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ABSTRACT

Due to depletion of fossil fuels and global warming, there is an increasing need for clean and
renewable energy as well as efficient energy storage technologies. Energy storage systems such
as batteries and supercapacitors are required for balanced and continuous power supplies.
Electrochemical Capacitors have received great attention due to their high energy density and
high charge-discharge efficiency. Electrode material plays an important role in the performance
of energy storage devices. Therefore, proper construction of electrode materials composed of
highly conductive current collectors and nanostructured active materials are crucial for full
utilization of the device performance.

In this thesis, graphene paper and metal oxide composites are prepared as self-standing and
flexible electrodes for electrochemical capacitors. For this purpose, graphene oxide paper is
obtained from graphene oxide solution synthesized via Hummers’ method. Reduction of
graphene oxide paper is performed via chemical reduction and thermal annealing. Effects of
different reduction techniques on the morphology and electrochemical properties are examined.
Then, cathodic electrodeposition of manganese oxide onto reduced graphene oxide paper is
carried out to prepare flexible and binder-free electrodes for electrochemical capacitors. Effects
of electrodeposition potential and the amount of deposited mass on the electrochemical
performance are examined. Hausmannite phase manganese oxide coated electrodes exhibit
promising performance in charge-discharge and cyclic voltammetry measurements with
specific capacitance of 546 F g'! at current density of 0.5 A g ' and 308 F g ! at scan rate of
1 mVs™!, respectively. During potential cycling, phase transformation of Mn3O4 to mixed-
valent MnOx is observed. Consequently, MnOx nanostructures on self-standing reduced
graphene oxide electrodes have 154% capacitance retention at 10000 cycles of cyclic
voltammetry. Lastly, superparamagnetic iron oxide nanoparticles decorated reduced graphene

oxide papers are prepared via two different methods. Increasing the amount of iron oxide



nanoparticles on the graphene papers results in enhanced capacitance, as expected. In the
galvanostatic charge-discharge measurements, Fe304/rGO electrode exhibits specific
capacitance of 203 F g! at 0.5 mA cm™. This value is remarkable since the electrode has a high
weight of 2 mg cm™, which shows that the electrode can be used for practical purposes.
Moreover, Fe304/rGO electrodes achieves wide working potential window of 1.6 V (in aqueous

electrolyte) and high capacitance retention of 78% at 10000 cycles.
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OZET

Kiiresel 1sinma ve fosil yakitlarin hizla tikkenmesinden dolayi yenilenebilir enerjiye olan ihtiyag
artis gostermektedir. Piller ve super kapasitorler gibi enerji depolama sistemleri dengeli ve
diizenli gii¢ saglamak i¢in gereklidir. Elektrokimyasal kapasitorler yliksek giic yogunluklar: ve
hizl1 sarj-desarj Ozellikleri sayesinde son yillarda popilerlik kazanmiglardir. Elektrot
malzemeleri super kapasitorlerin elektrokimyasal performanslari iizerinde onemli etkiye
sahiptir. Bu nedenle, iletken akim toplayicilardan ve nano-yapili aktif malzemelerden olusan
elektrot malzemelerinin diizgiin bir araya getirilmesi, sistem performansindan maksimum
yararlanabilmek i¢in son derece dnemlidir.

Bu ¢alismada, grafen ile metal oksitlerin kompozitleri hazirlanilarak kendi kendine durabilen
ve esnek elektrotlar elde edilmistir. Bu amagcla, grafen oksit elektrotlart modifiye Hummers
yontemi ile sentezlenen grafen oksit soliisyonundan elde edilmistir. Grafen oksit elektrotlar
kimyasal ve termal tavlama yontemleri kullanilarak indirgenmistir. Farkli indirgeme
yontemlerinin morfoloji ve elektrokimyasal 6zellikler iizerindeki etkileri incelenmistir. Daha
sonra, esnek ve kendi kendine durabilen elektrotlar elde etmek i¢in mangan oksit filmler
indirgenmis grafen oksit elektrotlar {izerinde katodik elektrodepozisyon yontemi ile
biiyiitiilmiistiir. Elektrodepozisyon potansiyeli ve kaplanan mangan oksit miktarinin morfolojik
ve elektriksel 6zellikler tizerindeki etkisi incelenmistir. Kaplanan mangan oksit Hausmannite
faz1 ¢evrimsel voltametri ve sarj/desarj Ol¢limleri sirasinda yiliksek performans gostermistir.
Mangan oksit kapl elektrotlar, sarj/desarj ve cevrimsel voltametri Ol¢iimlerinde sirasiyla
546F g ! (0.5A g ! akim yogunlugunda) ve 308 Fg! (1 mV s! tarama hizinda) gibi umut
vadeden kapasitif performans gostermislerdir. Cevrimsel voltametri sirasinda, mangan oksitin
Hausmannite fazindan karisik degerlikteki MnOx fazina doniistiigii gézlemlenmistir. Sonug
olarak, kendi kendine durabilen indirgenmis grafen oksit elektrotlar1 ilizerinde biriktirilmis

MnOx nano yapilari, 10000 ¢evirim sonunda ilk kapasitans degerinin %154’ linli korumustur.
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Son olarak, siiperparamanyetik demir oksit nanopartikiilleri ve indirgenmis grafen oksit
kompozitleri iki farkli yontem ile hazirlanmistir. Demir oksit miktarinin kompozit yapisinda
arttirilmasiyla spesifik kapasitans degerlerinin beklendigi gibi yiikseldigi gozlemlenmistir.
Sarj/desarj analizleri sonucunda 0.5 mA cm™ akim yogunlugunda 203 F g!' desarj kapasitesi
elde edilmistir. Bu deger 2 mg agirligindaki bir elektrot icin yiiksektir ve bu elektrotlar pratik
uygulama alanlarinda kullanilabilir. Ayrica, iiretilen demir oksit/ indirgenmis grafen oksit
kompozit elektrotlar1 sulu elektrolit icinde genis potansiyel aralikta ¢alisabilmektedirler (1.6 V)

ve 10000 cevirim sonucunda baslangictaki kapasitans degerinin %78’1 korunmustur.
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Chapter 1: Introduction

1.1.  Graphene and Its Derivatives

Graphene consists of a one-atom-thick sheet of sp’-bonded carbon atoms arranged in a
hexagonal lattice, which is attracting tremendous attention in the field of material science
because of its exceptional physicochemical properties. It has good electrical conductivity, ultra-
high theoretical specific surface area (2630 m? g'!) [1], high mechanical strength with excellent
flexibility, which are highly propitious for flexible devices. Graphene is also known as the
mother of carbon-based materials such as fullerenes, carbon nanotubes, and graphite [2].
Natural graphite has stacked graphene layers with - m stacking interactions, which provide
high thermodynamic stability to graphite. There are several methods including mechanical
exfoliation of pyrolytic graphite (scotch-tape method), which is also the first isolation method
of single-layer graphene honored with the Nobel Prize in Physics in 2010 [3], chemical vapor
deposition [4], thermal decomposition of silicon carbide in ultra-high vacuum condition [5],
mild exfoliation of graphite [6], thermal and chemical reduction of graphite oxide to obtain
graphene sheets. Ideal graphene should be perfectly flat with trigonally connected sp’-
hybridized carbons [7].

1.1.1. Graphene Oxide

Graphene oxide, a single layer of graphite oxide, is often used as a precursor for graphene
synthesis. The most known way to produce graphite oxide, precursor of graphene oxide, is the
oxidation of graphite. Decades ago, Brodie [8], Staudenmeir, and Hummers et al. [9] developed
the first methods for the synthesis of graphite oxide and these methods are still most popular
approaches towards graphite oxide synthesis with minor modifications [10]. Both Brodie and
Staudenmeier use KC1O3 and HNOs to oxidize the graphite and they generate hazardous CIO>
gas, which can rapidly decompose in air and may cause explosions [11]. Currently, Hummers’

method is commonly used due to its relatively shorter reaction time and the absence of ClO2



gas. The main drawback of Hummers’ method is the contamination caused by permanganate
ions, which can be removed by H>O» addition and washing with water [11]. Although the
complete reaction pathway is unclear, Dreyer et al. [12] claimed that Mn,O7 was the active
species. Additionally, Dimiev and Tour studied the formation mechanism of graphene oxide
[13]. The main species which lead to oxidation of graphite are MnOs" and Mn>O7 which are
products of the reaction between KMnO4 and H>SO4 according to following equation:
KMnO, + 3H,S0, » K* + Mn0O§ 3HSO;
MnO3F + MnO; - Mn,0,

The oxidation of graphite results in formation of defects in stacked graphene sheets because it
breaks up sp’-hybridized carbon network. Moreover, the nature of functional groups in
graphene oxide highly depends on the reaction conditions, including reaction time, and
temperature [14]. The oxidation process also increases the distance between graphene sheets
from 0.35 nm to 0.8 nm due to the intercalation of water molecules within the stacked sheets.
This intercalation enables delamination of graphite oxide sheets to individual graphene oxide
nanosheets with the aid of sonication. Although the precise structure of graphene oxide
nanosheet is still uncertain, NMR study of '*C-labelled graphene oxide conducted by Cai et al.
[15] supports the model of He and Lerf ef al. [16,17] in which the plane of graphene sheet is
decorated with carbonyl, epoxy, and hydroxyl functional groups (Figure 1-1) . These functional
groups facilitate the surface-modification reactions, which help developing functionalized
graphene-based materials for various applications such as field-effect transistors [18],
capacitors [19], and lithium-ion batteries [11]. Oxygen-containing groups on graphene oxide
can also facilitate faradaic reactions on the surface, which enhance electrochemical
performance of graphene [20]. Furthermore, the polar oxygen functional groups make graphene
oxide highly hydrophilic, which provides dispersibility in many different solvents, especially

in water [21]. Resultant graphene oxide dispersion can be directly utilized in electrode



preparation methods such as spin coating [22], drop casting [23], dip coating [24], spraying
[25], or vacuum filtration [26]. Due to the existence of several oxygenated functional groups,
“as-synthesized” graphene oxide has various interesting properties such as thermal, mechanical,
electrochemical properties, and chemical reactivity [21]. Chemical and atomic structure of GO
sheets strongly affects its electronics properties. GO film is intrinsically an insulator with a
sheet resistance value (Rs) about 10'? ohm sq! [27]. Its insulating character is highly associated
with the amount of sp*-hybridized C atoms [21]. Additionally, GO displays enhanced chemical
reactivity compared to graphite because of the presence of structural defects and oxygenated

functional groups.

Figure 1-1: Schematic illustration of graphene oxide [11]

Table 1-1. Methods for graphite oxidation [6]

Method Oxidants Reaction Intersheet C:O
Time Distance Ratio

Brodie KCl10s;, HNO; 3-4 days 0.59 nm 2.28
Staudenmaier KCl103, HNO3, H2SOq4 10 days 0.62 nm 1.85
Hummers NaNOs, KMnOj4, H2SO4 9-10 hours 0.67 nm 2.17

1.1.2. Reduced graphene oxide

Among aforementioned graphene production methods, graphene from GO reduction was
utilized for most of electrochemical applications [28]. Furthermore, this method is considered
as an economical way to mass-produce graphene sheets [1]. While the addition of oxygenated
groups during the oxidation of graphite facilitates dispersion of graphene oxide in water, these
functional groups decrease the sheet conductivity. Deoxygenation of graphene oxide provides

the partial recovery of graphene structure and the m-electron conjugation is partially restored in



the graphitic skeleton. The resulted reduced GO resembles graphene with oxygenated groups
and structural defects [2]. There are several methods reported for the reduction of GO including
chemical reduction [29], thermal reduction [30], photo-chemical [31], microwave-assisted [32],
and electrochemical reduction [33]. In thermal reduction, annealing atmosphere and the
temperature are the key parameters. Thermal annealing can be performed in an inert [20],
vacuum [34], or reducing atmosphere [35]. Thermal-energy-induced multistep removal of
oxygen containing functional groups including carboxyl, hydroxyl, epoxy and the intercalated
H>0 molecules is carried out during thermal annealing [2]. While chemical reduction leads to
the reduction of individual GO sheets in the solution by a strong base, thermal annealing
provides rapid heating and exfoliation of stacked graphite sheets. The main drawback of thermal
annealing is the large energy consumption and it cannot be utilized for films deposited on
substrates which have low-melting points [36]. Chemical reduction results in increase
hydrophobicity and m-stacking interactions between graphene sheets. Earlier works prove that
deoxygenation of graphene oxide can be successfully performed through chemical reduction
with sodium borohydride [37], L-ascorbic acid [38], hydrogen iodide [39], urea [40], and
hydrazine [41]. The chemical reduction of GO does not require complex equipment, so
chemical reduction is an easier and cheaper way to produce graphene. The first study of the
chemical reduction with hydrazine hydrate was reported by Stankovich et al. [42], who
proposed the reduction mechanism by hydrazine given in Figure 1-2. According to their report,
the ring-opening of epoxy groups by hydrazine leads to the formation of hydrazino alcohols
NH>NH», which fasten the reduction process. Kim et al. [43] conducted DFT calculations of
epoxide reduction with hydrazine on graphene layer, which proved that the epoxy ring opening
governs the reduction reaction. Furthermore, Gao et al. also reported DFT simulations, which
claims that only epoxy groups are reduced during hydrazine reduction, while there is no reaction

pathway for the reduction of carboxyl, hydroxyl, or carbonyl groups [44]. In summary, the



advantage of chemical reduction is the removal of functional groups without destroying the
carbon plane while the thermal annealing at high temperatures enhances the removal of various

functional groups.

N-NH,

o] HO
_?fu‘{“+H2N—NH2— » ‘j}_ér:i”H —HQO nh!\ /g‘,':-a _N?H2 ; i
HyN

Figure 1-2 The proposed reaction mechanism of epoxide ring opening with hydrazine reduction [42]

1.2.  Electrochemical Capacitors

With increasing world population, renewable and environment friendly energy storage systems
play a significant role in wide range of industrial applications [45]. Fuel cells, batteries, and
supercapacitors are among the most effective and practical systems for energy storage.
Recently, supercapacitors, also known as ultracapacitors or electrochemical capacitors, have
gained significant attention due to their long cycle life, high power density, and fast charge-
discharge characteristics. Main advantages of supercapacitors over fuel cells and batteries are
their wide range of operating temperature and long service life [46]. However, supercapacitors
have relatively low energy density compared to batteries and fuel cells (Figure 1-3) [47]. To
overcome the problem, the development of new materials for supercapacitor electrodes has
attracted much attention. A supercapacitor device is similar to batteries in design, it comprises
of two electrodes, an electrolyte, and a separator which isolates electrodes electrically.
According to the mechanism of energy storage, supercapacitors can be divided into two main

categories: Electrical Double Layer Capacitors (EDLCs) and Pseudocapacitors.



1074

1054

1054 #

1044

Electrochemical

Specific power (W L;g'l]

capacitors

0.01 0.1 1 10 100 1000
Specific energy (Wh Rg'J )

5
Cd

Figure 1-3. Ragone Plot of energy storage and conversion devices.

1.2.1. Electrical Double Layer Capacitors

EDLCs’ energy storage mechanism is similar to that of dielectric capacitors [46]. In EDLCs,
the capacitance results from the accumulation of electrostatic charge, which is a non-Faradaic
process, at the interface between the electrode and the electrolyte. The surface charge
generation mechanism occurs via surface dissociation as well as ion adsorption from the defects
of crystal lattice and the electrolyte [47]. In EDLCs, there is no charge transfer between the
electrode surface and the electrolyte, and they deliver energy quickly.

In 1853, Helmholtz described the double layer capacitance. Helmholtz claimed that all the
charges adsorbed on the electrode surface. This idea was modified by Gouy and Chapman with
the addition of the ion mobility in the electrolyte due to electrostatic forces and the diffusion
[45].

The specific capacitance of an EDLC can be calculated by the following equation:

& XeggXA
CepL :—d

Where A is the electrode surface area, d is the charge separation distance, €, and &, are dielectric

constants of the electrolyte and the vacuum, respectively.



Since EDLC consists of two electrodes separated by a separator and electrolyte, there is an
electrical double layer in the interface between the electrode and the electrolyte at each
electrode-surface. Hence, the cell capacitance is calculated according to following equation

[48]:

11
c, C_

=

The specific capacitance of this type of supercapacitors is affected by the surface area and pore
structure of electrode materials. Carbon materials such as graphene, carbon nanotubes, activated
carbon, and carbon fibers are utilized as electrode materials in EDLCs because they possess

high surface area and high stability [49].

@ Anion @ cCation ¢ Solvent molecule

Figure 1-4. Schematic representation of an EDLC
[163].

1.2.2. Pseudocapacitors

The new type of electrochemical capacitors, which store energy through electron-transfer
mechanism, was discovered in 1971 [50]. The term “pseudocapacitance” is used to describe
electrochemical characteristics of electrode materials, which display the signature of capacitive
materials such as linear dependence of stored charge with changing potential window, but the
charge-storage mechanism does not depend on the accumulation of charges in the electrical
double layer [51]. The word “pseudo” means false, fake or almost, approaching. Since the
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pseudocapacitive materials show similar behavior with capacitors, the second meaning of
“pseudo” is more appropriate in this context. Pseudocapacitors store energy via redox reactions
between the electrode and the electrolyte. With an applied potential, fast and reversible Faradaic
reactions occur at the surface or near-surface region of electrodes [52]. While EDL capacitance
relies on the accumulation of charges, pseudocapacitance is a result of electrochemical charge
transfer, which is similar to the charging and discharging processes of batteries [47]. The main
difference between batteries and pseudocapacitive materials is their charging-discharging rates.
Pseudocapacitors show higher rate capability. Since charging time of pseudocapacitive
materials is much less than batteries, they can provide higher power density. Additionally,
shorter charging times can be very practical for portable devices. The most promising pseudo-
capacitive materials are transition metal oxides such as RuO; [53], MnO; [54], Fe3;O4 [55].
Thanks to their multivalent oxidation states. These metal oxides display pseudocapacitive
behavior due to the intercalation of alkali metal cations such as Na“, K*, Li" or protons (H")
[52]. Chemical reaction does not occur during charging and discharging.

The specific capacitance of pseudocapacitors can be calculated by the following equation:

_d(Aq)
—d(AV)

where q is the charge acceptance of the electrode material, AV is the working potential window.
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Figure 1-5: Schematic representation of pseudocapacitors [163].

1.2.3. Performance Evaluation of Electrochemical Capacitors

1.2.3.1. Cyclic Voltammetry

An ideal capacitive material displays symmetric cyclic voltammograms at low scan rates during
CV measurements. In ideal capacitor case, there is no potential shifts or small potential shifts
can occur between the anodic and cathodic peaks (Figure 1-6) [52]. However, deviations from
ideal capacitive behavior occurs because of the polarization effects caused by the equivalent
series resistance in ECs. In general, pseudocapacitive materials are insulators and there is
charge transfer resistance which leads to the kinetic limitations in pseudocapacitors.

While EDLCs show rectangular shape without any deviation with increasing scan rate (Figure

1-6), pseudocapacitors can exhibit rectangular shape with or without peaks, depending on the
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Figure 1-6: CV profiles of ideal EDLC (left) [52], CV curve of manganese oxide film (right) [56].



electrode material. RuO> and MnO: (Figure 1-6) display nearly ideal rectangular CV curves
[52,56].

The difference between anodic and cathodic peak positions in cyclic voltammograms represents
the reversibility of electrochemical reactions. While this difference is small for
pseudocapacitive materials and does not increase with increasing the scan rate, this difference
gets larger in battery-type materials due to the irreversible crystallographic phase
transformation reactions and it increases with the increasing scan rate (Figure 1-7). CV is also
utilized to distinguish diffusion-controlled and near-surface reactions. To distinguish faradaic
and diffusion-controlled reactions, the following equation is used [52]:

i(v) =i, +ig=av?

where i. and i, are capacitive and diffusion- limited kinetic current, respectively. From this
equation, the slope of the log i vs log v plot gives coefficient b. If b coefficient is 1, it proves
that the near-surface reactions including surface faradaic reactions and fast charge-discharge of

EDLC govern the charge storage mechanism. If b coefficient is 0.5, it indicates that the process

is diffusion-controlled process, like in batteries.

(a) 4 E, (b)
Pseudo-
capacitor

Current
Current

Potential Potential

Figure 1-7: Schematic illustration of the cyclic voltammogram behavior of pseudocapacitive material (a) and
battery-type material (b) [52]

From the CV curve of ECs, the capacitance can be calculated as [47]:

10



Q

C=|——
E, —E;

where Q is the accumulated charge in the electrode layer and is calculated from the area under
the cyclic voltammogram, E, — E; is potential difference in either positive direction or negative
direction.

Cycle life is another important parameter for performance evaluation of ECs. The stability
during the operation is a critical issue and it highly depends on the structural properties of the
active materials. Generally, cyclic stability tests are performed with cyclic voltammetry [57—
59]
1.2.3.2. Galvanostatic Charge-Discharge

While the shape of potential versus time graph for EDLC is a well-defined linear triangular
shape (Figure 1-8a), pseudocapacitors have smooth charge/discharge profiles without plateaus
due to the logarithmic function of electrosorbed species (Figure 1-8b). In batteries, there are
distinguishable flat discharge plateaus during charging/discharging in potential versus time
graph due to phase transformation (Figure 1-8c¢).

The capacitance of an electrode can be calculated by GCD with following equation [46]:

_Ixt
AV

where I is the current density, t is discharge time, and AV is potential window.
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1.2.3.3. Electrochemical Impedance Spectroscopy
The equivalent series resistance (ESR) is necessary for determining the gravimetric power

density of the ECs according to the following equation [60]:

1

=—J?2
AWRceu

P

where W is the total weight, V is cell voltage, and R is the equivalent series resistance (ESR)
of the cell (Ohm).

With decreasing ESR, the power density of the system is increasing. Like other energy storage
systems, high ESR values result in low power density and it also affects the charge/discharge
rate [60] . Hence, for some applications, ESR is more important than capacitance. ESR is the
sum of several contributions such as the resistance of the active material, the resistance of
electrolyte with the separator, and the contact resistance between current collector and active
material [61].

Electrochemical impedance spectroscopy is an useful tool to characterize the frequency
response and to determine the capacitance of ECs [47,61]. It is measured via applying a small
amplitude of alternating voltage near the open-circuit potential over a particular frequency
range. A Nyquist diagram in which the imaginary part of impedance (Z”’) is plotted versus the
real part (Z’) is utilized to plot experimental data obtained from the measurement. In Nyquist
diagram, the diameter of the semicircle gives the charge transfer resistance. The high frequency
region which is larger than 10* Hz displays the conductivity of the electrolyte and active
materials. The information about charge transfer resistance can be obtained from the frequency
region of 10* to 1 Hz. Finally, low frequency region shows the real capacitive feature. Ideally,
a capacitor should exhibit a parallel line to the imaginary axis [47]. Nevertheless, the deviation
from the ideal line with an angle between 45°- 90° is observed in real cases. Main reasons for

this deviation could be abnormal capacitive behavior due to the pore size distribution or redox
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reactions occurring on the surface of the electrode. Furthermore, the Bode plot in which the
phase shift is plotted against the frequency can also be utilized to evaluate impedance
characteristics [62]. Bode plot indicates that increasing frequency leads to decreasing
capacitance because at high frequency regions ECs act as a pure resistor due to the difficulty of

ion penetration from electrolyte into micropores.
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Chapter 2: Self-Standing and Flexible Reduced Graphene

Oxide Papers

2.1. Introduction

Traditional supercapacitors are rigid and unwieldy [63]. In this regard, fabrication of flexible
supercapacitors with small volume and light weight has become an emerging field for wearable
and portable electronics. In general, a conventional supercapacitor has a two-electrode
configuration, which contains metal current collectors such as nickel foam and aluminum foil
[64]. Usually, a supercapacitor electrode is prepared by blending active material, binder, and
the conductive additive. Unavoidably, the binder and the conductive additive increase the
weight of the overall device. Additionally, binders lower the specific capacitance by decreasing
the electrical conductivity [65]. Electrode materials with good electrochemical performance,
high stability, and excellent mechanical property are necessary for flexible supercapacitors
[66,67]. In this regard, carbon-based materials such as graphene, carbon fiber, carbon nanotubes
are promising electrode materials for flexible supercapacitor devices due to their large surface
area, low weight, high electrochemical stability, and the ease of processability [63,67]. Among
carbonaceous materials, graphene is a promising candidate in supercapacitor applications
compared to carbon nanotubes, activated carbon, and mesoporous carbon [68]. Graphene has
outstanding properties including good (electro)chemical stability, high theoretical specific
surface area (2630 m? g'!) [69], and excellent electrical conductivity [70]. There are several
ways to prepare graphene films including spray coating [71], blade-casting [72], Langmuir-
Blodgett assembly [73], chemical vapor deposition [74,75], evaporation of water [76], and
vacuum filtration [77-79]. Among these methods, vacuum filtration method is a facile and

straightforward technique to obtain self-standing graphene films.
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A large number of studies have been carried out on graphene-based flexible supercapacitors. In
2016, Ferrero et al. [80]reported preparation of free-standing GO paper via vacuum filtration
from the suspension obtained from the oxidation of graphene aerogel. They obtained high areal
capacitance of 114 mF cm™ at a current density of 1.2 A ecm™. In 2017, Li et al. [81] prepared
free-standing porous graphene paper by immersing Cu foil into the colloidal GO solution. They
obtained the specific capacitance of 100 F g' at 100 mV s™'. Recently, He et al. [82] fabricated
graphene-based paper-like electrode via drop-casting and obtained volumetric capacitance of
3.6 mF cm™ at a current density of 0.5 A cm™. Moreover, the preparation of three-dimensional
paper-like graphene framework as binder-free supercapacitor electrode was reported by Gao et
al. [83]. The film prepared with polystyrene nanospheres template exhibited a specific
capacitance of 95 F gl at 0.5 A g! in alkaline electrolyte

In this chapter, self-standing and flexible reduced graphene oxide papers are prepared via
simple filtration of colloidal graphene oxide solution synthesized via Modified Hummers’
method. To produce reduced GO papers, chemical reduction with hydrazine vapor is carried
out. Thermal annealing after chemical reduction is also performed to observe the effect on the
structural and electrochemical characteristics. Electrochemical properties of reduced GO papers
are evaluated by CV measurements.

2.2.  Materials and Methods

2.2.1. Materials

All chemicals were used without further purification. Graphite (natural, 99.9995%), NaNO3
(99%), and Na>xSO4 were obtained from Alfa Aesar. KMnO4 and H>O» (30%) were obtained
from Merck Millipore. HCI (37%), H2SO4 (95-97%) and hydrazine monohydrate (98%) were
obtained from Sigma Aldrich. Standard Calomel Electrode (SCE, in saturated KCl) was
purchased from Radiometer Analytical SAS. Filter papers (cellulose nitrate, 0.45 pm) were

obtained from Sartorius Stedim Biolab. All solutions were prepared with doubly distilled water.
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2.2.2. Synthesis of Graphene Oxide

Graphene oxide was synthesized via modified Hummers method as reported previously [84].
Graphite powder was oxidized with KMnO4 and NaNO3 in ice-cold concentrated H>SOg4
solution. First, KMnO4 was added in small portions to the mixture of graphite and NaNO3 in
concentrated H>SO4. Addition of KMnO4 was slow in order to keep the temperature of the
solution below 5 °C. After the addition of KMnO4 was completed, ice-cold water was added
slowly keeping the temperature below 40 °C. Then, the reaction was terminated with the
addition of water and 30% H20O; after heating the mixture at 75 °C for 30 min. Produced
graphite oxide powder was washed with HCl and water and then exfoliated in water via
sonication. In order to obtain single layer nanosheet solution, graphite oxide solution was
sonicated in ultrasound bath for 4 hours. Resulted solution was centrifuged at 10000 rpm and
the nanosheet solution was collected. 5 ml of the solution was filtered via vacuum filtration
method in order to find the concentration of the solution. Three papers were filtered and
weighed to ensure the exact concentration.

2.2.2.1. Chemical Reduction of Graphene Oxide Paper

Chemical reduction of GO film was performed with hydrazine monohydrate using different
reduction times: 6, 10, and 24 h. Self-standing GO paper was placed into a Schott type bottle
along with 100 pL hydrazine monohydrate. The bottle was heated to 90 °C.

2.2.2.2. Thermal Reduction of Graphene Oxide Papers Following Chemical Reduction
Thermal reduction of chemically reduced GO papers was performed in a tube furnace. First,
rGO papers were placed into furnace and degassed at 110 °C under flowing Ar (200 mL min
1. Then, the temperature was raised to 400 °C under Ar flow. Thermal reduction was carried
out for 2 hours. rGO papers were weighed before and after thermal annealing to record the

weight loss with Mettler Toledo XP6 microbalance (accuracy of 1 pg).
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2.2.3. Structural Characterization of Graphene Oxide and Reduced Graphene Oxide
Papers

For the morphological analysis, FESEM (Zeiss Ultra Plus) was used. Defects were evaluated
by Raman Spectroscopy (Renishaw Invia) with a 532 nm laser and the laser power was fixed
to 0.6 mW to avoid local heating. For each sample, three different measurements were done to
ensure reproducibility. Surface chemical structure was analyzed with XPS (Thermo K-Alpha)
with an Al Ka source. Fitting of the raw data was performed with Avantage software. XRD
patterns were recorded in a range of 26 degree from 5 to 40° using Bruker D2 diffractometer
with a Cu Ka source.

2.2.4. Electrochemical Characterization of Reduced Graphene Oxide Papers
Electrochemical performance of rGO papers was evaluated with cyclic voltammetry in 0.5 M
NaySOg4electrolyte. rGO paper, graphite, and SCE were used as working, counter, and reference
electrodes, respectively. CV measurements were carried out between the potential window of

0.0-0.8 V vs Ag/AgCl.
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2.3. Results and Discussion

2.3.1. Structural Properties of Graphene Oxide and Reduced Graphene Oxide Paper

GO Paper
Graphite

Intensity / a.u.

)
10 15 20 25 30 35 40
2 Theta

Figure 2-1: XRD patterns of pristine graphite and GO paper.

Prepared GO paper was characterized by XRD. Figure 2-1 displays the XRD patterns of
graphite powder and GO paper. The pattern of graphite has a sharp peak at 26 = 27° which
corresponds to 002 plane of graphite [85]. The interlayer spacing is calculated as 0.33 nm
according to the following Bragg’s law:
nA = 2d sin 0

where 6 is the angle of incident X-ray beam, n is the order of diffraction, A is the X-ray
wavelength (Cu-Ka), and d is the interlayer spacing. The XRD pattern of GO has a strong peak
at 11.4° which indicates the oxidation of graphite. The interlayer distance is increased to 0.78
nm, which shows that the layers are expanded with the incorporation of oxygen containing
functional groups [86].

Reduction of the GO paper with hydrazine vapor resulted in formation of foam-like rGO paper.
The color of the free-standing GO paper turned from dark brown to shinny gray and produced
rGO papers are flexible and bendable (Figure 2-2a,b and Figure 2-2d,e). Figure 2-2c, and f

show cross-sectional FESEM images of self-standing GO and rGO papers. Average thicknesses
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of GO and rGO papers are around 1.5 and 120 um, respectively. Thus, reduction of GO paper
results in almost 80-fold increase in the thickness and production of foam-like structure. Effects
of chemical reduction time and thermal annealing on the morphology and the thickness of tGO
paper are displayed in Figure 2-3. While chemically reduced papers are similar to each other
in terms of thickness, thermal annealing results in formation of compact layers and a decrease

in the thickness of rGO paper.

Figure 2-2: Digital images of self-standing (a,b) GO and (d,e) rGO papers. Cross-sectional FESEM images of (c) GO
and (f) rGO papers.
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Figure 2-3: Cross-sectional FESEM images of rGO papers reduced via chemical reduction at different time
intervals (a) 6h, (b) 10h, (c) 24h ; (d) thermally annealed after chemical reduction 6h+T, (e ) 10h+ T, (f) 24h+T.
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Figure 2-4: Cls spectra of (a) GO, (b) rGO, and (c) N1s spectrum of rGO.

XPS was utilized to evaluate the surface chemical structure of the GO and rGO papers. Figure
2-4a shows XPS C 1s spectrum of GO. The spectrum was deconvoluted into three peaks at
284.4, 286.3, and 288.1 eV, which are assigned to carbon-carbon (C-C/C=C/C-H) bonds,
carbon singly bound to oxygen (hydroxyl and epoxide), and carbon doubly bound to oxygen
(carbonyl and carboxyl), respectively [87]. The surface contains 73.6 % C and 27.4 % O,
atomically. After reduction with hydrazine vapor for 10 hours, there was a significant decrease
in the relative intensities of C-O and C=0 peaks (normalized to C-C peak) compared to that of

GO (Figure 2-4b). Additionally, two peaks appeared around 285.5 and 290.4 eV, which belong
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to C-N bond and n-n* shake-up satellite, respectively [88]. A symmetric peak centered at 399.9
eV in the N 1s spectrum indicates formation of pyrazoline groups after treatment with hydrazine
vapor [89]. Overall, the surface of rGO contains 82.8 % C, 12.4 % O, and 4.8 % N, which shows
successful reduction of GO paper with hydrazine vapor along with nitrogen doping. The effect
of different reduction methods on the surface chemistry was also evaluated by XPS analysis.
Figure 2-5 and Figure 2-6 show deconvoluted C 1s and N 1s spectra of rGO papers reduced via
chemical reduction and thermal annealing, respectively. C 1s spectrum of each sample was
deconvoluted into five components. The corresponding peak intensities of functional groups
normalized to C-C bond are given in Table 2-2. Thermal annealing after chemical reduction did
not result in a significant decrease in the relative intensities of C-O, C=0, and C-N peaks. It is
seen that C/(C+O) ratio (calculated from fitted C 1s and O Is spectra of rGO papers) was
slightly increased with thermal annealing, meaning that thermal annealing provides further

reduction and the removal of residual oxygen-containing groups.

- - - Experimental Data 6h 10h 24h
—C-C, C=C, C-H
—C-N
—C-0
—C=0

— Fitted curve
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Figure 2-5: Cl1s XPS spectra of rGO films after treatment with hydrazine for 6h (a), 10h (b), 24h (¢) 6h+T (d), 10h+T
(e), 24h+T(f).
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Figure 2-6: N1s spectra of XPS spectra of rGO films (a) 6h, (b) 10h, (c) 24 h, (d) 6h+T, (e) 10h+T, (f) 24h+T

Raman spectra of rGO papers were recorded in the range of 850-2000 cm™ (Figure 2-7). Spectra
are deconvoluted into three Pseudo-Voigt (around 1350, 1580, and 1610 cm™) and two
Gaussian peaks (at around 1100 and 1500 cm™). The spectra of rGO papers display prominent
peaks around 1350 cm™ and 1585 cm™ which are associated with D and G band of carbon
materials [90]. The peak around 1100 cm™ (D*) is associated with disordered graphitic lattice
[91]. The peaks around 1350 and 1610 cm™ are assigned to D and D’ bands, respectively, which
are both disorder-induced Raman modes. Thus, D and D’ modes are forbidden in the perfect
crystalline graphite [92]. Vollebregt et al. claimed that the intensity of D’” band decreases with

the increase in crystallinity [93]. Finally, G band is in-plane vibrational mode of sp? carbon

network.
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Figure 2-7: Fitted Raman spectra of GO papers reduced for (a) 6h , (b) 10h, (c) 24h, (d) 6h+T, (e) 10h+T, (f) 24h+T

Regarding the aforementioned information, Ip/lg intensity ratio gives information about the
degree of defects in the graphene network [91]. Increasing chemical reduction time from 6
hours to 10 hours results in decrease in Ip/lg ratio in spectra (Table 2-1). However, after 10
hours, the ratio does not decrease significantly. Ip/Ic follows the same trend. This shows that
annealing after chemical reduction results in removal of some defects in the graphene structure.
Moreover, while Ip+/Ig ratio decreases with increasing chemical reduction time, this ratio
increases with thermal annealing. Additionally, Ip-/Ig also increased after thermal annealing of
the samples. Both trends in Ip+/Ig and Ip>/Ig revealed formation of more disordered structure
with less crystallinity after thermal annealing. D and G band positions are also given in Table
2-1. Since the reduction results in red-shift in D and G band positions [94], the sample reduced
via chemical reduction followed by thermal annealing for 10 h is the most reduced one

according to Raman spectra.
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Table 2-1. Peak intensities and peak positions calculated from Raman spectra of rGO papers

Sample In/l Ip+/Ig Ip>/Ig Ip'/Ig D (cm™) G(cm™)
6h 1.54 0.07 0.27 0.44 1347 1589
10h 1.48 0.06 0.23 0.37 1345 1589
24h 1.47 0.06 0.24 0.37 1347 1592
6h+T 1.40 0.09 0.31 0.35 1349 1589
10h+T 1.39 0.11 0.26 0.30 1350 1590
24h+T 1.41 0.10 0.31 0.31 1348 1589

Table 2-2. Relative intensities of functional groups in rGO papers normalized to C-C bond

Sample C-0 C=0 C-N C/(C+0)
6h 0.11 0.05 0.28 88.7
10h 0.10 0.06 0.18 89.4
24h 0.15 0.07 0.21 84.9
6h+T 0.09 0.05 0.17 89.2
10h+T 0.10 0.05 0.21 92.5
24h+T 0.09 0.05 0.19 91.8

2.3.2. Electrochemical Properties of Reduced Graphene Oxide Paper

First, effect of chemical reduction durations on the electrochemical properties was investigated.
CV curves of rGO films reduced for different durations are given in Figure 2-8. While the CV
curve of the film reduced for 10 h is quasirectangular, CV curves of the films reduced for 6 and
24 h are distorted and more polarized. Corresponding areal and specific capacitances calculated
from the area under CV curves are given in

Table 2-3. While changing chemical reduction duration has slightly affected the total
capacitance, thermal annealing after chemical reaction results in a dramatic decrease (around

10-fold). According to the study of Stankovich et al. [42] and the DFT calculations performed
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by Kim et al. [43], chemical reduction with hydrazine results in the complete removal of epoxy
groups, while other oxygen containing groups such as hydroxy and carboxyl are remained.
These functional groups in GO structure contributes to the pseudocapacitive behavior in
addition to double-layer capacitance of graphene and enhance the overall capacitance [95,96].
After thermal annealing, specific capacitances decreased dramatically, since thermal annealing
removes the most of the residual oxygen-containing groups [36]. Among the thermally annealed
papers, the one thermally annealed after chemical reduction for 24 h has the lowest capacitance
and the reason could be that in cross-sectional FESEM images, 24h+T sample has the lowest
thickness. Compact layers could lead to decrease in capacitance due to the lower surface area
and the porosity. Additionally, Raman spectra show that thermal annealing decrease the amount

of defect and defects contribute to overall capacitance [97].
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Figure 2-8: Cyclic voltammograms of (a) sample reduced chemically at different time intervals, (b) thermally
annealed sample followed by the chemical reduction at different time intervals, (c) thermally annealed sample
after the chemical reduction for 10 h GO papers at the scan rate of 20 mVs'.

Table 2-3. Areal and specific capacitances of rGO papers calculated from CV measurements at the scan rate of 20
mV s,

Sample Mass Areal Capacitance Specific Capacitance
(mg) (mF cm?) Fgh

6h rGO 3.73 9.53 5.11
10h rGO 3.52 7.28 4.13
24h rGO 3.51 9.87 5.63
6h+T rGO 2.81 0.75 0.54
10 h+T rGO 3.14 0.87 0.56
24 h+T rGO 2.95 0.05 0.03
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2.3.3. Conclusion

In summary, graphene oxide solution was prepared via Hummers’ method from graphite
powder precursor. Self-standing GO papers were prepared via vacuum filtration and dried for
24 h at ambient atmosphere. XRD revealed that graphene oxide was synthesized successfully.

Effect of chemical reduction duration and thermal annealing on the morphology and
electrochemical performances was evaluated. XPS results showed that reduction duration does
not result in significant changes in C/(C+O). Also, Raman results show that the number of
defects is decreased with thermal annealing. Chemically reduced GO papers with hydrazine

vapor exhibited superior electrochemical performances compared to thermally annealed papers.
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Chapter 3: Electrodeposition of Manganese Oxide onto Self-

Standing Reduced Graphene Oxide Papers

The result presented in this chapter is published as a full article in Electrochimica Acta in 2019
[98].

3.1. Introduction

Due to depletion of fossil fuels and global warming, there is an increasing need for clean and
renewable energy as well as efficient energy storage technologies [99]. Energy storage systems
such as batteries and supercapacitors are required for balanced and continuous power supplies
[48]. ECs have received great attention due to their high energy density and high charge-
discharge efficiency [100]. Based on the energy storage mechanism, ECs are classified into two
types: electrical double-layer capacitors (EDLCs) and pseudocapacitors. In EDLCs,
electrostatic charge accumulation at the interface between the electrode and the electrolyte is
utilized to store energy [101]. Carbonaceous materials including activated carbon, carbon
nanotubes (CNT), graphite and graphene are used as electrode materials for EDLCs because
they have relatively high surface area, (electro)chemical stability, and good electrical
conductivity [102]. Conversely, fast and reversible redox reactions take place on the surface of
electrodes in pseudocapacitors. Faradaic redox reactions occurring in pseudocapacitors result
in greater energy density and higher specific capacitance (SC) than EDLCs [103]. Transition
metal oxides, such as RuO2[104], V205 [105], MoO3 [106], C0304[107], MnO>[108], and TiO>
[109] have been widely used as pseudocapacitive materials [110,111].

In recent years, flexible supercapacitors have gained importance because they can be utilized
in portable electronics, wearable devices, implantable medical devices, and bendable displays
[112]. Binder-free assembled free-standing electrodes with satisfactory electrochemical
performance and large surface area are desirable as device components [113,114]. Graphene is

a promising electrode material as a flexible supercapacitor owing to its excellent electrical
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conductivity, large surface area, high mechanical strength, and good electrochemical stability
[102]. Moreover, manganese oxides have been exploited as pseudocapacitors because of their
environmental friendliness, low-cost, abundance, and high theoretical specific capacitance
[115]. A variety of techniques including layer-by-layer assembly [116], chemical vapor
deposition [117], electrophoresis [118], and electrodeposition [119] are used to produce
manganese oxide thin films. Among these methods, electrodeposition allows production of thin
and uniform films with various crystal structures and morphologies by tuning the pH,
temperature, potential, and charge passed during electrodeposition [119].

Flexible papers composed of carbon derivatives (carbon fiber, carbon nanotube, graphene) are
promising current collector materials compared to flat metal substrates. One obvious advantage
is the dramatic decrease in mass per unit area (or volume) which has a direct influence on the
energy density of the device. Additionally, the surface of carbon materials can be easily
modified to create functional groups, which can act as binding/anchoring sites for the deposited
metal oxides. Previously, it has been demonstrated that the electrochemical performance of
manganese oxide can be enhanced when deposited on carbon-containing self-standing current
collectors. In this regard, Wu et al. [120] reported anodic electrodeposition of MnO> on carbon
fiber paper (CFP) and stainless steel (SS). The specific capacitance (SC) of needle-like MnO>
nanofibers coated on CFP reached SC of 432 F g at 5 A ¢!, which is higher than that of MnO»
coated on SS (177 F g'!). Moreover, Hu et al. [121] showed that MnO> nanostructures deposited
on CNT-textile can achieve 10-times higher specific capacitance than that on Pt plate. The
aforementioned and several other studies [113,122—-125] utilized anodic electrodeposition to
produce MnO» nanostructures on carbon substrates. Conversely, cathodic electrodeposition is
utilized in this study to produce Hausmannite phase manganese oxides (Mn3O4) since the

method does not cause oxidation and dissolution of the substrate during deposition, unlike the
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anodic one. Additionally, cathodic current flow results in formation of porous structures since
deposition occurs along with continuous hydrogen gas evolution on the working electrode [56].
In this chapter, one step cathodic electrodeposition of Mn3Os onto self-standing reduced
graphene oxide (rGO) paper is presented. Cathodic electrodeposition is carried out at ambient
temperature and pressure from manganese nitrate solution. The structural properties of the thin
deposits are investigated by Field-Emission Scanning Electron Microscopy (FESEM), Raman
spectroscopy, and X-Ray Photoelectron Spectroscopy (XPS). Mn304 deposited on rGO papers
are directly used as EC electrodes without additional metal current collectors. For the evaluation
of electrochemical characteristics, cyclic voltammetry (CV), charge-discharge (CD), and
electrochemical impedance spectroscopy measurements are conducted.

3.2.  Materials and Methods

3.2.1. Materials

All chemicals are used without further purification. Graphite (natural, 99.9995%), Mn(NO3)a,
NaNOs (99%), and Na;SO4 were obtained from Alfa Aesar. KMnO4 and H>0» (30%) were
obtained from Merck Millipore. HCI (37%), H2SO4 (95-97%) and hydrazine monohydrate
(98%) were obtained from Sigma Aldrich. Standard Calomel Electrode (SCE, in saturated KCI)
was purchased from Radiometer Analytical. Filter papers (cellulose nitrate, 0.45 um) were
obtained from Sartorius Stedim Biolab. All solutions were prepared with doubly distilled water.
3.2.2. Synthesis of Graphene Oxide

Colloidal graphene oxide solution used in this chapter was synthesized as explained in Section
2.2.2.

3.2.3. Production of Self- Standing Reduced Graphene Oxide Papers

rGO papers used in this chapter were produced as explained in Section 2.2.2.1. The chemical

reduction duration for all the rGO papers used in th