosphere and continued until 300°C [198]. The growth of
Mn3Os particles during heat treatment on the surface of Mn304/TEGO-CF and
MN30O4/GNP-CF is shown in Figure 5.2b and Figure 5.3b, respectively. After oxidation
process, Mn based particles has started to grow in cubical form but densely sticked to each
other in fiber structure. Also, elemental analysis revealed that the percentage of manganese
in the TEGO-based fibers increased from 5.5 wt% up to 73.5 wt% given in Table 5.1. In
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comparison of electrospun  PAN/MnCI/TEGO with Mn3O4/TEGO-CF, Cl was
completely eliminated after heat treatment indicating successful oxidation of manganese.
A similar trend was also observed for GNP based electrospun and CF fibers. At the final
step, PANI as conductive polymer was deposited on the surface of fibers by in-situ
chemical polymerization method. The presence of oxygen functional groups on the surface
of both GNP and TEGO facilitates the polymerization of PANI and provide homogeneous
coating since these functional groups are acting as anchor sites by attaching to the aniline
monomer [195]. After polymerization, the percentage of nitrogen on the surface of
PANI@Mn304/ TEGO-CF and PANI@Mn304/GNP-CF increased from 1.5 wt% up to 19
wit% and 18.5 wt%, respectively which supported the formation of PANI on the surface
of composites. Figure 5.2c and Figure 5.3c shows SEM images of PANI coated
Mn304/TEGO-CF and Mn304/GNP-CF, respectively. Needle-like PANI-based nanowires

were observed on the surface of both types of carbon fibers.

Air
PAN/MnCI,/TEGO fibers Mn;0,/TEGO-CF PANI@Mn,0,/TEGO-CF
Core-shell ' = = b '’ ‘aa’ ' e In-situ
electrosplnmng ' =|== Heat treatment "'"l"' ==i=== polymerization
(s ] Stabilization i
* § l I I I Carbonization ' l o
"\/ PAN/MnCl,/GNP fibers Mn,0,/GNP-CF Nﬁz PANI@Mn,0,/GNP-CF

Figure 5.1 Schematic representation of synthesis procedure of PANI coated
Mn3zO4/graphene-based electrodes.
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Figure 5.2 SEM images of (a) electrospun PAN/MNCI/TEGO fibers, (b) MnsO4#TEGO-
CF, and (¢) PANI@Mn;04/ TEGO-CF
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Figure 5.3 SEM images of (a) electrospun PAN/MnCI./GNP fibers, (b) Mn304/GNP-CF,
and (c) PANI@Mnz04/GNP-CF

Table 5.1 Elemental analysis of PANI@Mn3z0a4/graphene based hybrid composites

Samples C 0] N Mn Cl
(wWt%) (wt%)  (wt%o) (Wt%o) (Wt%0)
Electrospun 46 8.5 34.5 55 55
PAN/MnCIl2/TEGO
Mn304/TEGO-CF 4 21 1.5 735 -
PANI@MnsO4/TEGO-CF 53 27 19 1 -
Electrospun 47.5 6 35 55 6
PAN/MnCI2/GNP
Mn3O4/GNP-CF 10 16.5 1.5 72 -
PANI@Mn304/GNP-CF 455 35 185 1 -
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XRD characterization was performed to investigate the structural changes in the
produced fibers in step-wise process and results are given in Figure 5.4. Electrospun
samples has a broad characteristic peak at 20=16.5" associated to 100 plane of PAN
polymer [161]. A sharp peak at 20=26" belongs to the 200 graphitic plane of both TEGO
and GNP [8]. In Figure 5.4a, small reflection peaks at 26=15.5", 20° and 31° indicate the
presence of manganese chloride hydrate in the electrospun fiber structure (PDF 25-1043).
After carbonization, a typical crystalline pattern of tetragonal hausmannite Mn3O4 (PDF
80-0382) is observed in both XRD spectra of Mn3O4/TEGO-CF and Mn304/GNP-CF.
Also, the reflection peaks at 20=26° is also attributed to the 200 graphitic plane of TEGO
and GNP. In Figure 5.4b, an additional carbon peak is seen at 26=45" corresponding to
100 carbon plane of Mn3O4/GNP-CF [199]. However, carbon peaks are not dominant in
the XRD spectrum of Mnz3O4/TEGO-CF due to much lower TEGO content in fiber
structure. In the last process by PANI coating, there is a broad XRD peak appeared at
20=23" attributed to the emeraldine salt form of PANI [194]. Therefore, XRD supported
successful and homogeneous deposition of PANI on the surface of fibers by suppressing

the characteristic peaks of other components in the structure.
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Figure 5.4 XRD spectra of electrospun, carbonized and PANI coated composite fibers
having (a) TEGO and (b) GNP

In order to further understand the structural changes of composites, FTIR spectral
analysis was conducted after each production step. In the FTIR spectrum of electrospun
PAN/MnCI,/TEGO in Figure 5.5a, the bands at 2930 cm™, 2243 cm™, 1452 cm™ are
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attributed to the C—H bonds in CHy, nitrile bond (C=N), and tensile vibration of CH> of
PAN polymer, respectively[8]. A peak at 1631 cm™ is related to the C=C aromatic
vibration of TEGO [192]. Moreover, O-H vibration at 3375 cm™ corresponds to the
MnCl,.H20 in the electrospun fiber. It is not possible to see Mn-Cl stretching bands in the
present spectrum since these bands appear in the IR regions of 300-200 cm™ [200]. After
carbonization, characteristic PAN peaks disappeared in the FTIR spectrum of
Mn304/TEGO-CF meaning the successful cyclization and dehydrogenation[8]. A sharp
peak at 595 cm™ is assigned to Mn-O stretching vibration band of Mn3sO4 [192]. After
PANI deposition, new structure has C=C stretching vibrations of quinoid and benzoid
rings in the emeraldine salt at 1565 cm™ and 1473 cm™ [71], C-N stretching of the
secondary aromatic amine at 1281 cm™ [201], and C-H bending at 781 cm™ [71]. The
bands in the region of 1000-1150 cm™ is related to the bending vibration of C-H mode
[194]. A decrease in the intensity of Mn-O stretching vibration of Mn3O4 at 591 cm™
indicates that ternary hybrid is fully covered by PANI polymer. A similar trend was also

observed for GNP-based composites shown in Figure 5.5b.
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Figure 5.5 FTIR spectra of electrospun, carbonized and PANI coated composite fibers
having (a) TEGO and (b) GNP

In addition to FTIR characterization, Raman spectroscopy was also conducted to
confirm the existence of graphene in the composite fibers. Typical D and G bands of

graphene-based materials are seen at 1356 cm™ and 1578 cm™ in Figure 5.6. In the Raman
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spectra of ternary hybrid fibers, there is a slight shift in the peak position of D band due
to the m-n* interactions between aniline monomer with TEGO and GNP [201]. It is well
known that D band is related to the disorderness and intensity ratio of D and G bands
(Io/lg) is changed by the alteration of structures [202]. Io/lc values of electrospun
PAN/MnCI2/TEGO and PAN/MnCI2/GLS were calculated as 1.01 and 1.44, respectively.
Whereby, after heat treatment process, the values decreased down to 0.97 and 0.99,
respectively. This stems from the rearrangement of the structures in a more ordered
manner and an increase in the crystallinity due to the formation of highly crystalline
Mn3O4 phase. The peak at 645 cm™ is attributed to the symmetric stretching vibration of
Mn-O [203] whereby the intensity of this peak significantly increased after heat treatment
and this verifies the successful oxidation of manganese during heat treatment. Also, this
peak is shifted to the left after PANI decoration owing to the H-bonding interactions
between Mn3O4, graphene, and PANI together [204], [205]. Moreover,
PANI@Mn304/ TEGO-CF and PANI@Mn304/GNP-CF hybrids have additional peaks at
1157 cm® corresponding to the aromatic C-H in-plane bending of benzoid ring [71], 1399
cmtattributed to C-N* stretching [206], 1529 cm™ due to the stretching vibrations of C=N
of emeraldine base [207], and 1648 cm™ related to the C-C stretching of the benzenoid
ring [206]. Consequently, spectroscopic analyses were justifed the creation of carbon
network, the existence of graphene layers and the phase changes in manganese based
catalyst.
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Figure 5.6 Raman spectra of PANI@Mn3z04/graphene based composites by the addition
of (a) TEGO and (b) GNP.

5.3.2 Electrochemical performance of PANI coated Mn3Os/graphene CF electrodes

Cyclic voltammetry (CV) analysis was carried out to examine the electrochemical
behavior of PANI@Mn304 TEGO-CF and PANI@Mnz04/GNP-CF composite electrodes
in 1 M H2SO04. In Figure 5.7a and Figure 5.7b, all the CV curves of both GNP and TEGO
based ternary hybrids are close to rectangular shape without any redox peaks. Especially
GNP based electrodes is more like an ideal EDLC when compared to one having TEGO
at the rate of 1 mV/s as seen in Figure 5.7d. The absence of Faradaic peaks in CV curve
of a hybrid composite which contains pseudo-capacitor components like manganese oxide
and PANI is attributed to effective interactions of redox active sites together and thus easy

electron transfer in a wide range of potentials [208].

The specific capacitance of electrodes based on the CV tests (Ccv) was calculated by
the following equation

C, = ldv/(2mgav) (1)

where Cv is the specific capacitance (F/g), | is the current (A), m is the weight of active
materials (g), 9 is the scan rate (V/s), and AV is the potential window (V). Table 5.2
summarizes the specific capacitance values of the produced electrodes. Specific
capacitance values of PANI@Mn304/TEGO-CF at different scan rates of 1, 5, and 10 mV
were calculated as 326, 100, and 63 F/g, respectively. Typically, by increasing the scan
rate, the specific capacitance value started to decrease due to the kinetically limited
penetration of electrolyte ions. In the case of PANI@Mn304/TEGO-CF, by increasing the
scan rate up to 20 mV/s, a sharp decrease of capacitance to 20% of its initial value was
observed which designates that PANI@Mn3O4/TEGO-CF have poor rate capability
(Figure 5.7c). Despite the high specific capacitance, CV of PANI@Mn304/TEGO-CF
exhibited quasi-reversibility behavior since the charge stored under the positive current is
much higher than that of negative current. This might come from the polarization and
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ohmic resistance during faradaic process of manganese oxide. In case of irreversible
behaviors, the specific capacitance calculated from CV would not show the actual
capacitance activity of the electrode [208]. In Figure 5.7b, PANI@Mn304/GNP-CF with
the almost symmetrical and reversible CV curves, showed specific capacitance values of
452, 262, and 190 F/g at scan rates of 1, 5, and 10 mV/s, respectively. By increasing the
scan rate, the specific capacitance retained at about 45% of its initial value at 10 mV/s.
Higher specific capacitance value of GNP-based hybrid compared to TEGO-based
electrode arises from higher content of GNP in the structure which facilitates the
synergistic effects between PANI and graphene layers by improving both electrode-
electrolyte interactions and interfacial interactions between all components in the structure

and shorten the diffusion lengths of ions [201].

Table 5.2 CV results of PANI@Mn3O4/TEGO-CF and PANI@MnsO4/GNP-CF at
different scan rates

1 mV/s 5 mV/s 10 mV/s
PANI@Mn304/ TEGO-CF 1 326 100 63
PANI@Mn304/GNP-CF \ 452 262 190
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Figure 5.7 CV curves of (a) PANI@Mnz04/TEGO-CF, (b) PANI@Mn304/GNP-CF at
different scan rates of 1, 5, and 10 mV/s, (c) specific capacitance of
PANI@Mn304/TEGO-CF and PANI@Mn304/GNP-CF at different scan rates and (d)
comparison of electrochemical performance of electrodes at 1 mV/s

The galvanostatic charge-discharge test (GCD) was performed to further evaluate
the electrochemical performance of fabricated electrodes. The GCD plots of both
electrodes exhibit almost triangular shapes shown in Figure 5.8a and Figure 5.8b.
However, in the case of PANI@Mn304/TEGO-CF electrode, there is a nonlinearity with
longer charging time rather than discharging time which is a reflection of quasi-reversible
electrode reaction [208]. During charging process, the irreversible electrochemical
polarization fasten the faradaic reduction of manganese oxide into soluble manganese ions

in electrolyte and thus decrease the discharging time [209].
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The cycling stability of the samples was carried out under a current density of 1 A/g
for 1000 cycles of charging-discharging shown in Figure 5.8c. PANI@Mn304/TEGO-CF
and PANI@Mn304/GLS-CF exhibited 66% and 89% retention of capacitance. A
relatively poor capacitance retention of PANI@Mn3O04/TEGO-CF is related to the low
content of graphene inside the structure leading to the fast degradation of pseudocapacitive
components. Also, TEGO has multi-layer structure and it forms intercalated structure
during electrospining whereas GNP contains single platelets and this causes exfoliated
structure. Therefore, different dispersion state based on material properties directly affects
the electrochemical performance and single platelet graphene seems more advantageous
rather than multi-layer graphene due to its large surface area and high surface oxygen

functional groups that strenghten the interfacial interactions between polymer matrix and

catalyst.
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Figure 5.8 GCD curves of (a) PANI@Mn304/TEGO-CF, (b) PANI@Mn304/GNP-CF at
current densities of 0.2, 1, and 2 A/g, and (c) cycling stability of upon charging-
discharging at a current density of 1 A/g.

5.4 Conclusions

In the present work, a series of PANI coated Mn3zOas/graphene embedded carbon
fibers with different graphene sources were synthesized through core-shell
electrospinning, carbonization and in-situ polymerization techniques. Multi-layer
graphene and single platelets graphene were incorporated into the fiber structure and the
effect of number of graphene layers on the electrochemical performance of electrodes was
investigated by CV and GCD tests. The spectroscopy analysis confirmed the strong
interactions between the components of ternary hybrid composites. PANI coated
Mn304/GNP-CF exhibited a high specific capacitance of 452 F/g at a scan rate of 1 mV/s
and 89% capacitance retention after 1000 cycle of charging-discharging. The introduction
of graphene single platelets into the fiber structure facilitated both ion and electron
transport and provided highly electroactive sites and shortened the diffusion paths by
bridging the adjacent individual PANI chains. Additionally, relatively high oxygen
functional groups of GNP enhanced the interfacial interactions between electrode
components. On the other hand, PANI coated Mn3O4/TEGO-CF showed a specific
capacitance of 326 F/g at a scan rate of 1 mV/s with poor cycling stability of 66% after
1000 cycles of charge-discharge at a current density of 0.2 A/g. Low content of graphene
in the structure of PANI@Mn304/TEGO-CF caused a rapid polarization of manganese
oxide ions and thus irreversible reactions during charge-discharge fastened the
degradation of electrode. Consequently, the number of graphene layers, its surface oxygen
functional groups as well as its dispersion state greatly affected the electrochemical
performance of supercapacitor electrodes and these complex designed ternary hybrid

electrodes bring a new insight in fabrication of high performance energy storage devices.
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CHAPTER 6 CONCLUSIONS

This study was conducted in three major sections. The findings for each step can be

summarized as follows:

1) Design and fabrication of hollow and filled graphene-based polymeric spheres via
core-shell electrospraying:

Firstly, the effect of electric field on the exfoliation process of graphene sheets
during electrospraying was investigated in details. Electrospraying prevents the
agglomeration of graphene sheets by enhancing the intercalation of polymeric chains into
graphene sheets. Raman analysis showed that electrosprayed graphene preserves its multi-
layer nature.

In the next step, three-different types of polymers were used as spacers between the
graphene sheets by converting the 2D structure to different graphene-based architectures.
The proper polymer concentration for the formation of spherical particles was investigated
by using the Mark-Houwink-Sakurada equations. Three types of electrospun solutions
with different polymers were prepared and electrosprayed separately. The hollowness of
spheres was controlled by changing core solvent. Consequently, by tailoring process
parameters like voltage and flow rate and appropriate polymer concentration, graphene-
based polymeric spheres with desirable size and hollowness opens up new directions

especially in energy applications such as Li-ion batteries, fuel cells, and supercapacitors.

2) Design of Pt-supported 1D and 3D multilayer graphene-based structural composite
electrodes with controlled morphology by core-shell electrospinning/electrospraying

In this part of study, three different forms of Pt-decorated graphene based structures

with controlled dimensionality were successfully fabricated through core-shell
electrospraying/electrospinning approach. The proper polymer concentration for the
formation of three different structures of sphere, fibers, and foam was determined by using
Mark-Houwink-Sakurada equations. PAN polymer was used as a carrier during
electrospinning whereby, after applying heat treatment it carbonized to carbon. Platinum
was used as catalyst in order to increase the catalytic activity of composites. The
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morphology and structural properties of composites were investigated via microscopic and
spectroscopic characterization techniques. Moreover, the electrochemical performance of
Pt-decorated graphene-based spheres, fibers, and foam was investigated through CV and
GCD methods. Among the three different electrodes, Pt-supported 3D graphene-based
spheres showed the highest specific capacitance of 118 F/g at a scan rate of 1 mV/s owing
to the homogeneous decoration of Pt particles with a small diameter of 4 nm on the surface.
After 1000 cycles of charging-discharging, Pt-decorated graphene-based structures
showed high cyclic stability, indicating their potential as high-performance electrodes for

energy storage devices.

3) Free-standing hierarchical hybrid electrodes based on PANI coated MnzO4/graphene
embedded carbon fibers for high performance supercapacitors

In this study, a facile and straightforward route for the fabrication of hierarchical
PANI coated graphene and manganese oxide embedded in carbon fibers (CF) via core-
shell electrospinning has been reported. MnCl, was used as manganese source, whereby
during heat treatment of PAN polymer, it oxidized to manganese oxide. Moreover, multi-
layer graphene and single platelets graphene were incorporated into the fiber structure
separately and the effect of number of graphene layers on the electrochemical performance
of electrodes was investigated by CV and GCD tests. PANI coated Mn3O4/GNP-CF
exhibited a high specific capacitance of 452 F/g at a scan rate of 1 mV/s and 89%
capacitance retention after 1000 cycle of charging-discharging. The introduction of
graphene single platelets into the fiber structure facilitated both ion and electron transport,
provided highly electroactive sites, and shortened the diffusion paths by bridging the
adjacent individual PANI chains. Consequently, the number of graphene layers, its surface
oxygen functional groups as well as its dispersion state greatly affected the
electrochemical performance of supercapacitor electrodes. Besides high electrochemical
performance, low manufacturing cost and processability are the main factors for the
utilization of these fabricated electrodes in the industrial applications. Especially use of

graphene obtained from waste sources would severely lower the cost of production.
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Consequently, low cost and multi-functionalized graphene-based hybrid materials become

promising candidates in the energy storage devices.

In the future studies, the content of Mn3O4 in the structure will be optimized and the
interaction of PANI chains with graphene sheets will be improved by tailoring the
synthesis parameters in order to decrease the degradation period of hybrid electrodes. In
addition to fibers, Mn3O4 and polyaniline will be integrated into the graphene-based
spheres and foam to attain high surface area and porous structure through core-shell

electrospraying technique.
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APPENDIX A
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Appendix Al The Chemical structures of (a) PMMA, (b) PS, and (c) PAN polymers

Appendix A2 Electrospraying parameters of PS-TEGO, PMMA-TEGO, and PAN-
TEGO spheres

TEGO

Polymer

fy(zzmer concentration Solvent amount 2;‘7]:::; zl’((;l]t)age :)cl;lt)a nee
(Wt%) (wWt%)
20 DMF 0 13 13 10
PMMA 20 DMF 0.005 17 15 10
20 DMF 0.01 18 16 10
20 DMF 0.02 17 15 10
20 DMF 0 13 13 10
PS 20 DMF 0.005 16 16 10
20 DMF 0.01 17 16 10
20 DMF 0.02 17 16 10
5 DMF 0 15 13 10
PAN 5 DMF 0.02 18 15 10
3.5 DMF 0.05 14 13 10
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Appendix A3 The positions and intensities of D, G, 2D peaks, Ip/Ig and Ig/Ip values of
untreated TEGO, sonicated and electrosprayed TEGO

D G 2D
In/IG | Ic/I2p

Position | Intensity | Position | Intensity | Position | Intensity

(cm™) (a.u.) (ecm™) (au) (cm™) (a.uw)
TEGO 1346 | 4297 | 1575 | 20033 | 2713 | 8590 | 02 | 23
Sonicated 1352 | 2047 | 1578 | 18346 | 2717 | 9111 | 02 | 20
TEGO

Electrosprayed ] ; 1581 | 24014 | 2721 | 11829 - 2.0
TEGO

Appendix A4 Mark-Houwink-Sakurada constants for PMMA, PS, and PAN polymers at
room temperature.

Polymer Ke
oty ee Solvent a (1073
yp mL/g)

PMMA DMF 0.625 25
PS DMF 0.603 31.8
PAN DMF 0.780 17.7
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Appendix AS XRD diffraction peak intensities and positions of TEGO based PMMA
and PS based spheres

TEGO XRD 20
amount polymer of
(Wt%) infeel?sl;ty p(;:Z:ll(er
0 305 14.4
PMMA 0.005 287 13.9
0.01 189 13.7
0.02 184 13.5
0 205 19.9
PS 0.005 169 19.6
0.01 152 19.5
0.02 150 19.2

Appendix A6 Raman intensities of PS and PS-0.02 wt% TEGO spheres

TEGO Intensity of Intensity of Intensity of Intensity of
amount 3050 cm™! 2900 cm'™! 1600 cm’! 905 cm_{y ok
(wt%) peak peak peak P
0 48003 22031 9870 66635
0.02 14170 7269 3701 21170
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Appendix A7 SEM image of PMMA spheres containing 0.02 wt% TEGO using
methanol as a core material with the flow rate of 5 pL/min
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APPENDIX B
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Appendix B1 Characterization results of as received TEGO: (a) Raman spectrum, (b)
XRD spectrum, and (¢) SEM image.

BET surface area of TEGO is 11 m%/g.

Appendix B2 SEM image of graphene-based fibers containing 0.1 wt% Pt
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Mark-Houwink-Sakurada equations:

C*=1/[n] (1)

[n]=KnM* (2)

Appendix B3 Mark-Houwink-Sakurada constants for PAN polymers at room
temperature.

P -3

olymer Solvent a Ku (10
type mL/g)
PAN DMF 0.780 17.7

where C* corresponds to the solution concentration where the hydrodynamic volumes
begin to overlap and C. is the entanglement concentration which separates the semi-dilute
unentangled and semi-dilute entangled regimes. C. value is approximately equal to 10C*
for neutral polymers in good solvent systems. By combining (1) and (2) the following

expression can be obtained:

C*=5.65x10*Mw 7

Appendix B4 (a) and (b) TEM images of Pt decorated graphene-based fibers at different
regions.
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Appendix BS. Elemental mapping images of (a) oxygen and (b) carbon and (¢) SEM

image of Pt decorated graphene-based foam, elemental mapping of (d) oxygen and (e)
carbon and (f) SEM image of Pt decorated graphene-based fiber, elemental mapping of
(g) oxygen and (h) carbon and (i) SEM image of Pt decorated graphene-based spheres.

Appendix B6 Elemental analysis of the Pt-graphene-based foam, fibers, and spheres

Pt decorated C (wt%o) O (wt%) Pt (Wt%)
graphene-

based

structures

Foam 61 30 9

Fibers 70 25 5
Spheres 39 41 20
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Appendix B7 (a) FTIR spectra of neat, reduced, and carbonized Pt decorated graphene-

based foam, and (b) Raman spectra of TEGO, Pt decorated carbon foam without

W
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Appendix B8 (a) FTIR spectra of neat, reduced, and carbonized Pt decorated graphene-

based spheres, and (b) Raman spectra of TEGO, Pt decorated carbon spheres without

graphene and Pt decorated graphene-based carbon spheres
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Appendix B9 CV plots of Pt decorated neat TEGO sheets at different scan rates of 1, 5,
10, 50, and 100 mv/s.

The coulombic efficiency of the structures, n, were determined using following
equation:
n=to/tcx100%  (3)
where, tp and tc are discharging and charging times, respectively.

Appendix B10 Coulombic efficiency of Pt decorated graphene-based structures

Spheres  Fibers Foam

Coulombic efficiency (%) at

131 43 80
a current density of 2 A/g

High coulombic efficiency of sphere structures was attributed to the rapid shrinkage
of 3D pores which causes the decomposition of electrodes as time passes. This result was

also confirmed by cyclic stability tests in which spheres shows a capacitance loss of 12%
after 1000 cycles of charging-discharging.
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