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Abstract

In recent years, the depletion of fossil fuels and environmental pollution has prompted both
industry and the scientific community to seek alternative energy sources. Lithium-ion
batteries, due to their high energy density, small size, long lifetime and low pollution, have
gained a dominant position in everyday life, finding application in portable devices (laptops,
smart phones), power tools and electric vehicles. Due to this rapid development of
technology, there is growing demand for more efficient energy storage devices. This
dissertation aims to investigate carbon-based materials, especially graphene oxide as a
potential buffer layer for electrodes in lithium-ion batteries (LIBs) and electrochemical
capacitors (ECs). The unique properties of carbon-based materials, such as high surface area,
excellent electrical conductivity and tunable pore structures, have led to their widespread
application as alternative materials to traditional graphite. The material synthesis procedure
was carried out using a graphene oxide dispersion solution, which was prepared by the
modified Hummer method. The dispersed solution was the electrolyte in the
electrodeposition technique for the immobilization of graphene oxide on copper substrate.
The growth mechanism of the material was studied for different deposition time and current.
Additionally, the impact of the electrolyte concentration (Li,SO,) and the amount of graphene
oxide on the electrochemical behavior of the synthesized materials was investigated. Then,
the stability of the optimum material obtained (i.e. highest current and material’s adhesion)
was tested in 600 continuous charge/discharge cycles with sufficiently satisfactory results. In
all samples, structural, morphological and electrochemical measurements were carried out by
Raman spectroscopy, scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS) and cyclic voltammetry (CV). In conclusion, the dissertation highlights
the potential of graphene oxide synthesized via the electrodeposition technique as a
cost-effective, rapid, and promising buffer layer for anode materials in energy storage

devices.
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CHAPTER 1. Introduction

1.1 Energy Storage Devices and Applications

Energy storage devices are used to accumulate energy in particular equipment or systems so
that it can be used at a later time as needed [1,2]. There are several types of energy storage
devices, including batteries, thermal, mechanical, pumped hydro, and hydrogen [1,2].
Batteries are the oldest, most common, and widely accessible form of storage encompassing a
range of systems. For instance, thermal systems use heating and cooling methods to store and
release energy, while mechanical systems draw on the kinetic forces of rotation or gravitation
to store energy. Pumped hydroelectric facilities are the most common form of energy storage
on the grid and account for over 95% of the storage in use today. On the other hand, hydrogen
energy storage is still emerging and involves its conversion from electricity via electrolysis

for storage in tanks. There are several types of energy storage systems [3,4,5], including:

1. Batteries: These include lithium-ion, nickel-metal hydride, and lead-acid batteries,
among others. They are commonly used for energy arbitrage, backup power, demand
charge reduction, and voltage support.

2. Thermal Storage: This involves storing energy in the form of heat or cold in a solid,
liquid, or air. Examples include molten salt storage and ice-based storage systems.

3. Mechanical Storage: This includes flywheels, pumped hydro storage, gravity energy
storage, compressed air energy storage, and rail-based advanced energy storage.

4. Electrochemical Storage: This includes various battery technologies that use different
electrochemical reactions, such as lithium-ion batteries, sodium-sulfur batteries, and
flow batteries.

5. Hydrogen Storage: This is an emerging technology that involves converting electricity
via electrolysis for storage in tanks. From there, it can be re-electrified or used for

emerging applications such as transport, industry, or residential use.

These are just a few examples of the many types of energy storage systems available. The
appropriate system depends on the specific application and must consider factors such as the
charge and discharge profiles, storage capacity capability, scale of the system, and response

time needed.
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1.2 Capacitors

Capacitors consist of two conductors separated by a nonconductive material known as a
dielectric. They store electric charges through electrostatic attraction between opposite
charges accumulated at the plates. Structural capacitors can be integrated into multifunctional
materials, providing both mechanical support and electrical energy storage capabilities [6].
Capacitors excel in delivering rapid bursts of current due to their ability to release stored
energy quickly. They find application in various fields such as pulse power supplies, filtering
circuits, and energy recovery systems. However, they have relatively lower energy densities
compared to batteries [7].

An emerging technology is the lithium-ion capacitor (LIC), which combines the benefits of
both capacitors and lithium-ion batteries. These devices offer higher energy density than
traditional capacitors, while maintaining fast charging and discharging rates. Recent studies
focus on optimizing active materials, modeling thermal management systems, and improving
cycle life predictions [8].

In contrast to batteries, capacitors do not involve chemical reactions or redox processes
during operation. Instead, they rely solely on electrostatic interactions. As a result, capacitors
exhibit significantly faster response times and longer life spans without any capacity fade. On
the other hand, batteries deliver higher energy densities and more extended runtime per
charge cycle [9].

Research efforts continue to explore novel materials and designs for improved performance
in both capacitors and batteries. For instance, structural supercapacitors show promise in
integrating advanced functionalities within existing infrastructure, making them attractive

candidates for next-generation energy storage solutions [6,7].

1.3 Lithium 1on batteries

Lithium-ion batteries (LIBs) consist of a cathode, an anode, and a separator soaked in an
electrolyte. The cathode typically contains lithium-metal oxides like LiCoO2, while the
anode often consists of lithium-carbon compounds. During operation, lithium ions move from
the anode to the cathode through the electrolyte, while electrons flow from the anode to the
cathode through the external circuit. This movement of ions and electrons generates electrical
energy [10,11,12].

The electrochemistry of LIBs involves oxidation-reduction (redox) reactions. Reduction

occurs at the cathode, where cobalt oxide combines with lithium ions to form lithium-cobalt
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oxide (LiCoQO,) [13] On the other hand, oxidation takes place at the anode, where graphite
intercalation compounds form graphite and lithium ions. These reactions determine the
capacity and voltage of the battery [14,15].

LIBs are crucial for powering portable electronics and are promising for electrifying the
transport sector due to their high energy density. They are widely used in mobile devices,
electric vehicles, and various electronic gadgets due to their high charge density and
rechargeable nature.

Non-aqueous LIBs typically use lithium-metal oxides as cathodes and graphite as anodes
with a liquid electrolyte containing lithium salts. They offer higher cell voltages (around 3-4
V) compared to aqueous systems (1-2 V), providing more energy density. Aqueous systems
have lower voltages, but may offer advantages in terms of safety and cost [14,15]. They are
emerging as a promising alternative to traditional lithium-ion batteries due to their advantages
such as low cost, safety, high ionic conductivity, and environmental friendliness. These
batteries use water-based electrolytes instead of organic electrolytes, offering improved safety
and reduced risk of thermal runaway. Research on various aqueous battery systems utilizing
lithium, zinc, sodium, magnesium, and aluminum ions as carrier ions is ongoing [16]. The
development of suitable electrode materials remains a challenge for these systems. Aqueous
batteries have potential applications in electric vehicles, energy storage systems, and other
fields requiring energy storage solutions.

Recent research and review articles highlight the challenges and possibilities for aqueous
battery systems [16]. A comparison between aqueous and organic electrolytes for lithium-ion
batteries shows advancements in different types of electrolytes in terms of the evolution of
efficient and safe energy storage solutions. [17]. Studies have also demonstrated the
feasibility of lithium-ion batteries using aqueous electrolyte solutions, showcasing stable
working voltages and improved safety features [18]. Key materials (i.e. cathode, anode and
electrolyte) for aqueous rechargeable lithium-ion batteries have been reviewed to enhance
their performance [19].

These advancements in aqueous electrolyte lithium-ion batteries offer a promising avenue for
developing safer, more cost-effective, and environmentally friendly energy storage solutions

with high ionic conductivity.
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1.4 Anode materials of Li-ion batteries

The anode is an important part of a lithium-ion battery and, depending on its properties and
morphology, has a strong influence on the overall performance of the whole battery. Due to
its structure, graphite as well as carbon-based materials are mainly used as anode materials.
Lithium ions can be easily inserted into the large gaps between the carbon atoms, thus
preventing the change in the structure of the anode material during the discharging process
[14].

The most promising carbon-based electrode materials for energy storage applications include:

1. Graphene: Graphene has emerged as a promising electrode material for energy storage
devices due to its exceptional electrical conductivity and large specific surface area
[57].

2. Carbon Nanotubes (CNTs): CNTs exhibit excellent electron transport, high electrical
conductivity, and accessibility to electrolytes, making them potential materials for the
production of electrodes [58].

3. Activated Carbon (AC): Activated carbon is widely used as an electrode material in
supercapacitors due to its high surface area, good electrical conductivity, and
chemical stability, which make it suitable for high-energy and high-power energy
storage devices [59].

4. Carbon Fibers: Carbon fibers have attracted significant research attention as potential
electrode materials for energy storage due to their extraordinary properties, such as

high conductivity and mechanical strength [60].

These carbon-based materials offer high performance and are being extensively researched

for their in application various energy storage devices, including capacitors and batteries.

1.5 Bufter layer

In LIBs, incorporating a buffer layer at the current collector-electrode interface serves
multiple purposes, enhancing overall battery performance and longevity. The buffer layer acts
as a mediator, promoting uniform lithium-ion transport across the interface and mitigating
side reactions that could otherwise compromise battery integrity [20]. Carbon, particularly
amorphous carbon, is a widely recognized buffer layer material due to its ability to facilitate
lithium-ion transfer and provide excellent electrochemical stability [21,22].

Research indicates that buffer layers like Ligy;;LlayssTiO; Li, Li;PO4-Li;BO; composites,
significantly enhance the cycling performance and rate capabilities of LIBs. These buffer

layers stabilize the electrochemical potential at the interface, preventing rapid degradation
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caused by side reactions and maintaining optimal conditions for lithium-ion mobility
[21,22,23].

Carbon-based layers are commonly used as buffers in lithium-ion batteries to improve their
performance. Some of the most well-known carbon-based layers include carbon nanotube
buffer layers, double-buffer silicon-carbon anode materials, and hierarchical buffer structures
for silicon/carbon composites [24,25,26]. These buffer layers are important because they can
help to improve the stability and cycling performance of the battery, as well as prevent the
degradation of the electrode materials over time. For example, carbon nanotube buffer layers
have shown to reduce the charge transfer resistance and increase the Li ion diffusion
coefficient in lithium-ion batteries [24]. Similarly, double-buffer silicon-carbon anode
materials have been found to improve the capacity retention and cycling stability of the
battery [25]. Overall, the use of carbon-based buffer layers is an important strategy for

improving the performance and longevity of lithium-ion batteries.

1.5.1 Graphene oxide

Graphene oxide is a carbon-based material with hydroxyl, epoxy, carboxyl, and other
functional groups attached to its basal planes and edges. It is usually produced by the
Hummers method, which involves the oxidation of graphite. It has a layered structure with
oxygen-containing functional groups on its surface (Figure 1.1). It can be functionalized by
non-covalent and covalent approaches, which can enhance its mechanical, electrical, and
chemical properties. Graphene oxide has potential applications in various fields, including
energy storage, catalysis, sensors, and biomedical research. It can be employed in catalysis
for converting polluting gasses during industrial processing. It has high conductivity, which
makes it useful in electronic devices. The synthesis of graphene oxide remains a complex
procedure, and its isolation is challenging [27,28,29]. The future of surface functionalization
of graphene oxide is promising, and researchers are exploring new methods to enhance its
mechanical, electrical and chemical properties. For example, Hu et al. investigated
silanization combined with reduction and in situ co-polymerization as methods to
functionalize the hydroxyl groups of GO in order to improve tensile strength and solubility
[61]. In 2018, a study reported that p-p stacking and electrostatic interactions enhance the
electrical properties of GO, improving the electron transfer process, increasing the specific
capacitance and reducing the internal resistance. Wang et al. investigated the
functionalization of thermally reduced GO (trGO) with pyrene derivatives terminated by the

hydrogen bonding unit ureidopyrimidinone (UP) to form (trGO)-UPPY.68 The graphene
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surface was modified with pyrene groups which formed n-m bonds with UPPY. This
Layer-by-Layer (LBL) self-assembly technique was repeated to form trGO-UPPY films
composed of both hydrogen bonds and m-m bonds. The resulting multilayered films

demonstrated potential as excellent electron conductors to improve electron transport [62].

OH (0 OH (0
Figure 1.1 The graphene oxide molecular structure consists of carbon, hydrogen and oxygen

[63].

Graphene oxide offers several advantages compared to other materials commonly used in

energy storage including:

1. High Surface Area: GO possesses a high surface area, which is beneficial for energy
storage applications such as supercapacitors, where it can provide increased charge
storage capacity [33].

2. Electrical Conductivity: It exhibits good electrical conductivity, enabling efficient
charge transport within energy storage devices, which is crucial for enhancing their

performance [33].
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3. Mechanical Flexibility: GO's mechanical flexibility is advantageous for applications
in flexible electronics and energy storage systems that require conformal and
bendable components [33].

4. Tunable Properties: The properties of GO can be tailored through surface
modifications, making it a versatile material for a wide range of energy storage

applications [34].

These points highlight the unique properties of graphene oxide that make it a promising
material for energy storage applications, offering advantages over traditional materials in
terms of surface area, electrical conductivity, mechanical flexibility, and tunable properties.

According to several review articles [33,34,35], the use of GO in energy storage devices has
shown promising results, with improved performance compared to other materials commonly
used in terms of charge storage capacity, power density, and stability. However, their
performance can depend on several factors, such as the synthesis method and the quality of
the material. Research indicates that optimizing the synthesis process of GO can lead to
improved electrochemical properties, such as enhanced conductivity and capacitance.
Additionally, the quality of the material, particularly in terms of reducing porosity to increase
the active surface area, plays a crucial role in enhancing energy storage efficiency. Studies
have shown that controlling the porosity of GO-based materials can significantly impact their
performance in capacitors and batteries. By selecting appropriate synthesis methods and
focusing on material quality, researchers can tailor GO-based energy storage devices with

improved functionality and performance [36,34].

1.5.2 Key requirements for buffer layer
To fulfill energy storage applications effectively when employed as a buffer layer, GO should

possess several key characteristics based on research and reviews:

1. Amphiphilicity: GO's ability to disperse in both water and various organic solvents
enables versatile fabrication methods and compatibility with diverse substrates [38].

2. Stability: GO forms stable dispersions, ensuring consistent performance across
multiple cycles [38].

3. Processability: Its aqueous processability facilitates scalable production techniques

like drop casting [38].
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4. Transparent conductivity: GO offers a balance between transparency and electrical
conductivity, which is vital for optoelectronic applications like solar cells [38].

5. Electron mobility: Improving electron transport, while maintaining other desirable
properties is important for enhancing overall device efficiency [38].

6. Controlled thickness: Precise control of the number of graphene layers ensures
uniformity and optimizes performance [38].

7. Compatibility: GO must integrate seamlessly with other components within energy
storage systems, such as electrolytes and electrodes [30,31].

8. Durability: High stability against degradation and excellent cycling performance are

necessary for practical applications [38].

These attributes make GO a promising candidate for improving energy storage devices,

particularly in areas where enhanced performance, flexibility, and sustainability are desired.

1.5.3 Synthesis techniques of graphene oxide

Graphene oxide can be synthesized by various methods, including the Hummers method,
Tour's method, and modified Hummers methods. The Hummers method involves the
oxidation of graphite with strong oxidizing agents in an acidic environment, but it is not
environmentally friendly due to the evolution of NOx during the reaction. Modified
Hummers methods, such as nitrate-free, two-step, co-oxidant, and low-temperature methods,
have been developed to address this issue. Tour's method involves the use of phosphoric acid,
sulfuric acid, and potassium permanganate. Additionally, GO can be synthesized using
electrochemical and microbial methods [39,40]. The electrochemical method ensures better
GO quality due to the use of aqueous electrolytes and the absence of oxidizing agents and
reduced impurities. Furthermore, it is an environmentally friendly method because the
electrolyte is re-used many times compared to other chemical methods [39]. The main
disadvantages of the electrochemical method are the variability of the synthesis process as the
synthesis conditions for pristine graphene, GO and graphene composites vary considerably,
leading to process variability and also the need for specialized equipment and know-how for
electrochemical synthesis [41,42]. On the other hand, the microbial method uses biological
systems for the oxidation of graphite materials, offering an environmentally friendly

approach to GO synthesis.
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Other innovative methods for GO synthesis include mechanical exfoliation, epitaxial growth
by chemical vapor deposition (CVD), and liquid-phase exfoliation. Mechanical exfoliation is
a simple and environmentally friendly method, which produces high quality graphene with
minimal defects, but has limited scalability for large scale production. Epitaxial growth by
CVD allows precise control of the development process and is suitable for large scale
production of high quality graphene, but requires specialized equipment and expertise, and
has high installation costs [43]. Finally, liquid phase exfoliation is a relatively simple and
economical method for the production of graphene dispersions. However, it may result in
graphene of lower quality than other methods [43].

Bottom-up methods, such as CVD and epitaxial growth, can produce high-quality graphene
oxide with fewer defects and impurities, but are more complex and time-consuming than
top-down methods. Additionally, bottom-up methods may not be suitable for large-scale
production of graphene oxide [45,46]. On the other hand, top-down methods are
advantageous for their simplicity and ability to produce large quantities of graphene oxide.
However, both methods have their limitations and are dependent on the specific application
and desired properties of the graphene oxide [47,48].

Nevertheless, the advantages of top-down synthesis methods are suitable for applications that
require large quantities of graphene oxide and where cost and scalability are important factors

[46,48]. They are summarized below including:

1. Scalability: Top-down methods are often more scalable, allowing for the production
of larger quantities of graphene oxide compared to bottom-up methods [48].

2. Simplicity: Top-down methods can be relatively simple and straightforward, requiring
less complex processes and equipment for the production of graphene oxide [48].

3. Cost-Effectiveness: Some top-down methods can be more cost-effective for the
large-scale production of graphene oxide, making them attractive for industrial
applications [45].

The most commonly used top-down synthesis methods for graphene oxide include:

1. Chemical oxidation-reduction: This method involves the oxidation of graphite using
strong oxidizing agents in an acidic environment, followed by reduction to form
graphene oxide [45].

2. Arc discharge: This method involves the use of an electric arc to vaporize graphite,

which then condenses into graphene oxide [45].
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3.

Exfoliation: This method involves the separation of graphene layers from graphite

using mechanical, liquid-phase, or electrochemical methods [45].

Among these methods, the chemical oxidation-reduction has significant advantages including

1.

Scalability: It is a scalable process that can produce large quantities of graphene oxide
[49] without the use of toxic chemicals or high temperatures.

Cost-effectiveness: It is cost-effective compared to other top-down synthesis methods
[49]. The method is relatively simple and versatile, allowing for the one-step
preparation of electrochemically graphene oxide films on various substrates, such as
glassy carbon electrodes, leading to enhanced electrochemical performance [52].
Control over properties: It allows the control over the properties of the graphene oxide
produced, such as the number of layers and lateral size [49].

Ease of production: It is a relatively simple and straightforward process that does not

require specialized equipment [50].

The quality of graphene oxide synthesized by the chemical oxidation-reduction method can

vary depending on the specific conditions used during the synthesis process as follows:

I.

Defects and impurities: It can result in defects and impurities in the graphene oxide,
which can affect its properties [50]. However, the quality of graphene oxide produced
by this method can be improved by optimizing the synthesis conditions and using
high-quality starting materials.

Functional groups: It can introduce functional groups, such as hydroxyl, epoxy, and
carboxyl groups, onto the surface of the graphene oxide [50]. These functional groups
can enhance the mechanical, electrical, and chemical properties of the graphene oxide,
making it suitable for various applications.

Layered structure: It can produce graphene oxide with a layered structure, which can

be useful for applications that require the separation of individual layers [50].
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CHAPTER 2. Synthesis-Experimental part
2.1 Synthesis of graphene oxide

The synthesis of GO was carried out by the modified Hummers method. The Hummers
process is a chemical process used to produce graphite oxide, which can be further processed
to obtain GO. The main chemical reaction involved in the Hummers method is the oxidation
of graphite, which is achieved by introducing oxygen molecules into pure carbon. The
reaction takes place between the graphene with the addition of concentrated sulphuric acid
with potassium permanganate and sodium nitrate. Hydrogen peroxide is added at the end of
the synthesis and its main role is to remove excess KMnO4, which stops the reaction. The
chemical decomposition of GO is usually accompanied by a short reduction with the addition
of hydrogen peroxide. Furthermore, the addition of hydrogen peroxide causes the synthesis of
GO material and the opening of carbon chains. Additionally, it contributes to the widening of
the graphene band gap through processes such as doping, intercalation and stripping of

particles.

The Table 2.1 below shows the materials used for the synthesis of graphene oxide including

the three main steps, which are oxidation, exfoliation and purification.

Materials Synthesis process

Graphite powder (<20 um) Oxidation

Sulfuric Acid (H,SO,, 95-98%)
Sodium nitrate (NaNOs)

Potassium permanganate (KMnO,)

Deionized water (H,0) Exfoliation

Hydrogen Peroxide (H,0,, 30%) Purification

Table 2.1. Precursor materials for the three main steps of graphene oxide synthesis,

oxidation, exfoliation and purification.
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The synthesis of the GO took two days to complete as indicated below:
1* Day:

1. 1 gof graphite and 46 ml of H,SO, were placed in a 600 ml beaker.

2. The solution was stirred in an ice bath for 20 minutes.

3. 1 g NaNO; was slowly added in small quantities under continuous stirring for 1 hour.
4

. 6 g KMnO, was carefully added to the solution with continuous stirring overnight.

Oxidation process

The chemical reactions that took place in the first step of oxidation are the following:

2NaNO; (aq) + H,S0, (aq) = 2HNO; (aq) + Na,SO, (aq) (1)
KMnO, (aq) + H,80, (aq) = K" +MnO;" + H;0" + 3H,SO, (2)
KMnO, (aq) » K* (aq) + MnO, (aq) 3)
MnO;* (aq) + MnO, (aq) = Mn,0; (aq) (4)
GIC (s) + Mn,0; (aq) — graphite oxide (s) + by-products (5)

These chemical reactions describe the oxidation of graphite to graphene oxide using different
oxidizing agents. The first reaction involves the oxidation of graphite by NaNO; and H,SO,,
leading to the intercalation of graphite and the formation of graphite oxide (Fig. 2.1).

Figure 2.1. Oxidation of graphite by NaNO; and H,SO,.
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The subsequent reactions describe the oxidation of graphite by KMnO, and the formation of
graphene intercalation compounds (GIC) and oxidizing agents such as Mn,0;. At this step, a
change in color of the solution to green was observed due to the dissolution of KMnO, to

MnO, (Fig. 2.2). The overall oxidation process took 24 hours.

Figure 2.2. Color change of the solution to green after the addition of KMnO;,.

In summary, the oxidation of graphite to graphene oxide involves the intercalation of graphite
by the oxidizing agents, which leads to the formation of graphite intercalation compounds
(GIC), and ultimately, the production of graphite oxide. The presence of strong oxidants, such
as NaNO; and KMnO,, enhances the oxidation process and leads to the formation of

oxidizing agents that facilitate the oxidation of graphite [1,2,3].
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2" Day
Exfoliation and Purification pr

The reactions, which took place at the step of exfoliation and purification (2™ day) of

graphene oxide, are the following:

5H,0, (aq) + 2KMnO, (aq) + 3H,SO, (aq)

— 50, (g) + MnSO;, (aq) + K,SO, (aq) + 8H,O (1) (6)
H,0; (aq) + HNO; (ag) = HNO, (aq) + H,0 (1) (7)
2MnO; (aq) + 5H,0, (aq) + 6H" (aq) = 2Mn*" (aq) + 8H,0 (1) + 50, (g) (8)

1. The solution was heated at 35 °C and stirred for 1 hour, followed by stirring for 40
minutes.
2. Subsequently, the temperature was increased to 90 °C, and 80 ml of DIH,O was added

very slowly under stirring conditions for 40 minutes (Fig. 2.3).

At this point, it is worth noting that when water was added to the original solution, a color
change to brown was observed due to the formation of oxygen-containing functional
groups in the graphite layers. These functional groups include carboxyl (-COOH),
epoxide (-O-) and hydroxyl (-OH) groups, which interrupt the continuous aromatic lattice

of the pristine graphite and render GO hydrophilicity [1].

Figure 2.3 Color change of the solution to brown after the addition of 80 ml DIH,O0.
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3. After 40 minutes, the heat was turned off, and 200 ml of DIH,O was added (Fig. 2.4).

Figure 2.4 Color change of the solution to yellow after the addition of 200 ml DIH,0.
The yellow color represents the complete introduction of the functional groups (carboxyl
(-COOH), epoxide (-O-) and hydroxyl (-OH) groups) into the pristine graphite lattice leading
to the conclusion that the synthesis of the graphene oxide has been completed.

4. 20 ml of H,0, was slowly added to the solution with continued stirring until room

temperature was reached (Fig. 2.5).

Figure 2.5 Solution after the addition of H,0, to remove impurities.
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H,0, was added to the solution acting as a reducing agent to remove oxidizing impurities.
The success of the process was confirmed with the change in color (i.e. the darker it becomes

the freer of impurities it is).
5. The entire solution was centrifuged at 9000 rpm for 5 minutes.

6. 200 ml of DIH,O was heated at 65 °C for washing the sediment after centrifugation.

7. The centrifugation and washing of the sediment were repeated three times using
approximately 90 ml of warm water each time.

8. The sediment was washed off with cold DIH,O until the pH was 7 and checked with pH
strips.

9. The GO sediment was dried in the oven at 60 °C for about 4 days (Fig. 2.6).

Figure 2.6. The GO flakes.

10. The dried GO was pulverized with a pestle and mortar until a fine powder formed and

stored in 40 ml vials for further use (Fig 2.7).
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Figure 2.7 The GO powder.

The processes aim to ensure that the graphene oxide is free of any by-products from the

previous reactions and is ready for storage and future use.

2.2 The preparation of graphene oxide dispersion

After the synthesis of the GO, its dispersion in water was prepared. This prepared solution

was then used for the electrodeposition of the material on the substrate as described in the

following sections. The steps for the preparation of the dispersion were:

1.
2.
3.

80 mg of GO was weighed.

Then 40 ml of DIH,O was added in a 40 ml glass vial.

The solution was then placed on a hot plate at 50 °C for 24 hours under stirring for
homogenization (Fig. 2.8).

The solution was then placed on an ultrasonic probe to achieve dispersion for 30
minutes in an ice bath to avoid overheating (Fig. 2.9).

Finally, it was centrifuged at 9000 rpm for 5 minutes.

The final solution was collected from the suspension after centrifugation.

33



Figure 2.8 The homogenization of the GO solution.

Figure 2.9 The GO dispersion through the ultrasonic probe.
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2.3 Substrates

Copper substrates were used for the deposition of GO on the top of them. The protocol
followed for cleaning the substrates was

1. Firstly, the copper substrates were cut into specific dimensions (1*1 cm) and polished to
remove any impurities.

2. Then, they were placed in a beaker with the addition of soapy water and transferred in an
ultrasonic bath for 10 minutes.

3. They were then rinsed with DIH,0.

4. Acetone was added to the beaker with the substrates and transferred in the ultrasonic bath
for another ten minutes.

5. The acetone was then removed and isopropanol was added to the beaker and placed back
in the ultrasonic bath for ten more minutes.

6. Finally, the copper substrates were dried using a nitrogen gas gun.

2.4 The electrodeposition of graphene oxide buffer layers

For the synthesis of graphene oxide by the electrodeposition method, the Metrohm Autolab

potentiostat/galvanostat device was used (Fig. 2.10).

Figure 2.10 The Metrohm Autolab potentiostat/galvanostat system.

The synthesis of the electrodes was carried out with a three-electrode connection as shown in
Figure 2.11. Silver/silver chloride (Ag/AgCl) electrode, graphite foil and copper substrate
were used as the reference, counter and working electrode, respectively. These three
electrodes were embedded in the graphene oxide solution during a stirring deposition process.
The first set of samples included the current parameter (0.25 mA/cm?) constant, while

changing the deposition time (3, 5 and 10 min). Then, by selecting the material for 3-min
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deposition time with the best adhesion, the effect of electrolyte with different concentrations
(0.1, 0.5 and 1 M) as well as the different ratio of graphene oxide (2:1 and 3:1 GO:H,0)
during the synthesis were further investigated. Table 2.2 below shows the different samples
prepared with the parameters used. Finally, the samples were dried in an oven at 65 °C for 15
minutes. The prepared layers were analyzed structurally, morphologically and

electrochemically.

Figure 2.11 The three-electrode electrochemical cell consisted of the Ag/AgCl (blue) as
reference, the graphite as counter (black) and the Cu substrate as working electrode (red)

along with the dispersed GO solution as electrolyte.
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Electrolyte Ratio of
Deposited Deposited | Concentration Graphene
Samples Current Time (Li,SOy) oxide/H,O
1" set of experiment
Ist 0.25 mA/cm? 3 min 01 M 2:1
2nd 0.25 mA/cm? 5 min 0.1 M 2:1
3rd 0.25 mA/cm? 10 min 0.1 M 2:1
2" set of experiment
4th 0.25 mA/cm? 3 min 0.5M 2:1
5th 0.25 mA/cm? 3 min 1M 2:1
3" set of experiment
6th 0.25 mA/cm? 3 min 0.1 M 3:1
4™ set of experiment
7th 0.5 mA/cm? 5 min 0.1 M 2:1
8th 0.75 mA/cm? 5 min 0.1M 2:1

Table 2.2 The series of samples performed and the parameters (bold) changed in each series

including deposition time, electrolyte concentration, GO:H,0 ratio and deposition current.

2.5 Characterisation techniques

2.5.1 Raman spectroscopy

Raman spectroscopy is a non-destructive analytical technique that uses scattered light to
measure the vibrational energy modes of a sample. It provides detailed information about
chemical structure, phase, crystallinity, and molecular interactions. Raman spectroscopy
relies on the interaction of light with the chemical bonds within a material, and it can be used
to analyze solids, powders, slurries, liquids, gels, and gasses. It can provide both chemical
and structural information, as well as the identification of substances through their
characteristic Raman ‘fingerprint’. It can be used in many fields, including chemistry,
biology, medicine, and materials science. At least 25 variations of Raman spectroscopy have
been developed, including surface-enhanced Raman, Raman microscopy, and resonance
Raman [4].

Raman spectroscopy is a powerful technique for characterizing GO and its derivatives,

providing insights into the material's quality and structure. GO exhibits distinct Raman peaks
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compared to pristine graphene, such as the D peak (around 1350 cm™) and the G peak
(around 1580 cm™). The D peak is associated with defects and disorder in the graphene
lattice, while the G peak is related to the in-plane vibrations of sp*-bonded carbon atoms
[4,5,6].

The Raman spectrometer system requires three primary components: a high-intensity laser, a
sample interface, and a spectrometer. The laser acts as the excitation source, providing the
high-intensity light required to obtain sufficient Raman signals for detection. The sample
interface directs and focuses the incident beam and collects the weak Raman emissions for
routing to the spectrometer. The spectrometer captures and detects all the light transmitted by
the sample interface, reporting a spectrum as a function of Raman shift relative to the laser
frequency.

Raman measurements of the samples in this study were obtained at room temperature with a

Thermo Fisher Scientific DXRxi system. The parameters used were:

1. Laser source: 532 nm

2. Lens Slit: x50

3. Laser power: 10 mW

4. Exposure time: 0.1 s (10 Hz)

2.5.2 Scanning electron microscopy/Dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) are
techniques used for targeted analysis of sample surfaces. SEM provides detailed
high-resolution images of the sample by rastering a focused electron beam across the surface
and detecting secondary or backscattered electron signals. EDS is used to provide elemental
identification and quantitative compositional information. It is possible to take advantage of
the physical interactions that occur at the sample surface to obtain chemical information. The
principle of the SEM is based on a cathode ray tube in which electrons are produced in the
cathode by passing a current through a metal filament. The generated electrons are then
accelerated towards the anode using high voltage. At the anode, the electron beam is
concentrated through a series of thin apertures and electromagnetic fields are created that
surround the column. The electron beam eventually exits the column directed towards the
surface of the sample. As the electron beam adsorbs on the sample, various physical

phenomena such as secondary electron generation takes place. Secondary electrons are
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produced by the sample itself, which is attributed to the electron energy of the incident beam.
The secondary electrons are "collected" by an off-axis detector that uses the secondary
electron to fluoresce a scintillating material on the surface of the detector, much as a cathode
ray tube uses phosphorus to fluoresce on a television screen. The fluorescent material on the
face of the detector is then translated into an electronic signal using a photomultiplier tube.
The position of this electronic signal is determined by 'scanning' the sample with the electron
beam and the detector signal is linked to that of the position of the incident beam. As
secondary electrons are produced for imaging, the interacting atom is ionized and a photon is
emitted that carries energy corresponding to the electronic transition, according to the laws of
quantum mechanics. The EDS detector is a tool used to measure this energy of emitted
photons through x-rays. The detected. X-rays are separated into energy channels based on
their interaction with the detector and form a spectrum of detected energies. With the
spectrum, the maximum energies can be identified and it can be determined which electron

transition has taken place and thus to which element it corresponds.

These techniques are widely used for material surface analysis, investigation of product
failures, reverse engineering, contaminant identification, solder joint analysis, and more [7,8].
The combination of SEM and EDS offers several advantages for materials analysis and

failure investigation [7,8]:

1. High-resolution imaging and chemical analysis: SEM provides detailed images of
sample surfaces, while EDS allows for elemental identification and quantitative
compositional information.

2. Versatility: SEM/EDS is applicable to a wide range of industries and materials,
including metals, polymers, ceramics, and composites.

3. Non-destructive analysis: SEM/EDS is typically non-destructive, which means that
samples can be analyzed without being damaged.

4. Accuracy: SEM/EDS provides precise chemical information about samples on very
small scales.

5. Sensitivity: EDS is sensitive to low concentrations, making it useful for detecting
trace elements.

6. Speed: SEM/EDS can provide quick elemental analysis, which is beneficial for
time-sensitive applications.

7. Automation: Modern SEM/EDS systems are equipped with automation features that

can save time and improve efficiency.
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8. Integration: SEM/EDS systems are often integrated, which means that users can

obtain both imaging and chemical data from the same instrument.

For the morphological analyses of the samples a Field Emission Scanning Electron
Microscope (FE-SEM) as developed on the JSM-IT700HR InTouchScope™ Field Emission
SEM (Thermo Fisher Scientific) with 10 kV up to 20 kV power and 9.8 um width was used
collecting several magnifications (from x1,500 to x50,000). All samples were subjected to Au
sputtering for 39 seconds before being placed in the microscope due to graphene oxide
fluorescence. The cross section was made at an angle of 90°, moving the holder to a vertical

position.

2.5.3 X-Ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique used to analyze the elemental composition of a material's surface, as well as its
chemical state and electronic structure. XPS is based on the photoelectric effect, in which soft
X-rays are used to eject electrons from the sample, where the kinetic energy and number of
ejected electrons are measured to determine the chemical states of the elements present. XPS
requires high vacuum or ultra-high vacuum conditions, and can detect all elements except
hydrogen and helium. It is a powerful measurement technique because it shows what
elements are present and how they are bonded. The technique can be used in line profiling of
the elemental composition across the surface, or in depth profiling when paired with
ion-beam etching [9].

XPS has been used to analyze GO and its composites, providing valuable information about
their chemical composition and structure. It is a quantitative and reliable technique that uses
X-rays to remove electrons from the C 1s and O 1s levels of graphene and related materials,
allowing the determination of elemental composition in the parts-per-thousand range and the
nature of chemical bonds [10].

For the measurements accomplished in this work, a monochromatic Al-K, source in FlexMod
(SPECS-SPECS Surface Nano Analysis GmbH) with an XR-50 X-ray source and 15kV/200

W was used.
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2.5.4 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique used to investigate the redox
properties of molecules in solution. It involves cycling the potential of a working electrode,
while measuring the resulting current. This technique is commonly used to study redox
processes, determine reaction kinetics, and investigate the stability of reaction products. CV
is performed using a three-electrode system consisting of a working electrode, a reference
electrode, and a counter electrode, as shown in Figure 2.12. The resulting data is plotted as
current versus applied potential, yielding a characteristic plot known as a cyclic
voltammogram (Fig. 2.13). CV is a powerful and widely used method in electrochemistry,

providing valuable information about the electrochemical behavior of various compounds
[11].
Some specific applications of cyclic voltammetry include:

1. Studying the redox behavior of analytes and their stability.

2. Determining the presence of intermediates in redox reactions.

3. Investigating electron transfer kinetics.

4. Measuring the diffusion coefficient of an analyte.

5. Determining the formal reduction potential of an analyte, which can be used as an
identification tool.
Quantitative analysis of chemical species in solution.

6
7. Studying the electrochemical behavior of working electrode surfaces.
8. Investigating the reversibility of reactions.

9

Determining the electron stoichiometry of a system.

Cyclic voltammetry is a versatile technique that can be used in various fields, including
analytical chemistry, materials science, and electrochemistry. It is a valuable tool in battery
research, particularly in the investigation of lithium-ion batteries. It provides essential
information about the redox properties, charge-discharge mechanisms, and electrochemical
stability of materials used in batteries. By analyzing the battery properties, CV can help in
tuning the battery reaction mechanisms, studying the influence of electrolyte concentration,
investigating the effect of electrode thickness, and understanding the impact of temperature
on battery performance. This technique is used to evaluate the behavior of various battery

components, such as electrolytes, anode and cathode materials. For instance, in the case of
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electrodes, CV can be utilized to probe the reactions of the electrode, assess the formation of
the Solid Electrolyte Interface (SEI), and provide information about charge transfer
processes. Additionally, CV can help in identifying reduction and decomposition products, as
well as in evaluating the safe voltage range for battery materials. Overall, CV is a

fundamental tool in battery research [12].

Figure 2.12 The three-electrode electrochemical cell consisted of the reference
Ag/AgCl(blue), the counter graphite (black) and the working electrode being the synthesized
sample on Cu (red) with Li,SO, acting as electrolyte.

15 -

Current (pA)
=] w o

dn

(]
el
=

11 0.9 o7 0.5 0.3
Potential (V vs Ag/AgCl)

Figure 2.13 Typical cyclic voltammogram where i,. and i,, show the peak cathodic and

anodic current, respectively for a reversible reaction [13].
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CHAPTER 3. The effect of deposition time on the synthesis

of graphene oxide

3.1 Introduction

This chapter presents the results of the structural, morphological and electrochemical
characterisation of the first series of samples. The aim is to investigate the growth mechanism
of the material using the electrodeposition technique and evaluate its impact on the
electrochemical performance of GO. In this series of experiments, the deposition current was
constant at 0.25 mA/cm® for 3, 5 and 10 min. The growth mechanism of the material in
correlation with the deposition time was studied and the basic characterization of structure,
morphology and electrochemical behavior of the synthesized materials was performed. The
characterization measurements carried out, were Raman spectroscopy to confirm the presence
of graphene oxide, SEM to obtain information on the morphology of the samples and their
thickness for the estimation of the growth mechanism, XPS to investigate the chemical
elements and their bonds, and CV to study their electrochemical behavior and stability in

continuous cycles of intercalation and deintercalation.

3.2 Raman Spectroscopy Results

The Raman spectra for the first set of samples are shown in Figure 3.1. The D and G bands in
the Raman spectrum of GO are significant indicators of the material's structural properties
and the degree of oxidation. The D band, also known as the disorder band or the defect band,
is associated with structural defects, edge effects, and dangling sp® carbon bonds that break
the symmetry. The D band is typically found at a lower wavenumber (around 1350 cm™)

compared to the G band. The G band, on the other hand, is the primary mode in graphene and

graphite, representing the planar configuration of sp” bonded carbon [2,3]. The G band is
found at a higher wavenumber (around 1582 cm™" for graphite) and is resonant, meaning it is

much more intense than expected [2,3].

45



The intensity ratio of the D and G bands (I/I;) in GO is higher than that of pristine graphite,
which confirms the presence of defects and functional groups introduced during the oxidation
process [4]. This ratio is a useful tool for understanding the material's structural properties
and the degree of oxidation. A higher I/l ratio indicates an increased degree of disorder and
defects, while a lower ratio indicates a higher degree of graphitization upon reduction. The
intensity ratio of the D and G bands (I/I;) in GO is typically around 1, indicating a moderate
level of defects in the material. However, the exact value can vary depending on the specific
sample and its degree of reduction or defect concentration. For example, the I,/I; ratio has
been reported to be around 1.08 for reduced graphene oxide (rGO) [4], and it can increase to
around 2.5 for more defective samples [5]. In this work, it was found to be close to 1 in all
samples, suggesting that the degree of disorder of the prepared graphene structure is
relatively low (Figure 3.2). Additionally, from Figure 3.1, one can observe that the sample
with 0.25 mA/cm? for 3 min deposition time may have better crystallinity than the others with

longer times due to the fact that the peak intensities are higher and the peak widths are

narrower.
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Figure 3.1 Raman spectra of synthesized samples with a constant deposition current density
of 0.25 mA/cm’ at different deposition times of 3 minutes (black line), 5 minutes (red line) and

10 minutes (blue line).
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Figure 3.2 The diagram of the 1,/1; ratio as a function with the different deposition times.

3.3 SEM Results

In order to investigate the growth of GO in relation to deposition time and its impact on the
materials morphology, SEM images were obtained. As can be seen in Figure 3.3, a more
homogeneous structure is observed for the shorter deposition time, compared to the longer
periods. In addition, the samples with longer deposition times seem to form agglomerations,
which is in agreement with the Raman results (having lower intensity). These agglomerations

probably affect the adhesion of graphene oxide on the copper substrate, causing cracks.

Figure 3.3 SEM images of a) 3 min, b) 5 min, ¢) 10 min deposition time of GO on Cu

substrate with 0.25 mA/cm’ deposition current density. The magnification in all images is x

1500 and the line is equal to 10 um.
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In the following Figure 3.4, the cross-section SEM analysis of the samples was performed to
estimate their thickness. Table 3.1 shows the thickness of the samples with different
deposition time. There is limited information on how the thickness of GO affects its
properties. However, some studies have investigated the evolution of graphene properties
during in-plane growth of graphene from RGO on Cu via CVD. The results showed a
monotonous enhancement of the structural quality of the graphene with increasing length of
the graphene from RGO [6]. Another study investigated the nucleation and growth
mechanism of tin electrodeposition on GO and found that the morphology and structure of
the deposited tin were affected by the concentration of GO and the deposition time [7].
Additionally, according to the literature, the optimization of effective parameters for
electrodeposition of graphene oxide, such as concentration, pH, scan rate, and number of
cycles, have shown to minimize charge transfer resistance [8]. The above data underscore
the critical role of adjusting processing parameters in enhancing material performance. In this
work, it is clear that the deposition time affects the thickness of the material since it is lower
for longer periods (Table 3.1). This is possibly due to the agglomerates formed in the GO

matrix, which prevent the growth of the material on the substrate (Figure 3.3).

Figure 3.4 The cross-section SEM analysis of the samples a) 3 min, b) 5 min, c¢) 10 min

deposition time with 0.25mA/cm’ deposition current density. The magnification is x15,000

and the line is equal to 500 nm.
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Deposition time Thickness (nm)

3 min 1023
5 min 761,2
10 min 785,1

Table 3.1 The thickness of electrodeposited GO for deposition time 3 min,5 min and 10 min

with 0.25 mA/cm? current density.

3.4 XPS Results

In order to further investigate the structure of GO in relation to deposition time, XPS
measurements were obtained. All analyses of the XPS spectra were performed with
Origin.Pro vol.9 software through Gaussian non-linear fitting and baseline normalization of
the peaks. In Figure 3.5 the XPS spectrum of the GO sample for 3 min deposited time with
0.25 mA/cm?® current density is shown. As can be observed, graphene oxide shows four
peaks. The peaks around ~284.6 eV are attributed to the C-C and C=C lattices of graphene.
The epoxy and phenolic -OH-bonded carbons show relative binding energy at ~286.6 eV,
while the corresponding signals of ketone, lactone and carboxyl-containing carbons are at
~290,3 eV. The signals of carbons from ketone groups located in the defect regions of the GO

samples are located at ~285.8 eV, which are also verified through the literature [9].
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Figure 3.5 Cls XPS spectra of the sample for 3 min deposition time with 0.25 mA/cm
deposition current density.

In Figure 3.6, the results from Ols spectra of GO samples confirm the Cls results according
to which the graphite structure is strongly oxidized and contains different oxygen
functionalities. Therefore, the signal around ~530 eV corresponds to the bonds O=C-OH,
~532 eV attributes to C-O and O—C=0 from carboxylic group and the signal around ~535,2
eV corresponds to phenolic —OH and epoxy groups. Ols XPS shows qualitatively that during
reduction some amount of oxygen functionalities remain on the surface. They are mainly
phenolic hydroxyl groups and epoxy groups. The reason for their incomplete reduction could
be explained with the existence of oxidative by-products on the surface of graphene oxide

[10].
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Figure 3.6 Ols XPS spectra of the sample for 3 min deposition time with 0.25 mA/cm
deposition current density.

In the XPS spectrum, by-products appear, but this was not observed in the Raman
Spectroscopy. This is due to the sensitivity of each technique. XPS provides surface
elemental and chemical state synthesis of approximately the top 10 nm of the surface of the
material. It gives information on the oxidation states of the surface and can identify
contaminants. In contrast, Raman spectroscopy provides molecular identification, offering

deeper information about the molecular structure and defects present in materials.

3.5 Electrochemical Results

The electrochemical performance of the samples was investigated through the cyclic
voltammetry technique, using a three-electrode electrochemical cell. The three electrodes
were a graphite foil, a Ag/AgCl and the sample under investigation as the counter, reference
and working electrode, respectively. The electrolyte used was 0.1 M Li,SO, and the potential
range for the cyclic voltammograms was from -0.7 V to +0.05 V with a scan rate of 30 mV/s.

All samples were first scanned and measured at different scanning rates in order to select the
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appropriate scan rate. Figure 3.7 shows the cyclic voltammograms of the three samples

synthesized with different deposition times, 3, 5 and 10 minutes.
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Figure 3.7 Specific Current-Potential curves of the samples for 3 min (black line), 5 min (red
line), 10min (blue line) deposition time with 0.25mA/cm’ deposition current density with

30mV/s scan rate.

With respect to the samples with deposition time 3 and 5 min, two anodic peaks are observed
at about -0.45 V and at -0.06 V with low intensity as well as one cathode peak at -0.08 V.
This fact leads to the conclusion that these redox peaks of the samples do not present
reversibility in the Li" intercalation/deintercalation process. It is evident that the 5-minute
sample exhibits clearer redox peaks, but the area of the curve is comparatively smaller.
Moreover, there was a noticeable material removal during the electrochemical measurement,
rendering the sample unstable. Conversely, the 10-minute sample does not display visible
redox curves. Considering all these factors, it can be concluded that the 3-minute sample
shows better electrochemical behavior and stability, thus warranting further investigation into

its performance.

The study of the electrochemical behavior of the sample at different scan rates gives
important information about the mechanism of intercalation/deintercalation of lithium ions in

the lattice of the material. Figures 3.8, 3.9, 3.10 below show the cyclic voltammograms for
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the different scan rates ranging from 5 mV/s to 50 mV/s for the electrodeposited GO on Cu
keeping the current density constant for 3, 5 and 10 min and the potential range difference

from -0,7 V to +0,05 V.
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Figure 3.8 Specific Current-Potential curves of 3 min deposition time sample at different scan

rates ranging from 5 to 50 mV/s.
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Figure 3.9 Cyclic voltammograms of 5 min deposition time sample at different scan rates

ranging from 5 to 50 mV/s.
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Figure 3.10 Cyclic voltammograms of 10 min deposition time sample at different scan rates

ranging from 5 to 50 mV/s.
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For the sample deposited for 3 minutes, a sharp peak at -0.45 V (anodic) is observed at high
scan rates, which seems to shift slightly as the scan rate decreases due to electrochemical
polarization. It is worth noting that the electrochemical polarization observed in the cyclic
voltammetry plots refers to the changes in current resulting from the redox reactions as the
potential is cycled [11]. On the other hand, there appears to be a peak at -0.08 V (cathodic),
which remains constant at different scan rates. In the 5-minute sample, these peaks are
stronger, with the appearance of an additional peak during the anodic process indicating a
non-reversible process. They also seem to shift more strongly with increasing scan rates due
to the redox reactions taking place. Finally, the redox peaks are less intense for the 10-minute

sample.

The diffusion coefficient is an important parameter that reflects the kinetics of lithium ion
intercalation and deintercalation. Based on the literature for the GO, the diffusion coefficient
values are in the range of 107'° to 10® cm? s, and they show a trend of decreasing as the cell
is discharged and charged [12]. Similarly, a study on graphite anodes revealed that the
diffusion coefficient with the galvanostatic intermittent titration technique (GITT) ranged
from 1 x 10" cm* s to 4 x 10" cm? s, The diffusion coefficient values varied with the
specific capacity and lithium concentration, and they tended to increase with increasing
lithium concentration. The study emphasized that graphite anodes exhibit sluggish diffusion
kinetics for lithium ion intercalation/deintercalation, limiting the rate capability of
commercial lithium-ion batteries [13]. In order to calculate the diffusion coefficient, the

following formula [14,15,16] was utilized

1/2 b
D = 5. 3
2.72*10" *n

2 s pxc

where,

b is the slope of the graph obtained from the plot of the maximum current of the peaks of the

voltammograms for the different scan rates as a function with the square root of each scan

rate (b = —11/2 ),
v

n is the charge of ion (Li")
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A is the area of the electrode (1*1 ¢cm?)
C is the electrolyte concentration (0.1 M)

To calculate the diffusion coefficient in the 3-min sample, the maximum current was
identified in the anodic peak at -0.45 V and in the cathodic peak at -0.08 V from the graphs of
the different scan rates (Figure 3.11).
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Figure 3.11 Diffusion Coefficient of the electrodeposited GO for 3 min.

As shown in Figure 3.11, the sample with a deposition time of 3 minutes exhibits a notably
high diffusion coefficient of lithium ions(2.1x107"° ¢m? s), consistent with findings in
literature [14]. This suggests that the rate at which lithium ions traverse the electrode material
during charging and discharging is faster. This attribute is particularly critical for
high-performance batteries, such as those employed in electric vehicles, which necessitate

swift charging and discharging capabilities.
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CHAPTER 4-The effect of electrolyte concentration on the electrochemical

performance of graphene oxide

After investigating the growth of GO at different deposition times, it was decided to study the
effect of electrolyte concentration. This is because elevating the concentration of Li" leads to

a reduction in the charge transfer resistance.
4.1 Electrochemical Results

Figure 4.1 shows the specific current-potential plots of the three samples examined with

different concentrations of lithium sulfate electrolyte.
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Figure 4.1 Specific Current-Potential curves of the samples for 0.1 M (black line), 1 M (red
line) and 0.5 M Li,SO, (blue line) as inset with 3 min deposition time for 0.25mA/cm’

deposition current density.

One would expect that with increasing concentration of the electrolyte, the specific current
would increase (i.e. more Li" for higher electrolyte concentration). However, as observed
from the results of cyclic voltammetry, this is not the case. There is probably an inhibition of

the intercalation of lithium ions into the graphene oxide lattice due to salt accumulation on
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the GO surface for higher concentration. Also, there is a decrease in the redox peaks as the
concentration increases and a shift towards the positive values of the potential meaning
probably that different processes taking place for the higher electrolyte concentration
compared with the 0.1 M.

Figures 4.2, 4.3, 4.4 below show the cyclic voltammograms of the samples with 0.1 M, 1 M
and 0.5 M of Li,SO, for 3 min deposition time and 0.25 mA/cm? current density, respectively

at different scan rates ranging from 5 mV/s to 50 mV/s.
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Figure 4.2 Specific Current-Potential graphs of 3-min GO electrodeposited sample in 0.1 M
Li,SO, at different scan rates.
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From the curves of different scan rates, similar behavior is observed in the samples with 0.1
M and 1 M electrolyte concentration (i.e. they show two anodic and one cathodic peak), with
the 0.1 M concentration exceeding specific current (higher current values and larger curve
area). The sample with the lowest electrolyte concentration (0.1 M) shows a sharp peak at
-0.45 V (anodic) at high scan rates, which appears to shift slightly as the scan rate decreases;
also, there appears to be a peak at -0.08 V (cathodic) which remains constant at different scan
rates. In the sample with the highest electrolyte concentration, the corresponding peaks
appear to be shifted to the positive direction at -0.37 (anodic), while the second peak in the
cathode remains at the same position (-0.08 V). These are more intense but appear to shift
more strongly with increasing scan rates, probably due to a more powerful electrochemical
polarization. Interestingly, the sample with an electrolyte concentration of 0.5 M seems to
behave more like a capacitor as it does not show redox peaks. This may be due to a change in
the structure of GO due to the repeated use of the dispersion in electrodeposition processes of

particular series. This aspect warrants further exploration in future research endeavors.
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Figure 4.5 Diffusion coefficient of electrodeposited GO samples studied in 0.1 M (black line),
0.5 M (ved line), 1 M Li,SO, (blue line).
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From the graph of the diffusion coefficient (Fig 4.5), one can see that in the sample with the
lowest electrolyte concentration, the diffusion coefficient of lithium-ion is higher than in the
sample with the highest electrolyte concentration. This is also consistent with cyclic
voltammetry curves. It is therefore verified that when the concentration of the electrolyte
increases, lithium ions probably have difficulty intercalating into the lattice of the material.

From the results of the electrochemical measurements, it appears that the sample with the
lowest electrolyte concentration shows better electrochemical behavior with faster diffusion
of electrolyte ions in the lattice of the material. For all of the above, it is worth further
investigating the stability of the samples in a continuous cycle of intercalation and
deintercalation. In the following section, the stability of samples with the best results
obtained for electrolyte concentration of 0.1 M and 1 M are investigated and compared, in

order to further understand and evaluate the electrochemical behavior of the two samples.

4.2 Stability of the GO 1n different electrolyte concentrations
4.2.1 Electrochemical Results

Another parameter that needs to be investigated is the stability of the buffer layer. For its
evaluation, the electrodeposited GO was continuously cycled for 1, 250 and 600 in 0.1 and 1
M Li,SO, (Figures 4.6, 4.7).
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Figure 4.6 Specific Current-Potential graphs of electrodeposited GO samples studied in 0.1
M Li,SO, for 1, 250, 500 and 600 scans.
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Figure 4.7 Specific Current-Potential graphs of electrodeposited GO samples studied in 1 M
Li,SO, for 1, 250, 500 and 600 scans.

Cyclic voltammetry diagrams show similar behavior in both samples. Two anodic peaks are
observed at about -0.45 V and at -0.06 V, as well as a cathode peak at -0.08 V (thus, the
intercalation/deintercalation of Li" process is not reversible). It is worth noting that with the
increase in scans, the specific current also increases up to 250 scans with the redox peaks
appearing at various positions. Subsequently, the specific current remains constant after 250
scans (i.e. superposition of the curves), likely due to the material undergoing a structural
change from the Ist to the 250" scan. After the 600 intercalation/deintercalation scans, a
decrease in specific current was observed due to sample deterioration as observed in the

transparent electrochemical cell.
4.2.2 SEM/EDS Results

The samples were investigated before and after the 600 scans with SEM/EDS to study
whether there was a change in their morphology. SEM/EDS analysis after 600 scans (Table
4.1 and Figures 4.8,4.9,4.10), shows that the elemental composition is altered due to possible

exfoliation of the material layers (the amount of oxygen is increased after cyclic

64



voltammetry).This is due to the fact that the interference of the aqueous electrolyte anions is

facilitated by the simultaneous formation of root species (e.g. OH and O) from the oxidation

of water (at about +1V). These radical species oxidize/break down the graphite structure

starting from the edges and result in an increase in the openings available for anions to

penetrate, as reported in a study by Adriano Ambrosi et al. [1]

After CV at% (0,1
Element Before CV at% M) After CV at% (1 M)
C 51 41 34
O 40 52 56
S 0,44 1,92 2,96
Cu 7,91 3,37 6,82

Table 4.1 The at. % of elements before and after CV of the electrodeposited GO studied in 0,1
and 1 M Li,SO, electrolyte.
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Figure 4.8 Elemental mapping and EDS of the electrodeposited GO studied in 0.1M Li,SO,

electrolyte before CV
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Figure 4.9 Elemental mapping and EDS of the electrodeposited GO studied in 1 M Li,SO,

electrolyte after CV

65



71 OKa

. Spc_005
3,000 —

2000 4 |cula

Intensity [Counts]

]c
1,000 —

Energy [keV]

Figure 4.10 Elemental mapping and EDS of the electrodeposited GO studied in 0.1M Li,SO,
electrolyte after CV
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Figure 4.11 SEM images of the electrodeposited GO studied in 0.1M Li,SO, electrolyte after
crv

As shown in Figure 4.11, the morphology of the sample after the cyclic voltammetry
measurements has changed. The continuous intercalation and deintercalation cycles appear to
have caused aggregates on the surface of the GO. Additionally, one could notice by looking
Figure 4.12 that the morphology of the electrodeposited GO sample studied in 1 M
electrolyte concentration differs from the one with the lowest electrolyte concentration.
Flake-like surfaces are in relation to the structure at the lowest concentration, due to the
possible exfoliation of the material as mentioned above. This explains the fact that the
material showed cracks after the scans were completed, as could be observed from the

transparent electrochemical cell.
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Figure 4.12 SEM images of the electrodeposited GO studied in IM Li,SO, electrolyte after
crv

4.2.3 XPS Results

To fully investigate if the samples have undergone structural alterations after the 600th scan,
XPS measurements were performed. From the XPS spectra, the initial hypothesis is verified
that after 600 intercalation/deintercalation scans, the structure of the material has been
altered. As shown in Figure 4.13, the peaks around ~284.6 eV are attributed to the C-C and
C=C lattices of graphene. The epoxy and phenolic -OH-bonded carbons show relative
binding energy at ~286.6 eV, while the corresponding signals of ketone, lactone and
carboxyl-containing carbons are at ~288,5 eV. Taking into consideration Figure 3.6, the
carbon element is different after cyclic voltammetry. More specifically, the peaks of the
ketone and quinone groups for the 0.1 M sample are shifted to the left (~286.6 eV) compared
to the same sample before recycling (~290.3 eV). A similar change is observed in the 1 M
sample in which the peak of the ketone groups is shifted flatter and lower in intensity (287.7
eV). This is probably due to the exfoliation of the material planes as suggested by Adriano
Ambrosi et al. in their study, the change in the sign of quinone-hydroquinone pairs in the XPS
spectrum is due to exfoliation of the graphene oxide planes.Furthermore, it appears that the

intensity of the D band of graphene oxide appears to have increased after cyclic voltammetry.
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This structural change also appears morphologically through the SEM images, as described in

the previous section.
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Figure 4.13 Cls XPS spectra after CV of the electrodeposited GO sample studied in a) 0.1 M
Li,SO,and b) I M Li,SO,.

The results from Ols spectra of GO samples confirm the Cls results according to which the
graphite structure is strongly oxidized and contains different oxygen functionalities.
Therefore, the signal around ~530 eV corresponds to the bonds O=C-OH, ~532 eV attributes
to C-O and O—-C=0 from carboxylic group and the signal around ~535,2 eV corresponds to
phenolic —OH and epoxy groups

From the XPS spectra of the oxygen element (Figure 4.14), in the 0.1 M sample there is a
shift in the peak of the phenolic-OH and epoxy groups (~534.2), while in the higher
concentration sample there is a significant decrease in the intensity of the C-OH bond
(~50000 a.u intensity compared to the sample before the cyclic voltammetry which was
~100000 a.u), which confirms that the graphene oxide layers have probably been exfoliated

and electrolyte ions have intercalated them.
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Figure 4.14 Ols spectra after CV of the electrodeposited GO samples studied in a) 0.1 M Li,SO,
and b) ] MLl2S04

According to all the above, we conclude that the sample with 3-minute deposition and
electrolyte concentration of 0.1 M, shows better stability. This is also verified through
structural and morphological measurements since it does not appear to have suffered any

particular deterioration after 600 scans.
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CHAPTER 5. Effect of graphene oxide ratio on the electrochemical

performance of graphene oxide

After investigating the growth of GO at different deposition times and the effect of electrolyte
concentration, it was decided to study the effect of the GO:H,O dispersion ratio, expecting
that a higher amount of GO would increase the electrical conductivity and the performance of
the materials. The solution prepared in this set of experiments had a ratio of 3:1 GO:H,O. The
electrodeposition of GO on a Cu substrate was performed for 3 minutes with a deposition

current density of 0.25 mA/cm?, as this sample showed better results.
5.1 SEM Results

Figure 5.1 shows the SEM images of the samples with GO:H2O ratios of 2:1 and 3:1,
respectively for 3 minutes deposition time with 0.25 mA/cm? deposition current density. The
sample with a ratio of 3:1 shows to form clusters probably due to the higher amount of
material deposited in the substrate. On the contrary, the thickness of the two samples (Figure
5.2) does not show any differences leading to the conclusion that the deposited material is not

related to the amount of GO in the dispersed solution.

} 3 X 1 N E S
SED 10.0kV WD 89 mm Std.-PC 37.0 SED 150kV WD 9.7 mm Std.-PC 38.0

Figure 5.1 SEM images of a) 2:1 GO:H,0 ratio and b) 3:1 GO:H,0 ratio at 3 min deposition

time with 0.25 mA/cm’ deposition current density.
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Figure 5.2 SEM images of a) 2:1 GO:H,O ratio b) 3:1 GO:H,O ratio at 3 min deposition

time with 0.25 mA/cm’ deposition current density.

5.2 Electrochemical Results

Figure 5.3 shows the Specific Current-Potential plots of the two samples synthesized with

different GO:H,O ratios.
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Figure 5.3 Specific Current-Potential graphs of samples 2:1 GO:H,0 and 3:1 GO:H,0 ratio
studied in 0.1 M of Li,SO, electrolyte.
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One would expect that by increasing the proportion of GO in the dispersing aqueous solution,
the specific current would increase or at least be of the same order of magnitude as that of the
lower ratio. However, as observed from the results of cyclic voltammetry, this does not occur.
It is possible that the increase in the amount of GO prevents the homogenisation of the
dispersion solution. Possibly, i.e. the problem occurs at the initial step of the dispersion
synthesis and its homogenisation via ultrasonic probe and for this reason it shows these
electrochemical results. Furthermore, it is important to mention that during the immersion of
the electrodeposited GO (higher ratio GO:H,0O) in the electrolyte for electrochemical
measurements, a portion of the deposit was detached from the substrate. This could explain
the lower specific current observed in CV, leading to the inference that the sample is not

stable.
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Figure 5.4 Specific Current-Potential curves of 3:1 GO:H,O ratio sample studied in 0.1 M of
Li,SO, electrolyte at different scan rates ranging from 5 to 50 mV/s.

Concerning the various scan rates (Figure 5.4), there appears to be consistency, although clear

redox peaks are absent. This is likely due to the sample's damage from the removal of the

deposit, as previously mentioned. It is noteworthy that the diffusion coefficient in the sample

73



with the highest GO ratio could not be calculated due to the lack of distinct redox peaks in the
CV graphs at different scan rates.
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CHAPTER 6. Effect of deposition current density on the electrochemical

performance of graphene oxide

In an effort to increase the effective surface area of the synthetic electrodes, the sample with a
deposition time of 5 minutes was selected to improve its stability and study the growth
mechanism at higher deposition current densities of 0.25, 0.5 and 0.75 mA/cm?®. The
characterization measurements performed were Raman spectroscopy to confirm the presence
of graphene oxide, SEM to obtain information about the morphology of the samples and their
thickness to estimate the growth mechanism, and CV to study their electrochemical behavior

and stability in continuous cycles of interference and interference.

6.1 Raman Spectroscopy Results

From Figure 6.1, one observes that the band D is slightly offset (about 1355 cm™) compared
to the theoretical value (~1350 cm™). Correspondingly, a similar displacement occurs in the
band G, which is approximately 1387 cm™ relative to the theoretical value (~1590 cm™) [1].
This behavior justifies that in graphene oxides, the D band could be related with disorder
graphitic lattice due to the presence of C sp’ bonds. For all the above, the sample with
current density of 0.25 mA/cm? (black line) for a deposition time of 5 minutes appears to
have better crystallinity than the other two with 0.5 mA/cm? (red line) and 0.75 mA/cm?
(blue line), due to the fact that the peak intensities are higher and the peak widths are
narrower.

Moreover, in the Raman spectrum, the ratio of ID/IG intensities (Fig. 6.2) in all three samples
is close to 1, suggesting that the degree of disorder of the structure of the prepared graphene

is relatively low.
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Figure 6.1 Raman spectra of synthesized samples with a constant deposition time 5 min and

deposition current densities, 0.25 mA/cm’ (black line), 0.5 mA/cm? (ved line) and 0.75 mA/cm’

(blue line).
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Figure 6.2 The diagram of the I,/1; ratio as a function with the different deposition current

densities.
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6.2 SEM Results

Figure 6.3 shows SEM images of GO samples with different deposition current densities (i.e.
0.25, 0.5 and 0.75 mA/cm?). It can be observed that there is a difference in the morphology
of the three samples. As the deposition current density increases, aggregates are formed on
the surface of the substrate with a decrease in the thickness of the deposit. (Figure 6.4 and
Table 6.1). These aggregates probably affect the adhesion of GO on Cu substrate, causing

cracking which was also observed visually (the deposit was removed very easily).

Figure 6.3 SEM images of GO samples with a) 0.25 mA/cm?, b) 0.5 mA/cm?* and c) 0.75

mA/cm?® deposition current densities on Cu substrate with 5 min deposition time. The

magnification in all images is x7,500 and the line is equal to 2 um.
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Figure 6.4 The cross-section SEM analysis of a) 0.25 mA/cm? b) 0.5 mA/cm? and ¢) 0.75

mA/cm?* deposition current density for 5 min deposition time. The magnification in a,b and c

images is x 50,000 and the line is equal to 500 nm.

Deposition current density Thickness (nm)
0.25 mA/cm? 761,2
0.5 mA/cm? 441,7
0.75 mA/cm? 179,8

Table 6.1. The thicknesses of electrodeposited GO for 5 minutes with 0.25 mA/cm’
0.5 mA/cm’ and 0.75 mA/cm’ current density.
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6.3 Electrochemical Results

The electrochemical performance of the samples was investigated through the cyclic
voltammetry technique, using 0.1 M Li,SO, and the potential range from -0.7 V to +0.05 V
with a scan rate of 30 mV/s (Figure 6.5).
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Figure 6.5 Specific Current-Potential curves of the GO electrodeposited samples with 0.25
mA/cm? (red line) 0.5 mA/cm® (black line), 0.75 mA/cm’ (blue line) deposition current density

for 5 min deposition time.

Electrodeposited GO for 0.5 mA/cm? and 0.75 mA/cm? exhibit a lower specific current, as
indicated by a smaller area under the curve, compared to the sample with the lowest
deposition current density of 0.25 mA/cm?. Additionally, it is apparent that the sample for a
deposition current density of 0.75 mA/cm? displays a distinct curve and lacks observable
redox peaks in contrast to the other two. Importantly, even in samples subjected to higher
current densities, the deposited material was removed upon immersion in the electrolyte,
indicating their instability. This is also evident from Raman spectra of the samples in which
their peak intensities are significantly lower for the highest current density. To get a more
complete view of the effect of current density on the GO growth mechanism and properties, it

would be useful to make XPS measurements in possible future work.
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Figure 6.6 Specific Current-Potential curves of electrodeposited GO for 0.25mA/cm’ at
different scan rates ranging from 5 to 50 mV/s.
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Figure 6.7 Specific Current-Potential curves of electrodeposited GO for 0.5 mA/cm’ at
different scan rates ranging from 5 to 50 mV/s.
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Figure 6.8 Specific Current-Potential curves of electrodeposited GO for 0.75 mA/cm’ at

different scan rates ranging from 5 to 50 mV/s.

Figures 6.6, 6.7 and 6.8 show the different scan rates of the three samples. As can be
observed, the sample with the lowest deposition current density shows clear peaks compared
to the other two samples, which have no peaks with the specific current much lower. This
leads to the conclusion that the differences in electrochemical performance among the

samples are related with their properties and they need to be investigated further.

According to the study accomplished in this Chapter, it is concluded that there was no
relative improvement in the properties of the material (for example on the effective surface

area) for higher deposition current density.
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CHAPTER 7. Conclusions

The immobilization of GO, prepared by the Hummer method, was successfully carried out
through the electrodeposition technique. The growth mechanism of the GO on Cu was
thoroughly examined in relation to deposition conditions and electrolyte concentration. The
structure and morphology of the GO were meticulously examined using Raman spectroscopy,
SEM/EDS and XPS. Electrochemical analysis showed a subsequent increase in specific
current over 600 intercalation/deintercalation cycles in specific current up to 2 A/gr in 600
intercalation/deintercalation cycles with 0.1 M Li,SO, electrolyte with a diffusion coefficient
2.1x10" cm* s'. The sample demonstrated satisfactory stability at different electrolyte
concentrations. In conclusion, one can conclude that graphene oxide could be a potential
buffer layer for anode electrodes for energy storage device applications.

One potential area for future research could focus on exploring the growth mechanism of
graphene oxide on various substrates, examining how different electrolytes and/or pH levels
influence this process. Additionally, there's an opportunity to delve into synthesizing
composites that incorporate GO with other carbon-based materials like activated carbon,
carbon nanotubes, and biochar. This could help confirm the efficacy of such composites as

buffer layers in the anodes and cathodes of lithium batteries.
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