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derived from the natural tree exudate known as "gum Carrageenan”, known as a highly
sustainable polymer. As a study by Senyuk et al. demonstrated, applying femtosecond
radiation to GO enables oxygen extraction from its carbonaceous structure, resulting in the
material’s reduction. When this reduction occurs within a three-dimensional network, the
reduced GO (rGO) exhibits conductivity in contrast to the electrically insulating GO
surrounding it. Consequently, this polymeric composite has the potential to serve
as a flexible circuit composed of biodegradable materials, promoting sustainability in the
field of electronics.

2. Within the implementation of the current research work, we also aim to investigate and
optimize the parameters of femtosecond pulsed laser irradiation to efficiently reduce GO to
rGO while maintaining the desired electrical conductivity and structural integrity. This
objective will focus on understanding the laser’s energy density, pulse duration, repetition
rate, and other relevant parameters to achieve the best reduction results.

3. Finally, we will conduct a comprehensive characterization of the developed composite films,
including their structural and electrical properties. For this, we will employ techniques such
as Raman spectroscopy, X-ray diffraction, scanning electron microscopy (SEM), and
electrical conductivity measurements to assess the quality and performance of the rGO and
GO-based films for their use as sustainable circuits.
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Laserem zajisténa tvorba elektrickych
obvodi na udrzitelnych a flexibilnich
filmech z oxidu grafenu

Abstrakt

Tato diplomova préce se zabyva vyvojem a néslednou redukci flex-
ibilnich a vysoce udrzitelnych kompozitnich materidli slozenych
z karagenanové matrice a disperze grafen oxidu (GO). Proces re-
dukce je realizovan pomoci femtosekundového laserového zafeni.
Jednou z hlavnich vyhod pfedstavené metody, na rozdil od alter-
nativnich redukénich technik, je moznost lokalniho vzorovani a re-
dukce povrchu GO v jednom jediném kroku bez nutnosti specidl-
nich fyzikalnich nebo chemickych podminek. Rozdilem oproti jinym
studiim, bylo zaneseni GO disperze pfimo do polymerni sité kara-
genanové matrice a nasledné ozarovani téchto GO vlocek primo
uvnitt struktury polymeru. Vysledné filmy vykazovaly rozdilnou
morfologii, rizné stupné redukce a urovné vodivosti v zavislosti
na koncentraci GO vlocek. Prostrednictvim komplexni analyzy
zahrnujici fadu zobrazovacich a analytickych technik, které jsou
objasnény v experimentalni ¢asti této prace, se ukazuje, ze filmy
vyrobené zvolenym pristupem nejsou vhodné pro pouziti v oblasti
flexibilnich obvodi. Ackoli vSechny filmy obsahujici karagenanovou
matrici vykazovaly pozoruhodnou flexibilitu, vodivost byla spiSe
podprimérna. 1 presto, ze se vodivost po ozareni zvysSuje, neni
ani zdaleka dostacujici pro vedeni elektrického proudu. Na druhou
stranu, tyto vysledky oteviraji cestu novym pohledim na celou
problematiku a moznosti vylepseni syntézy téchto flexibilnich kom-
pozitnich film, pricemz navrh nové metodologie je diskutovan
v zavéru prace.

Klicova slova: Flexibilni obvody, karagenan, oxid grafenu, re-
dukovany oxid grafenu, femtosekundova laserova redukce



Laser-based formation of circuits on
sustainable flexible graphene oxide films

Abstract

This diploma thesis focuses on the development and subsequent re-
duction of highly sustainable and eco-friendly composite materials
containing a carrageenan matrix and graphene oxide (GO). The
reduction process is carried out utilizing femtosecond laser radia-
tion. One major benefit of this method, in contrast to alternative
reduction techniques, is its capability for localized patterning and
reduction of the GO surface in a single step, eliminating the ne-
cessity for specific physical or chemical conditions. Diverging from
prior research, this study introduced GO directly into the polymer
network of the carrageenan matrix and then subjected these GO
flakes to irradiation within the polymer structure. The resultant
films displayed diverse morphology, varying degrees of reduction,
and conductivity levels contingent upon the concentration of GO
flakes. Through comprehensive analysis, involving an array of imag-
ing and analytical techniques elucidated in the experimental section
of this work, it becomes apparent that films produced using the
chosen approach are unsuitable for utilization in flexible circuits.
Although all films incorporating the carrageenan matrix exhibited
noteworthy flexibility, conductivity performance was subpar. De-
spite an enhancement in conductivity post-irradiation, it remained
inadequate for efficient electric current conduction. Nonetheless,
these outcomes pave the way for fresh perspectives and enhance-
ments in the synthesis of these flexible composite films, with a new
methodology proposition being discussed in the conclusion of the
thesis.

Keywords: Flexible circuits, carrageenan, graphene oxide, re-
duced graphene oxide, femtosecond laser reduction
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1 Introduction

Nowadays, the landscape of electronic devices is experiencing a significant trans-
formation, shifting from rigid, long-lasting, standardized models to wearable, high-
performing, and multifunctional components [1]. Among these advances, flexible
electronics have emerged as a notable innovation. Soft, stretchable substrates
play a crucial role in the fabrication of flexible electronics, with polymer films like
polyethylene terephthalate [2], polyimide [3], and various elastomers [4] being com-
monly utilized for this purpose. However, a major drawback associated with these
substrates is their lack of degradability, which raises concerns about the accumu-
lation of electronic waste in the future. Addressing this issue is imperative for
sustainable technological progress [5].

One potential avenue for resolving this challenge lies in utilizing substrates derived
from natural materials such as polysaccharides, lipids, and proteins. These mate-
rials offer the advantages of abundant availability, non-toxic properties, and rapid
decomposition under specific environmental conditions [6]. Carrageenans, a type
of natural polysaccharide extracted from red seaweed, stand out as a particularly
promising option. In addition to the favorable attributes mentioned earlier, car-
rageenans demonstrate exceptional gelling and film-forming capabilities [7]. Films
derived from carrageenan are inherently biodegradable, with the ability to decom-
pose almost entirely within a week when exposed to soil, presenting a viable pathway
for the development of eco-friendly films [8].

Nevertheless, the presence of a flexible substrate alone does not suffice to create
a flexible circuit. It is essential to establish paths of conductive material on the
substrate’s surface, with various metals being the preferred choice due to their low
resistivity and high conductivity [9]. For example, copper is renowned for its ex-
ceptional conductivity, characterized by a resistivity value on the order of 1.72-1078
Q-m. However, the finite nature of metal resources raises concerns about their long-
term availability, prompting research into alternative conductive components like
carbon allotropes, conductive polymers, and ionic liquids as potential substitutes
for metals [10]. Graphene, a member of the 2D materials family, possesses un-
paralleled properties that make it highly appealing for diverse applications. In the
realm of flexible circuits, its remarkable electrical conductivity and flexibility are
particularly advantageous [11]. Nonetheless, the challenges associated with large-
scale isolation of graphene contribute to its relatively high cost in manufacturing
processes [12].
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One of the methods for producing a graphene-like material on an industrial scale
involves reducing GO to form rGO. While the conductivity of rGO may not match
that of pristine graphene, it is deemed adequate for the development of circuits [13].
Moreover, the easy dispersibility of GO in water enables solution processing, making
it compatible with various flexible electronics manufacturing techniques like inkjet
printing and dip-coating [14]. The presence of oxygen-containing groups and de-
fects in the carbon structure of GO renders it a compelling material for diverse
applications, particularly due to the dielectric properties conferred by the oxygen-
containing groups [15]. Laser reduction methods, notably, are favored for reducing
GO as they allow high-speed local patterning of GO without necessitating specific
physical or chemical conditions. This approach streamlines the reduction of the GO
surface while simultaneously tailoring it to the desired pattern, proving to be an
efficient strategy for producing electrical circuits [16].

This study delves into the fabrication and laser reduction of carrageenan-based
composite films incorporating dispersed GO flakes, with variations in structural
and electrical characteristics achieved through different GO concentrations. The
GO utilized in this research will be obtained through electrochemical exfoliation,
a highly promising environmentally friendly technique known for its high efficiency
and cost-effectiveness [17]. For the manufacturing of flexible films, a straightforward
experiment was selected, specifically the direct incorporation of GO into the polymer
matrix. This choice aims to guarantee the films’ exceptional sustainability and the
feasibility of mass production. Following this, the films’ surface underwent irradia-
tion with femtosecond laser radiation, with the expectation of creating conductive
pathways enveloped by an electrically insulating network of the polymer alongside
pristine GO. Consequently, this polymer composite holds potential as a sustainable
flexible circuit composed of biodegradable materials, thereby advancing sustainabil-
ity in the realm of electronics.

The theoretical segment aims to acquaint the reader with flexible circuits, car-
rageenans, graphene, and GO, offering insights into their structures, properties,
applications, and production methodologies. Notably, the section scrutinizes rGO,
focusing on various GO reduction techniques, with a detailed exploration of reduc-
tion via femtosecond laser radiation and its potential mechanism. The experimental
phase of the study is primarily geared towards fabricating the previously outlined
highly sustainable flexible films based on carrageenan and elucidating their proper-
ties through a diverse array of characterization techniques.

13



2 Flexible circuits

The notion of flexible electronics has been around for many years. Essentially,
anything that is thin or elongated can be rendered flexible. Advancements in con-
ductive polymers, organic semiconductors, and amorphous silicon have significantly
enhanced flexibility and processability, making these materials the foundation for
electronic devices in scenarios necessitating bending, rolling, folding, stretching, and
other characteristics that traditional electronics cannot provide [18]. The interpreta-
tion of flexibility varies based on the specific application. It ranges from bending and
rolling for the easier manipulation of large-area photovoltaics to conforming to irreg-
ular shapes, folding, twisting, stretching, and deforming for electronic skin devices,
all while upholding device performance and dependability [19]. Flexible circuits are
a crucial element of flexible electronics, typically built on flexible substrates. The in-
terest in this field has expanded to encompass not just flexibility but also attributes
like stretchability - the capacity of a circuit to endure substantial stresses without
failing, and healability, which can be accomplished by using elastomeric substrates
with robust molecular interactions [20]. Similarly, biocompatibility and biodegrad-
ability have been made possible through polymers that do not cause harm to the
body and can be disintegrated into smaller components post-use [19].

The advancement of flexible circuits frequently involves the combination of a va-
riety of materials, including organic semiconductors, inorganic nanomaterials such
as nanowires and nanotubes, and thin oxide films to achieve specific characteris-
tics [21]. The challenge, however, remains in developing a rapid and cost-efficient
approach to creating highly conductive flexible circuits, a key hurdle in bridging
the gap between laboratory-scale experimentation and industrial implementation.
Various innovative techniques like nanoimprinting, screen printing, dip-pen lithog-
raphy, microcontact printing, inkjet printing, and LightScribe have been utilized
for fabricating micro- or nano-flexible circuits [22]. A clear example of this is the
case of a method that involves using silver nanowires as foundational elements on
polydimethylsiloxane films to construct flexible circuits [23]. Inkjet printing has
also been applied to produce extensive flexible circuits with exceptional electrical
conductivity and mechanical flexibility [24]. Laser processing, in addition, has been
employed to generate circuit patterns on flexible substrates, enabling the develop-
ment of multi-layered circuits for flexible electronics [16, 25]. Creating flexible cir-
cuits, therefore, encompasses a blend of inventive materials, printing technologies,
and patterning techniques to achieve high-performance, malleable, and stretchable
electronic components.
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Because of these characteristics, flexible circuit technology has rapidly found its
way into various applications (Fig. 2.1) and has become a key component in nu-
merous products, progressing towards developing modern, flexible electronics that
often possess stretchability characteristics [20]. These flexible electronics encom-
pass lighting and display technologies utilized in consumer electronics, architecture,
textiles, and wearable devices embedded with sensors to monitor health and be-
havior [26]. Moreover, they include implantable electronics for enhanced medical
imaging and diagnostics and contribute to enhancing the capabilities of robots and
unmanned aircraft through lightweight and adaptable energy-harvesting devices and
sensors [27].

In the present era, there is a rising focus on ecology and environmental issues,
with a growing concern for the future. Yet, the annual production of electronic de-
vices keeps rising, often incorporating polymers as a base material (e.g. polyethylene
terephthalate, polyimide), which are usually resistant to degradation [28]. Thus, the
widespread use of these materials raises concerns about the rapid accumulation of
electronic waste. To give an idea of this problem’s magnitude, the estimation for
the worldwide production of electronic waste escalated to 53.6 million tons as of the
year 2020, translating to an average of 7.3 kg per individual. This is a figure that
could surge to a staggering 74.7 million tons by 2030. Surprisingly, in the year 2019,
only 17.4 % of the electronic waste generated was subjected to the recycling process,
primarily due to the complexities involved in the recycling procedures and the pres-
ence of suboptimal policies governing the recycling industry [6]. Environmentally
friendly functional electronic devices with strong degradability could offer a solution
to this issue. Polysaccharides like carrageenans, being among the most abundant
natural polymers, have demonstrated significant potential for the creation of eco-
friendly functional electronics due to their cost-effectiveness, ease of processing, and
ability to biodegrade, e.g., in soil [8].

Sensor

E-skin Circuit
~ —
Flexible
electronics
RFID B Cell

= g
' Display |

Figure 2.1: An illustrative depiction showcasing the primary use of flexible electron-
ics and its influence on society
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3 Carrageenan

With the increasing awareness of environmental conservation, there is a growing
interest in bio-based polymers due to their abundant availability, non-toxic na-
ture, and ability to degrade rapidly under specific temperature and humidity con-
ditions. Consequently, various biomaterials, including polysaccharides, lipids, and
proteins, are continually under scrutiny [6]. Among these, carrageenans (CGs), rich
in hydroxyl groups, are particularly promising, not only for their aforementioned
attributes but also for their remarkable gelling and film-forming capabilities [7].
Moreover, films derived from CG can almost completely degrade within a week
when exposed to soil, offering the potential for producing environmentally friendly
and readily degradable films [8].

CGs are polysaccharides extracted from specific types of red seaweed such as Fu-
cheuma cottonii, Mastocarpus stellatus, and Hypnea musciformis [7]. Typically,
commercial seaweeds contain 30-60 % CG by dry weight, but this can reach 70-80
%. CG is found in both the cell wall and the intercellular matrix of plant tissue,
with minimal cellulosic material forming the core of microfibrils positioned around
the outer cell wall for reinforcement [29]. These seaweed species consist of copoly-
mers of 3,6-anhydrous-galactose (3,6-AG) and D-galactose connected by a — 1,3
and [ — 1,4-glycosidic bonds. Traditionally, CGs are categorized into six main
types - Iota (¢)-, Kappa (k)-, Lambda (A)-, Mu (u)-, Nu (v)- and Theta (6)- CG,
based on the number and positions of sulfate groups, a classification crucial for both
chemical identification and industrial production due to the different sources of CG
subtypes [30].

The three most significant commercial CGs are ¢-, k-, and A-CG. The dimers
of k-, t- and A\-CG contain one, two, and three sulfate ester groups, respectively,
resulting in calculated sulfate contents of 20%, 33%, and 41% (w/w) respectively.
As each natural CG is a complex polysaccharide based on galactose, with varying
quantities of sulfate esters at different positions and distributions, the term disaccha-
ride repeating unit is used to describe the idealized structure [29]. For instance, the
configuration of k-CG, utilized in the context of this study, is depicted in Figure 3.1.

CGs are insoluble in organic solvents, oils, and fats but soluble in water. Solubility
in water is primarily influenced by the levels of sulfate groups (highly hydrophilic)
and the accompanying cations [8]. The primary ionizable cations present in CGs
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include sodium, potassium, calcium, and magnesium. Therefore, the ratio of sul-
fate fractions and the balance of cations in the water solution play a key role in
determining the viscosity of solutions or the strength of gels formed by CGs [31].

Various techniques can be utilized for CG extraction, such as alkaline solvents,
ultrasonic-assisted, and microwave-assisted methods. While alkaline solvents are
the most commonly employed, they are complex and time-consuming [32], whereas
ultrasonic-assisted and microwave-assisted methods offer several advantages. These
methods have shorter extraction times, lower energy consumption, and higher yields,
making them increasingly popular. For instance, ultrasonic extraction can yield 50—
55 % of CGs in just 15 minutes with an ultrasound power of 150 W [33]. Moreover,
microwave-assisted extraction is useful for samples with high moisture content, as it
can quickly heat both the samples and the solvent. However, proper parameter
adjustments are crucial, as they significantly impact the yield of CGs [34]. It’s also
important to note that these extraction methods can affect the structure, bioactivity,
and composition of CGs. Therefore, the future direction of CGs extraction methods
is likely to involve a combination of various extraction technologies.

Regarding their applications, CGs have a broad spectrum of potential utilization
in various fields owing to their diverse characteristics and uses. Within the food
industry, CGs are extensively employed for their thickening, gelling, and stabilizing
properties. They serve as binders and stabilizers in meat-processing applications,
contributing to producing items like patties, sausages, and low-fat hamburgers [35].
Additionally, CGs play a significant role in developing packaging materials with
unique properties for food-related purposes [36]. In cosmetic products, CG is used
in everyday products such as soap, toothpaste, and sunscreen cream, mainly serv-
ing as moisturizing and stabilizing agents [37]. Furthermore, CG oligosaccharides,
the byproducts of CG degradation, show diverse biological effects on human health,
such as antioxidant, antitumor, immunomodulatory, anti-inflammatory, and antivi-
ral activities [7]. Lastly, due to their exceptional gelling and film-forming capabili-
ties, CGs could theoretically be used for the production of sustainable, flexible, and
biodegradable films. These films could serve as a basis for eco-friendly flexible cir-
cuits, where metals could potentially be replaced by more sustainable and available
compounds such as graphene, GO, and its reduced form [6, 8, 38].

CH,OH CH,
0,50

OH OH

Figure 3.1: Chemical structure of k-CG
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4 Graphene and its derivatives

4.1 Graphene

In nature, the materials chosen for a specific purpose are primarily determined
by their availabilities at the precise moment they are required. To date, scientists
specializing in materials have a wide range of materials at their disposal, each with
distinct properties, enabling them to craft composites and devices inspired by bio-
logical systems and which can even surpass their natural counterparts in terms of
performance [38]. Among these materials, graphene stands out prominently. This
two-dimensional wonder, part of the illustrious 2D materials family, was unveiled to
the world’s scientific community as an easily accessible material in 2004 by Andre
Geim and Konstantin Novoselov, distinguished researchers from the University of
Manchester, United Kingdom, who were honored with the Nobel Prize in Physics in
2010 for their breakthrough. Through a methodical process involving adhesive tape
and carefully peeling layers from highly oriented pyrolytic graphite, they isolated
a single atomic layer, now renowned as graphene [39]. This mechanical exfoliation
method is just one facet of graphene’s intricate synthesis, explored further in subse-
quent sections. Notably, the roots of graphene research trace back to the mid-20th
century, with Canadian physicist P. Wallace’s theoretical musings on 2D carbon
nanostructures [40]. Building on this foundation, Boehm and Hofmann made strides
in the 1960s, endeavoring to create ultrathin layers of reduced graphite oxide. It
was not until 1986 that the term “graphene” found its place in scientific discourse,
thanks to Boehm and colleagues [41].

Graphene, a marvel of carbon allotropy, manifests as a single layer of tightly
knit carbon atoms, arranged in a hexagonal lattice akin to a honeycomb (Fig. 4.1).
This lattice serves as the cornerstone for various carbon configurations; its layers
may be fashioned into 0D fullerene, rolled into 1D nanotubes, or stacked to form
3D graphite [42]. According to the ISO/TS 21356-1:2021, graphene can only con-
sist of a maximum of 10 layers; any more layers are classified as graphite instead
of graphene. The carbon atoms present in the structure exhibit sp? hybridization,
which is a phenomenon that occurs when the electron orbitals of the carbon atom
are rearranged to form three new hybrid orbitals that are in a combination of s and
p orbitals [43]. This hybridization facilitates the formation of three sigma bonds,
resulting in a trigonal planar geometry, each bond measuring approximately 0.142
nm. Simultaneously, the fourth electron in the p, orbital forms a 7 bond oriented
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out-of-plane, as it overlaps with neighboring orbitals. Collectively, these m bonds
contribute to the formation of 7m-bands and 7*-band, underpinning graphene’s dis-
tinctive electrical properties [44, 45]. Furthermore, these properties are intricately
tied to the surface morphology of both the graphene and its substrate [46].

Figure 4.1: Ideal graphene structure

Graphene boasts an extraordinary array of properties poised for application in
crafting materials with diverse and remarkable characteristics [11]. While graphite
is typically viewed as an inorganic compound due to its relatively inert nature,
graphene exists in a realm of ambiguity, embodying both organic and inorganic
properties within its structure. This duality becomes particularly pronounced when
graphene undergoes oxidation, transforming into GO, which features functional
groups mirroring those found in organic compounds like proteins and biopoly-
mers [38]. In terms of its intrinsic properties, graphene showcases an exception-
ally vast theoretical specific area, measuring approximately 2630 m?-g~!, marking
a remarkable trait of this material. Moreover, its intrinsic mobility is unparalleled,
boasting a theoretical value of 200,000 cm? V~1.s7! [47]. Additionally, it exhibits
an extraordinary Young’s modulus, which surpasses any other material with a value
of approximately 1 TPa. Furthermore, graphene showcases an exceptional ther-
mal conductivity that is significantly high, measuring around 5000 W-m~'-K~! [11].
Despite its single-atom thickness, graphene possesses remarkable light-absorption
capabilities, absorbing a significant portion (7o ~ 2.3 %) of incident white light,
where « index belongs to the so-called fine structure constant, which is described
by Eq. 4.1. The number of graphene layers can be deduced from its absorbance
value, as it grows linearly with the number of layers [48]. Moreover, its exceptional
elasticity renders it highly adaptable and flexible [11].
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a=—, (4.1)

where e is the elementary charge, h is the reduced Planck constant, ¢ is the speed
of light in vacuum.

Given its myriad structural advantages, graphene often earns the title of a rev-
olutionary material [49]. It is hardly surprising, then, that graphene boasts an
extensive array of potential applications, only a handful of which are highlighted
here. First and foremost, in the realm of electronics, graphene finds its place in
high-frequency transistors [50], memory devices [51], flexible circuits [52], and so-
lar cells [53]. Its versatility extends to various sensor types, leveraging not just its
conductivity but also the fact that each carbon atom serves as a surface atom [54].
Biomedical research also embraces graphene’s potential, employing it in targeted
therapy, drug delivery systems, and tissue scaffolding to promote regeneration [55].
Furthermore, due to its mechanical prowess and lightweight nature, graphene inte-
grates seamlessly into various composite materials and numerous other fields [56].
However, it is essential to note that while graphene-based products show immense
promise, most are still confined to laboratory settings, with only a handful making
it to market [57]. The primary hurdle lies in the cost and quality of graphene pro-
duction, which often hinders its practical application. Labs worldwide are diligently
addressing this challenge, striving to develop a production process that is rapid,
scalable, environmentally sustainable, and cost-effective, thus ushering in an era of
unparalleled graphene utilization [12].

4.1.1 Graphene synthesis

Graphene synthesis primarily revolves around two approaches: the top-down and
bottom-up methods. In the top-down approach, graphene is derived by isolating
and delaminating layers from graphite, whereas the bottom-up method involves
chemical reactions to construct graphene from atomic-sized precursors [43]. Vari-
ous techniques are employed for graphene preparation, including different forms of
exfoliation such as mechanical [58], liquid phase [59]), chemical vapor deposition
(CVD) [60], thermal decomposition of silicon carbide [61], un-zipping carbon nan-
otubes (CNTs) [62], and GO reduction [63]. Among these methods, mechanical
exfoliation stands out for yielding high-quality graphene from natural multilayered
structures or growth substrates. This conventional technique involves interfacial
peeling and intralayer tearing, which can be tailored based on material charac-
teristics, geometric structure, and exfoliation kinetics. Despite producing superior
graphene, this process is time-intensive and offers low yields, rendering it impractical
for industrial-scale production and primarily confined to laboratory research [64].

In CVD, on the other hand, gas species introduced into the reactor traverse a high-
temperature zone. At the metal substrate interface, hydrocarbon precursors undergo
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decomposition, yielding carbon radicals that self-assemble into graphene layers. The
choice of metal substrate, in addition, significantly impacts graphene quality, as it
catalyzes the reaction. Transition metals like Pt, Co, Pd, Ni, and Cu are commonly
utilized as catalysts [65]. Thus, while CVD holds promise for large-scale graphene
production, the subsequent transfer of graphene to an electrically non-conductive
substrate presents a significant challenge, particularly for industrial applications.
In contrast, thermal silicon carbide decomposition obviates the need for graphene
transfer in electronic device synthesis. Brief heating prompts Si atoms to desorb,
owing to their higher vapor pressure compared to carbon, leaving behind rearranged
carbon atoms forming graphitic layers [61].

Lastly, GO reduction produces rGO, a material akin to graphene. The inclusion of
GO and rGO in graphene synthesis expands possibilities for chemical modifications,
enhancing applications and easing production of this otherwise inert substance on
an industrial scale [16, 66]. Further discussion on this method will be elaborated in
the subsection “GO synthesis”.

4.2 Graphene Oxide

GO is a remarkable carbon-based material distinguished by its two-dimensional
structure. Derived from graphene, GO comprises a single layer enriched with oxy-
gen functional groups, including hydroxyl, carboxyl, and epoxy oxygen groups, dis-
tributed across its basal plane and edges. This unique composition results in a blend
of sp? and sp® hybridized carbon atoms. Analogous to graphene, a single-layer
structure is termed GO, whereas a structure with eleven or more layers is denoted
as graphite oxide [67].

Various models of GO have been proposed through diverse analyses and theo-
retical simulations. Among these, the L-K model, devised by Lerf and Klinowski
in 1998, has gained widespread acceptance, particularly for moderately oxidized
GO [68]. The L-K model (Fig. 4.2) delineates two distinct regions within GO:
regions characterized by six-membered aliphatic rings and those featuring nonoxi-
dized benzene aromatic rings. The extent of material oxidation determines the size
of these regions. According to this model, hydroxy and epoxy groups attach to
the layer of aliphatic and aromatic six-membered carbon rings, while carbonyl and
carboxyl groups are predominantly situated around the edges [69]. However, actual
GO may exhibit imperfections such as topological defects, adatoms, vacancies, and
adsorbed impurities [70].

The properties of GO heavily rely on the synthesis method employed, which influ-
ences the type and quantity of oxygen-containing groups present in the material [71].
In contrast to its hydrophobic precursor, graphene, GO displays a hydrophilic na-
ture, enabling it to disperse readily in various solvents, particularly water. Addi-
tionally, the oxygen-containing functional groups serve as reactive sites for chemical
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Figure 4.2: Chemical structure of GO based on L-K model

modification or functionalization of GO, thereby facilitating the development of GO-
based materials [14]. Moreover, GO serves as a versatile precursor for synthesizing
graphene derivatives such as fluorographene, bromographene, and graphane, among
others [68]. While these oxygen-containing groups can mitigate certain drawbacks
of graphene, they can also render GO electrically insulating [15].

4.2.1 GO synthesis

The process of synthesizing GO begins with the oxidation of graphite powder to
create graphite oxide, followed by exfoliating its particles using ultrasound to pro-
duce flakes of GO. Various methods are employed in the synthesis of graphite oxide,
including the classic Hummers method, Brodie method, Staudenmeier method, and
Tour method [71]. Additionally, GO can also be formed during the electrochemical
exfoliation process when graphite electrodes are utilized in the presence of sulfuric
acid or other acidic electrolytes [72]. These methods offer a range of choices for
researchers seeking to synthesize graphite oxide for different applications in the field
of materials science.

The Hummers and Offeman method, published in 1958, is widely recognized
as a classic and commonly used approach. This method, known for its relative
rapidity, offers a safer alternative to chlorate-based methods such as the Brodie
and Staudenmeier methods [73]. Its enhanced safety stems from the prevention of
explosive ClO, formation during the reaction. The Hummers method involves the
use of an excess of potassium permanganate, sulfuric acid, and a small quantity
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of sodium nitrate on graphite. Upon completion of the reaction, any excess potas-
sium permanganate is neutralized using a diluted HyO4 solution, resulting in the
formation of non-toxic byproducts that can be easily eliminated. Despite its ability
to yield a considerable amount of colloidal suspension and powder product, this
method falls short of environmental standards due to the release of NO, during the
reaction. Additionally, the resulting GO often contains traces of sulfur (up to 6
%) and nitrogen, likely due to covalently bound sulfates and nitrates or adsorbed
sulfuric and nitric acids. Consequently, various research groups have made strides
in refining the preparation method [74].

A notable improvement came in 2010 with the development of a refined tech-
nique to GO with a heightened degree of oxidation by modifying the Hummers
method. Instead of sodium nitrate, phosphoric acid (H3PO,) was employed to facil-
itate oxidative chemical exfoliation of graphite, resulting in a higher yield of GO [75].
Phosphoric acid serves multiple functions as a dispersing and etching agent, as well
as a stabilizer of the oxidation process, ensuring the safety of GO synthesis. Com-
pared to other preparation methods, GO produced using the Tour method exhibits
a greater degree of oxidation and a more regular structure with fewer defects in the
basal plane [76]. However, a drawback is that the oxidation time for graphite to be
converted into GO using Tour’s method is more time-consuming than the Hummers
method, rendering it economically impractical for large-scale GO production [77].

Unlike these synthetic practices, electrochemical exfoliation emerges as a promis-
ing avenue for large-scale graphene or GO production, offering notable benefits such
as high productivity, cost-effectiveness, and environmentally friendly processes [78].
This method achieves graphite exfoliation by continually intercalating electrolyte
ions or charged particles into the graphitic layers, facilitated by either cathodic or
anodic potential. Cation intercalation, for instance, circumvents the need for oxidiz-
ing conditions, thereby averting the introduction of oxygen-containing groups into
the final graphene products. However, this typically yields multilayer graphene, ne-
cessitating laborious isolation. Conversely, anion intercalation is a swifter process,
often completed in less than an hour. Nevertheless, employing positive potentials
in anion intercalation results in the decoration of graphene with functional oxy-
gen groups, especially evident when sulfuric acid or other acidic electrolytes are
employed [79]

4.3 Reduced Graphene Oxide

GO can recover its graphene-like properties through additional reductive exfoli-
ation processes, transforming into a material closely resembling graphene, known
as tGO [80]. However, rGO retains some introduced groups from the oxidation
process within the GO layer, particularly those resistant groups located at the
edges, leading to distinct properties, notably reduced conductivity compared to
graphene [13]. Despite this, the process provides a cost-effective and scalable means

23



for producing graphene-based materials in large quantities, making rGO a practical
compromise between graphene and GO [81]. Moreover, the characteristics of rGO
can be finely tuned by controlling the extent of GO reduction, offering manipulation
of crucial properties through the regulation of the reduction procedure [13].

Various techniques, including chemical, thermal, and light-assisted treatment and
reduction mediated by biological microorganisms, have been employed for GO re-
duction, each with its own advantages and drawbacks [80]. Chemical reduction
is a commonly used method for reducing GO dispersions and large-scale produc-
tion of graphene powders, either at room temperature or with mild heating. While
effective, efficient reducing agents like hydrazine hydrate and sodium borohydride
often pose hazards due to their corrosive or explosive nature. Additionally, using
surfactants during GO processing requires thorough purification, limiting rGO appli-
cations in biological systems [82]. Efforts to find non-toxic alternatives to traditional
reducing agents have resulted in substitutes with lower reduction efficiency, which
may aggregate due to strong — stacking and Van der Waals interactions between
rGO sheets [83].

Thermal reduction involving heating GO to temperatures exceeding 150 °C fa-
cilitates converting oxygen-containing groups into volatile compounds. However,
to produce highly conductive rGO films, annealing often requires temperatures sur-
passing 1000 °C, primarily generating CO, alongside other substances like CO, HO,
and various organic molecules [84]. Although less harmful than chemical methods,
thermal annealing results in imperfections in rGO films due to elevated defect con-
centrations caused by the partial removal of carbon alongside functional groups [85].

On the biological front, some microorganisms can metabolize and transfer elec-
trons, inspiring research into rGO synthesis through incubation with microorgan-
isms. For instance, species like Shewanella can reduce GO through respiration under
anaerobic or aerobic conditions, transferring electrons to GO during bacterial respi-
ration [86].

Light-assisted techniques, such as laser methods, offer advantages over other
methods. These techniques allow precise control of the carbon and oxygen atom ra-
tio in GO without impurities and high-speed local patterning of GO without specific
physical or chemical conditions. This chemical-free approach enables the creation
of conductive patterns with a resolution of up to 1 um, without the need for clean
space and masking required in more costly lithographic methods [87]. Additionally,
the laser reduction method permits adjustment of the reduction degree by modi-
fying laser parameters, such as wavelength, mode, pulse duration, power density,
and environment, offering versatility compared to many existing methods [13]. This
stands in contrast to methods like lithography, which typically involve patterning
graphene either before or after production [16].
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4.3.1 Mechanism of GO reduction by laser

In recent years, laser reduction of GO has gained significant traction as a straight-
forward, effective, and cost-efficient technique for material modification [88]. By
leveraging the combination of graphene lattice and pulsed laser irradiation under
diverse environmental conditions, this method offers avenues for functionalization,
reduction, ablation, and the creation of 2D and 3D micropatterns, rendering laser
processing highly appealing for the fabrication of graphene-based devices [66]. Fig-
ure 4.3 illustrates the intricate interplay between the laser and GO during this
process. In this study, we delve into the reduction of GO using femtosecond laser
radiation, with a specific focus on elucidating the unique mechanisms associated
with this particular pulse duration.

Laser beam
rGO pattern

Petri dish GO film

1

Figure 4.3: The general scheme of the laser reduction of GO in patterned lines

The evolution of graphite structure and changes in chemical content in GO give
rise to a unique process of reduction and nanopatterning when employing femtosec-
ond laser pulses, setting it apart from similar processes in other metals, semicon-
ductors, and non-conductors [89]. Laser reduction mechanisms typically fall into
two primary categories: photochemical (non-thermal effect) and photothermal re-
duction (thermal effect). Initially, when femtosecond laser radiation interacts with
materials, photochemical reduction initiates a non-thermal, rapid excitation of elec-
trons from bonding to antibonding states. This prompts a significant weakening of
the C-O electron bond near the top of the valence band, leading to the immediate
elimination of oxygen [63]. Consequently, some weakly bound carbon atoms are
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also removed, resulting in an increase in defect density. Femtosecond laser irradia-
tion generates a multitude of excited photons that produce freely moving electrons
and holes, facilitating the reduction of GO to rGO [90]. As the process progresses,
photothermal reduction gradually takes place, with the cumulative effect of pulsed
laser generating heat, inducing the pyrolysis of GO. This leads to the decompo-
sition of oxygen-containing functional groups such as hydroxyl (—OH), carboxyl
(—COOH), and oxygen bridges (C—O—C) into CO, COs, and H5O, which are then
eliminated [63]. During this phase, the carbon lattice undergoes thermal relaxation,
forming conjugated hexagonal sp? structures [25].

The fundamental process of periodic nanopatterning and femtosecond laser reduc-
tion of GO primarily involves excited surface plasmon polaritons (SPPs) and the
photochemical elimination of oxygen-containing groups. Initially, during femtosec-
ond laser-induced periodic nanopatterning, the photochemical impact plays a crucial
role in eliminating certain carbonyl and hydroxyl groups situated at the edges of
the GO nanosheet due to rapid excitation from the laser pulses [89]. Photochemical
reduction of GO occurs when the binding energy of femtosecond-laser-reduced GO
(Fs-LrGO) reaches around 9 mJ-cm™2. Simultaneously, the 2.7 to 3.1 eV energy
gap for sp? hybridized carbon in GO displays a nonlinear optical response under
femtosecond laser irradiation [91]. The two-photon absorption of the sp? domains of
GO becomes more prominent, transitioning the optical and electrical characteristics
of Fs-LrGO from insulating to conducting by a significant increase in excited free
electrons. Through the interaction of ultrafast light waves with surface charge oscil-
lation, SPPs on the surface of Fs-LrGO are activated. SPPs are essentially partially
longitudinal electromagnetic waves, with their frequency and amplitude dependent
on the coupling between the incident laser and excited surface electrons [92]. More-
over, the absorbed laser energy by Fs-LrGO can combine with the SPP to generate an
SPP standing wave around specific nanoholes and nanogrooves on the rough surface.
Once the accumulated energy from the SPP standing wave surpasses the ablation
threshold (20 mJ-cm™2) required for nanopattern formation, the initial high-spatial-
frequency LIPSS (HSFL) is produced. Subsequently, the interaction between HSFL
and the incident laser can alter the distribution of SPPs. Low-spatial-frequency
LIPSS (LSFL) is created by the interference of light waves and HSFL on the sur-
face. With the increase in incident fluence, the local field enhancement around the
laser-induced periodic surface structures (LIPSS) can selectively absorb more laser
energy, displaying a resonance enhancement absorption effect. Consequently, the
depth of the laser-induced periodic nanopattern escalates, forming 3D cross-linked
LIPSS and flake-groove structures due to the local field enhancement effect [89].
Additionally, the sp-hybridized carbon atoms are converted to sp? hybridization,
enhancing the conductivity of Fs-LrGO [25].

The reduction of Fs-LrGO is influenced by various parameters, with the most
significant being laser fluence. Adjusting the laser fluence can change the degree of
reduction and properties such as structure and conductivity [93]. When the laser
fluence is approximately 9 mJ-cm~2, there is no apparent change in the surface mor-
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phology of the irradiated GO, suggesting that the laser energy is below the threshold
for Fs-LrGO nanopatterning. As the fluence increases, some LIPSS microwells ap-
pear on the irradiated Fs-LrGO surface compared to the original GO surface. At
around a fluence of 20 mJ-cm~2, the area of periodic wavy structures expands, re-
sulting in the reorganization of the graphene structure and a reduction in the degree
of Fs-LrGO defects. This fluence level can be seen as a threshold for GO reduc-
tion via femtosecond laser [89]. The subwavelength ripples known as HSFL have
a periodicity of approximately 100 nm and 120 nm and are perpendicular to the
laser beam’s polarization [16]. Increasing the fluence to 30 mJ-cm™2 leads to the
emergence of reticulated periodic microstructures on the irradiated surface, includ-
ing a long-wavelength wavy structure called LSFL, which has a periodicity similar
to the laser beam and HSFL wavelengths [89]. The orientation of the LSFL aligns
parallel to the laser beam’s polarization direction [16]. Further fluence increase
transforms cross-linked periodic structures into nanopatterned micro-flakes at 40
mJ-cm~2. As the fluence reaches 60 mJ-cm—2, an abundance of laser energy leads
to microgroove patterns on the Fs-LrGO surface. Furthermore, substantial laser
energy can effectively eliminate GO through irradiation. Hence, it is evident that
changes in the incident laser fluence directly impact the morphological evolution in
Fs-LrGO [89].

Concerning the electrical conductivity characteristics of the original GO and Fs-
LrGO based on various laser fluences, it is commonly observed that the pristine rGO
sheet exhibits conductivity levels ranging between 10* to 10! S-m~*, attributed to
variations in measurement techniques and materials processing [89, 94]. Notably,
the conductivity of the Fs-LrGO film shows a progressive rise with increasing laser
fluence, primarily attributed to the decrease in oxygen-containing groups, a phe-
nomenon that becomes more pronounced with higher incident fluence [95].

Another critical aspect to consider is the repetition frequency. The ablation
threshold is noted to decrease with more intense fluences as the pulse repetition
rate transitions from kHz to MHz, a trend likely stemming from cumulative effects
resulting from successive pulses [90].

Lastly, in terms of pulse duration, femtosecond laser pulses do not induce sub-
stantial heating in the substrate, indicating the feasibility of conducting Fs-LrGO
production on thermally sensitive polymers and surfaces [25].
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5 Methodology

5.1 GO synthesis

The GO utilized in this study was synthesized via the electrochemical exfolia-
tion technique, a widely adopted method for producing graphene. In this process,
a conventional two-electrode system was employed, consisting of two graphite plates
serving as the anode and cathode. The electrolyte solution comprised 40 mL of an
aqueous solution with a concentration of 0.1 M ammonium sulfate ((NH4)2SOy).
A direct current (DC) bias voltage of 10 V was applied and maintained until the
anodic graphite was completely consumed. Under the influence of the 10 V bias volt-
age, the bulk graphite rapidly expanded and was entirely consumed within a span
of 1 hour. This process followed the optimized protocol reported in Ref. [17].

5.2 CG-GO films preparation

A solution containing GO in demineralized water was prepared with a concen-
tration of 5 g-L~!. Following this, the GO solution underwent a 20-minute ultra-
sonication process using an ultrasonic cleaner (SONOREX DIGITEC DT 510 H, 35
kHz, 9.7 L). The resulting homogenized solution was then deposited into a Petri
dish and left to dry. The film produced in this manner was selected as the reference
sample (S1). Further, CG solutions were prepared by dissolving sodium alginate
(Sigma-Aldrich, China) at a concentration of 1.5 % and CG gum (predominantly
with lesser amounts of A CG, Sigma-Aldrich, USA) at a concentration of 1.5 % in
separate beakers. Each solution was stirred using a magnetic stirrer until completely
dissolved. Subsequently, the sodium alginate and CG gum solutions were mixed in
a 40:60 ratio (CG:sodium alginate) and stirred for an additional hour. Meanwhile,
a solution of GO was ultrasonicated for 20 minutes using an ultrasonic cleaner. Next,
the sodium alginate and CG gum solutions were combined in the required amounts
to achieve the desired concentrations of GO in the solution of 0.05 g-L.™! (S2) and
0.2 ¢- 7! (S3). Additionally, 1 mL of glycerol was added as a plasticizer to 50 mL
of the prepared solution. The resulting film-forming solution was then magnetically
stirred for approximately 60 minutes to ensure thorough mixing. Finally, approxi-
mately 20 mL of the resulting solution was poured into individual Petri dishes and
allowed to dry under natural conditions for about 48 hours.
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When it comes to concentration, GO concentrations of 0.5 g-L~! and higher are
commonly employed in the literature [13, 16]. However, since our aim is to ensure
even dispersion of GO flakes throughout the layer volume in our composite mate-
rial, we initiated by assessing the transparency of the layers using Ultraviolet-visible
(UV-Vis) spectroscopy at the wavelength of our laser (i.e., 1030 nm) to ascertain
if uniform reduction could occur within the layer. We began the measurement
at one-tenth of the aforementioned concentration, i.e., 0.05 g-L~!, which yielded
a transmittance value of 18.564 %. As we increased the GO concentration to 0.2
g-L~!, the transmittance value dropped to 2.714 %. This significant drop in trans-
mittance led us to conclude the experiment at this point; selecting these two GO
concentrations for our work as a lower transmittance value would totally avoid rGO
production by laser radiation through the whole film thickness.

5.3 Laser reduction of CG-GO films

We employed a high-energy industrial femtosecond laser, specifically the Onefive
Origami XP-S, to process the CG-GO films. This laser model features a maximum
repetition rate of 1 MHz, a center wavelength of 1030 nm, a pulse duration of fewer
than 400 fs, an average output power of 5.1 W, and a spectral bandwidth of less than
5 nm. At the specified laser fluence setting of 50 mJ-cm~2, which was determined
through theoretical analysis [89], it was possible to reach an optimal level of fluence
deemed fully sufficient for reducing the GO layer. For a visual representation of the
experiment setup, please refer to Fig. 5.1.

Briefly, the processing of GO involved irradiation in a standard atmosphere. A se-
ries of reflecting mirrors directed the laser beam toward a scanning head. Subse-
quently, the beam traversed through the scanning head (intelliSCAN 14, SCAN-
LAB), where two galvanometric mirrors facilitated swift changes in the beam’s di-
rection, allowing it to traverse across the film. An F-theta lens (f = 160 mm) was
employed to focus the laser beam onto the surface of the CG-GO film contained
within a plastic Petri dish. For controlling the laser scanning speed across the film,
a speed of 1 m-s~! was selected, regulated by the galvanometric mirrors. The film’s
surface underwent irradiation for one cycle using a specified raster-like pattern, with
the distance between two adjacent lanes set at 0.03 mm. This method enabled the
reduction of CG-GO films in accordance with the principles outlined in the theoret-
ical section of this thesis.

5.4 Characterization of films

Various characterization techniques were employed to gain comprehensive insights
into the characteristics of the produced films and evaluate their quality and perfor-
mance for sustainable circuit applications. Scanning electron microscopy (SEM)
and Energy-dispersive X-ray spectroscopy (EDS) were utilized to examine surface
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Figure 5.1: The experimental scheme of the CG-GO laser film reduction

features and element distribution within the samples, while Fourier transform in-
frared spectroscopy (FTIR) was employed to identify potential alterations in the
polymer film structure induced by laser exposure. X-ray diffraction (XRD) and Ra-
man spectroscopy were utilized to verify the reduction of GO to rGO. Additionally,
the electrical properties of the developed films were analyzed.

For surface characterization, a high-performance Xe plasma-focused ion beam mi-
croscope, the Helios 5 PFIB CXe DualBeam (Thermo Scientific, USA), equipped
with Oxford EDS and EBSD microanalytic detectors, was employed. The in-lens
SE/BSE detector and in-column SE/BSE detector were predominantly utilized for
sample analysis. Notably, the samples underwent no further specific modifications,
such as plating, before analysis. They were mounted on a silicon wafer and inserted
into the microscope chamber for observation. A low accelerating voltage, typically
ranging from 0.5 to 1 kV, and a small working distance of 2 to 4.5 mm was applied to
prevent undesired charging effects on the sample. These settings were carefully cho-
sen to ensure accurate and reliable results during the analysis process. To determine
film thickness, an ion beam was used to create a hole in the individual samples for
cross-section analysis, which was only viable for sample S1. For CG-based samples,
the thickness was assessed using the edges. Samples were examined at a 52° angle,
and a cross-section correction was applied for thickness assessment. Additionally, an
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EDS detector was utilized for surface analysis, requiring metallization of the samples
with a 2 nm tungsten protection due to the higher accelerating voltage used.

The FTIR spectrometer employed in this study was the Nicolet iZ10 (Thermo Sci-
entific, USA), equipped with a DTGS detector and an attenuated total reflectance
(ATR) diamond crystal. Eight sample scans and 16 background scans were con-
ducted to ensure data accuracy, with a resolution set at 4 cm™! covering a spectral
range from 4000 to 500 cm~!. To optimize spectral data quality, the Happ-Genzel
apodization function was applied, balancing spectral resolution and the size of spec-
tral ripples. Corrections for atmospheric interference and baseline variations were
also implemented.

The Raman analysis was performed using the DXR Raman microscope (Thermo
Scientific, USA) equipped with an Olympus MPlan 50x objective. The examination
utilized the following parameters: an excitation laser wavelength of 532 nm, a laser
power of 5 mW, a 50 ym aperture, a FullRange grating with 900 scratches/mm, 150
exposures, an exposure time of 1 second, and a spectral range spanning from 3500
to 100 cm~!. Additionally, baseline correction techniques were applied to refine
the spectra, enhancing the quality and accuracy of the Raman measurements. The
crystallographic structure of the specimens was assessed using X-ray diffraction in
powder form with a diffractometer Miniflex 600 (Rigaku, Japan), employing Co Kal
radiation (A = 1.788 A) within a 26 angle range of 3-90° at a scan rate of 1°-min~".
In order to conduct a more thorough examination of the XRD findings, a Rietveld
refinement analysis was carried out using the MAUD software [96]. Resistance mea-
surements were performed using the GOM-805 DC Milliohm Meter. This versatile
multimeter enables the measurement of resistance from 0.05 2 to 5 M(2, with a res-
olution of 1 uf2, a test current of 1 A, and an accuracy level of 0.05 %. A specimen
measuring 2.25 cm? in area was extracted from each film and carefully positioned
on a glass surface to avoid any interference with the conductive properties of the
underlying substrate material. Subsequently, a set of electrodes were precisely po-
sitioned at a distance of 1.5 cm from each other, enabling the measurement of the
resistance exhibited by the film.
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6 Results and discussion

6.1 SEM

The surface morphology of developed films was determined by SEM. Sample im-
ages illustrating the progressive increase in detail regarding the most intriguing
morphological characteristics of individual specimens are available in Fig. 6.1.

Upon closer examination of film S1, an array of minute irregularities, such as wrin-
kles and corrugations, adorn its surface, likely stemming from the film’s preparation
process. This involved dispersing GO flakes, obtained through electrochemical exfo-
liation, in demineralized water, followed by homogenization and subsequent drying.
Such a process may have led to variations in rotations or partial unevenness of the
flakes. Subsequent irradiation (referred to as S1T) of the surface with a laser re-
sulted in more pronounced wrinkling, along with the emergence of uneven pores
and detached layers. These structural alterations may arise from the elimination of
oxygen-containing groups and weakly bonded carbon atoms during the laser-induced
reduction process, thereby increasing the defect density. Alternatively, the cumula-
tive effect of pulsed laser exposure, generating heat, could initiate pyrolysis and the
subsequent removal of volatile components. Upon closer scrutiny of the S1T struc-
ture, certain features resembling LIPSS are discernible on the surface, likely formed
by utilizing a laser fluence of 50 mJ-cm~2. Unfortunately, these structures appear to
have been compromised. Upon further magnification, nanoparticles (NPs) ranging
from 20-40 nm can be identified dispersed across the surface of SI1T. These NPs
likely represent a single atomic layer of carbon NPs formed through a sublimation
reaction followed by rapid condensation, which is the typical carbon NPs formation
process when employing laser ablation [97].

When GO is introduced into the polymer matrix, the structure undergoes a fas-
cinating transformation. The increase in GO dispersion leads to amplified surface
irregularities, as seen in the comparison of samples S2 and S3, with S2 displaying
a relatively smoother surface. After irradiation, a noticeable surface expansion oc-
curs, attributed to the creation of bubbles with varying sizes and shapes. Upon
closer inspection of sample S2T, the formation of notably larger bubbles is more
prevalent compared to the S3T sample. A significant distinction also arises in the
development of pores, with S2T showing a minimal presence of pores while the S3T
sample showcases a pervasive distribution of pores throughout the surface.
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Figure 6.1: Representative SEM images of developed films

It seems that at lower concentrations of GO in the samples, the formation of
bubbles and pores within the polymer matrix is sporadic; however, as the dispersion
of GO increases, the emergence of pores becomes more pronounced. Within these
pores, structures reminiscent of those found in the S1T sample are discerned, albeit
not entirely identical. This inconsistency may be attributed to the differences in the
level of reduction of GO flakes within the polymer matrix, given that a portion of
the laser energy is dissipated as it traverses through the polymer material.
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6.1.1 Thickness measurement

Thanks to the utilization of an ion beam and the ability to tilt the sample within
the SEM chamber, it was possible to conduct precise measurements of the thicknesses
of distinct layers using cross-sectional analysis. To find the thickness of films, 10
values of thickness for each sample were measured using the software ImageJ. The
SEM images, accompanied by tables presenting the results of the arithmetic mean
() and sample standard deviation (s) for the thickness of individual films, as well
as the difference in thickness between the irradiated and non-irradiated sections of
the layer, are depicted in Fig. 6.2.

Sample S1  S1T 6(S51/517)
T (um) 25.19 49.80 24.61
s (gm) 237  3.59 -

Sample 52 S2T  6(S2/52T)
T (pm) 89.34 116.27 26.93
s (pm) 417 12.21 -

Sample 53 S3T  46(S3/53T)
T (um) 11042 116.48 6.06
s (pm)  0.98 4.39 -

Figure 6.2: Sample SEM images with the corresponding values of the arithmetic
mean (7) and sample standard deviation (s) of the thickness of the individual layers
located in the table
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Regarding sample S1, the average layer thickness was found to be 25.19 £ 2.37
pm. It was anticipated that there would be a slight reduction in material post the
application of laser radiation. Surprisingly, for the S1T sample, the layer thick-
ness nearly doubled, measuring at 49.80 4+ 3.59 pum. This is likely associated with
the creation of numerous vertical nano-sheets, as demonstrated in the investigation
referenced in Ref. [89], which utilized femtosecond laser irradiation at a fluence of
around 40 mJ/cm?.

CG matrix films, in general, exhibit considerably greater thickness values when
compared to S1. The SEM image illustrates the boundary between S2 and S2T,
revealing a hole created by an ion beam that remains due to an unsuccessful en-
deavor to gauge the disparity in thickness between these particular specimens. This
occurrence can be attributed to the collapse of bubbles that were generated while
subjecting this specific sample type to irradiation. Consequently, the layer thickness
was gauged from the boundaries, resulting in measurements of 89.34 + 4.17 pum for
S2 and 116.27 £ 12.21 pum for S2T. Here, once more, a substantial augmentation
is observed in the irradiated part of the sample, attributed to polymer swelling.
The bubbles’ sizes are notably larger in S2T compared to S3T, as highlighted by
the sample’s standard deviations, with S2T showing an almost threefold increase in
deviation. This signifies a greater discrepancy in the irregularities present on the
surface of this particular sample. The thickness of S3 was established at 110.42 +
0.98 pm, marking it as the largest among the pristine samples. Conversely for S3,
the smallest increment was a mere 6.06 um, predominantly caused by the numerous
open pores on the film’s surface.

6.2 EDS

The incorporation of the EDS detector within the utilized SEM device enabled the
expansion of the research through EDS line and mapping analysis for determining
the elemental composition of the developed films. Line microanalysis was conducted
along a specific line on the sample’s surface, facilitating the acquisition of both
quantitative and qualitative data, including the element concentration distribution
along the chosen line. The resultant spectrum, with the corresponding marked line
indicating the analysis location, is visible in Fig. 6.3. Analysis of the EDX spectrum
reveals the presence of carbon and oxygen in both the film’s non-irradiated (S1)
and irradiated (S1T) sections. Notably, the reduction process resulted in a 10 wt%
reduction in the surface atomic percentage of oxygen, while the C/O ratio increased
from 2.6 to 11.77 for GO and rGO, respectively. This signifies a notably higher
oxygen content in the pristine GO than rGO, aligning with the hypothesis presented
in this work’s theoretical part.

Additionally, surface microanalysis of a specific area of the sample was carried out
to determine the element concentration distribution. The resultant EDS mapping,
presented in Fig. 6.4, illustrating oxygen in green and carbon in red, allows clear
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Figure 6.3: EDS line analysis through the non-irradiated (S1) and irradiated (S1T)
part of pristine GO
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distinguishing between the non-irradiated (S1) and irradiated (S1T) regions of the
film. The S1 area exhibits a higher oxygen content due to the presence of diverse
oxygen groups in pure GO. Upon exposure to laser radiation, a significant decrease
in the green color is observed in the S1T region, indicating the removal of most
oxygen groups. Overall, the outcomes of the EDS analyses confirm the successful
reduction of GO to rGO utilizing the specified laser parameters. Note that no EDS
analysis was conducted on the films containing the polymer, as its high carbon
content could mask the signals of carbon and oxygen resulting from the reduction
of GO. This masking effect could potentially lead to misinterpretations of the EDS
data.
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Figure 6.4: EDS map analysis through the non-irradiated (S1) and irradiated (S1T)
part of pristine GO

6.3 FTIR

Moreover, an analysis of the films was carried out through the utilization of in-
frared spectroscopy with Fourier transformation. The primary objective of this
analysis was to determine whether the specific laser parameters employed for the
reduction process could potentially cause any deterioration in the polymer matrix.
Upon careful examination of the graph presented (Fig. 6.5), it is evident that both
sample S2 and sample S3 exhibit a remarkable similarity between the results ob-
tained before irradiation (depicted in the black spectrum) and those after irradiation
(illustrated in the red spectrum). Consequently, it can be deduced that the applica-
tion of laser radiation utilizing the aforementioned parameters does not induce any
form of degradation or alterations in the polymer’s structural composition.
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Figure 6.5: FTIR analysis of CG-based films, where non-irradiated samples are
labeled in black and irradiated ones in red

6.4 Raman

To ratify the data extracted in the EDS section, we conducted an analysis of the
films by examining the Raman spectra within the wave number range of 100 to
3500 cm~!. This approach is well-established as a straightforward and non-intrusive
method for examining carbon structures. Carbon materials typically exhibit three
distinctive bands, as illustrated on the graph (Fig. 6.6). The D band, observed at
approximately 1346 cm ™! in this context, indicates defects in the graphene structure.
The G band, detected around 1587 cm ™!, corresponds to the sp? vibrations of atoms.
Finally, the 2D band, appearing at approximately 2694 cm™!, reflects the stacking
arrangement of multilayer graphene atoms.

Of particular interest to us is the ratio of the D/G band intensities, widely em-
ployed to assess the reduction level of GO. A smaller ratio indicates a higher degree of
reduction [16, 98]. The specific ratios displayed on the left side of the chart evidence
that there is a decrease in the intensity of the D/G band after the sample is irra-
diated in all instances, indicating a consistent reduction across the board. Notably,
the most significant reduction was observed in sample S1, which consisted solely of
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GO, with intensity ratios dropping from 1.03 to 0.23 for S1 and S1T, respectively.
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Figure 6.6: Raman spectra of created films, where non-irradiated samples are
marked in black and irradiated ones in red

For sample S2, there is a minimal decrease in the intensity ratio, specifically
1.29 for the non-irradiated film and 1.23 for the irradiated film. This observation
is likely attributed to the appearance of the sample’s surface, which predominantly
consisted of a swollen semi-layer with really low amount of open holes containing
rGO flakes. As a result, the ratio of D/G band intensities in both samples was
nearly identical. This deduction is further reinforced by the findings of sample S3,
where the intensity ratio decreased from 1.20 to 0.73 for S3 and S3T, respectively,
indicating more favorable outcomes in terms of reduction. Despite numerous bubbles

on the surface of this sample, in contrast to sample S2, a significant number of holes
filled with rGO flakes could be found.
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6.5 XRD

Further investigation into the reduction and determination of crystallinity and
phase purity of the synthesized samples was carried out through XRD analysis.
The XRD patterns corresponding to all the examined samples can be observed in
Fig. 6.7. For sample S1, it becomes apparent that there are two distinct peaks
present at 26 angles of 11.74° and 26.36°, with the former peak being characteristic
of GO and the latter associated with graphite [99]. Following the exposure to laser
radiation, there is a noticeable decrease in the intensity of the peak at 260 angles
of 11.74°, accompanied by a shift towards higher 26 angles, specifically converging
to the value of 14.42°. This decline in intensity and shift towards higher angles
is interpreted as a clear indication of the GO reduction process taking place [99,
100]. Conversely, in samples containing CG, there are no significant variances readily
apparent to the naked eye. Across the XRD pattern of all the samples, two broad
peaks emerge at approximately 20 = 21° and 35°. These observed peaks align closely
with the characteristic values associated with x-CG [101, 102], which serves as the
predominant constituent in the construction of the films. The presence of these two
broad peaks serves as a strong indicator of the amorphous nature of these films.

—S3T——S3
' — S2T —— S2
— S1T — S1

Offset intensity values

o

10 20 30 40 50 60 70
20 (Degree)

Figure 6.7: Representative XRD patterns of created films
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Upon closer examination of the individual XRD patterns, it becomes apparent
that distinct trends can be observed in the curves within the range of 7° to 12°.
Notably, the irradiated samples, specifically S1T, S2T, and S3T, exhibit a more
subdued trend compared to the non-irradiated counterparts. To facilitate compre-
hensive comparison across all samples, the intensity of the minimum at 26 angle 7.35°
and the intensity of the maximum at 260 angle 11.24° were initially determined. These
specific values were carefully selected to ensure an adequate separation enabling the
trend of the curve to be discerned accurately. Subsequently, the ratio of these two
values (I(min)/I(max)) was calculated, yielding ratio values of 0.701, 0.817, 0.769,
0.769, 0.704, and 0.768 for S1, S1T, S2, S2T, S3, and S3T respectively. Analysis of
these results reveals that, except for samples S2 and S2T showing negligible varia-
tion in the ratio value, the irradiated samples exhibit higher ratio values compared
to the non-irradiated samples. This observation is further supported by the gentler
slope of the curves in the irradiated samples. The most substantial difference in
intensity ratios is evident in samples S1 and S1T, where the ratio increased from
0.701 to 0.817, indicating a decrease in the intensity of the characteristic GO peak
around 11°, thereby signifying reduction as mentioned earlier. Similarly, a compa-
rable trend is observed in S3 and S3T, albeit with slightly lower intensity ratios,
suggesting reduction albeit to a lesser extent likely due to laser fluence losses in the
polymer matrix. Furthermore, these findings align with the outcomes of Raman
spectroscopy, where the intensity ratio of the D/G bands was assessed, showcasing
the highest reduction degree in S1, followed by S3 and S2, with S2 displaying nearly
identical intensity ratio values, similar to XRD.

To delve further into the characterization of crystallinity and phase purity, the Ri-
etveld refinement method was employed. The utilization of the MAUD software, an
acronym for Materials Analysis Using Diffraction, allowed the execution of this anal-
ysis. This software, available at no cost, enables the examination of diffraction data
through a unified Rietveld approach [96]. The refinement process was exclusively
conducted on samples S1 and S1T due to the predominance of carrageenan spec-
trum in the other samples, obscuring the distinctive peaks associated with GO. The
Crystallography Open Database (COD) was utilized to identify a maximum number
of matching Crystallographic Information Files (CIFs) in the context of this study.
Given the nature of this being an unpaid resource, the CIF 4131687, which pertains
to graphene nanoribbons with a monoclinic space group (P2;/c), and CIF 1200017,
corresponding to graphite with a hexagonal space group (P63mc), were deemed suf-
ficient for the investigation. The analysis entailed the processing of a spectrum
detailing crystal structure data, along with a viable Rietveld refinement assessment
featuring values documented in a table, as illustrated in Fig. 6.8.
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Figure 6.8: XRD spectra of samples S1 and S1T revealing their crystal structure
(upper section of the figure) and their corresponding Rietveld refinement analysis,
along with a pair of tables summarizing the results (lower part of the figure). Note
that the accuracy of the Rietveld refinement is supported by an R, (%) of 7.234
for S1, and 6.505 for S1T.

The outcomes of the Rietveld refinement evaluation reveal that sample S1 com-
prises 78.1 wt% of Cy9H1405 with monoclinic lattice parameters established as a =
6.50 A, b =522 A, ¢ =34.17 A, and 21.9 wt% of C with hexagonal lattice pa-
rameters a = 2.53 A, ¢ = 6.76 A. Following the irradiation of sample S1 to create
S1T, there are alterations in these parameters. Sample SIT consists of 74.1 wt%
Cs0H1405 with monoclinic crystal lattice parameters determined as a = 5.25 A, b =
412 A, ¢ =24.92 A, and additionally 25.9 wt% of C' with hexagonal lattice parame-
tersa =2.15 A, c = 5.76 A. As you can see, all parameters exhibit a decrease in their
values, suggesting a contraction of the crystallographic lattice. Despite the smaller
size of oxygen compared to a carbon atom, owing to the enhanced effective nuclear
charge of the atom’s nucleus, the removal of oxygen through the reduction process
results in a contraction of the crystallographic lattice. On top of this, the XRD of
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S1 shows two significant diffraction lines at 26 angles of 11.74° and 26.36° related to
reflections from (0 0 4) and (0 0 2) planes. The distance between GO layers for 26
= 11.74° reflection is measured to be 7.53 A, using Bragg’s equation. The d-spacing
of GO is larger than that of natural graphite (approximately 3.3 A) which is due to
the presence of oxygen-containing functional groups between the GO planes. In the
counterpart, the XRD pattern of S1T shows two significant peaks again but in this
case, at 20 = 14.42° belongs to the (0 0 4) plane, and at 20 = 27.321° belongs to
(0 0 2). The measured d-spacing of S1T is about 6.13 A which is less than the S1
d-spacing (7.53 A). This can be attributed to the removal of functional groups and
water molecules from GO after conversion to rGO.

6.6 Conductivity determination

A fundamental requirement for the practical application of these films in the field
of electronics is low electrical resistivity, which means a high level of conductivity.
This characteristic is crucial as it demonstrates the material’s ability to impede the
flow of electric current. This value allows for a direct comparison of the resistance
levels among various types of conductors under the same temperature conditions,
irrespective of their dimensions. In essence, higher resistivity indicates a higher
resistance, while lower resistivity signifies a lower resistance level. Consequently,
the resistance of each film was assessed, and the outcomes of this evaluation are
detailed in Tab. 6.1.

Sample S1(Q) SIT(Q) S2(MQ) S2T(MQ) S3(MQ) S3T(MQ)
T 19641  6.12 1.09 0.24 0.69 0.33
s 6520  0.66 0.19 0.04 0.14 0.03

Table 6.1: Arithmetic mean (Z) of measured resistance of individual films with
sample standard deviation (s)

Subsequently, these values were substituted into the relation for resistivity
(Eq. 6.1):

p="7 (6.1)

where p is the proportional constant known as resistivity (€2-m), R is the resistance
(), L is the length (m) and A is the area (m?).

The values obtained for resistivity, along with conductivity (o), which represents
the reciprocal of resistivity (as indicated in Eq. 6.2), are displayed in Tab. 6.1. Anal-
ysis of film S1 revealed a conductivity of 3.39-1073 S - em™!. The considerably high
standard deviation, in the case of resistance of the sample, is likely attributed to the
uneven distribution of the GO flakes within the film. A comparative analysis be-
tween samples S1 and S1T showcases a remarkable two-order of magnitude increase
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in conductivity, highlighting the remarkable effectiveness of the laser parameters
selected for the study.

On the other hand, films incorporating a CG matrix display conductivity lev-
els indicative of decent insulating properties. Sample S2 exhibited a conductivity of
0.61-107% S-em™1, a value four orders of magnitude higher than that of S1. Notably,
as the concentration of GO within the polymer matrix increases, there is a corre-
sponding increase in film conductivity, exemplified by sample S3 with a conductivity
of 0.97-107% S - em~1. While the increase in the S2 sample’s conductivity was not
conclusively demonstrated in the additional analyses, there is evidence of a change
occurring, as the conductivity of the film increased to around one-fourth of its ini-
tial value post-irradiation, specifically 2.78-107¢ S-em~t. These results suggest that
some transformation or modification is indeed taking place within the S2 sample fol-
lowing the irradiation process. Similarly, an increase in conductivity is noted for
S3T, albeit to a lesser extent at 2.02-107¢ S - em™1.

It is noteworthy that the S2T sample displays higher conductivity compared to the
S3T sample, despite the latter containing a notably higher concentration of GO. This
phenomenon could potentially be attributed to the high porosity observed in the
SEM images of the S3T sample, as conductivity tends to decrease with the presence
of highly porous materials. Despite this, the conductivity of S3T is higher than that
of non-irradiated S3, hinting at a partial reduction of the film being a contributing
factor. The laser parameters utilized in the study demonstrate the feasibility of
the GO reduction process, even when GO is dispersed within the polymer matrix.
However, the conductivity values of such films are deemed too low for practical
applications in flexible electronics.

1 L (6.2)
o= - = — .
p R-A
Sample S1 S1T S2 S2T S3 S3T

p (Q-cm) 204.62  9.17 1.64-10°  0.36:10°  1.04-10°  0.50-10°
o (S-em™1) 3391072 0.1 061107 2.78.107% 0.97-107¢ 2.02.107

Table 6.2: Table of resulting values of resistivity (p) and conductivity (o)

6.7 Flexibility

Good flexibility is another crucial characteristic for the successful application of
the developed films within the realm of flexible electronics, as it directly impacts
their performance and durability. Consequently, in order to assess the flexibility of
the individual films, two distinct bending tests were conducted to evaluate their me-
chanical behavior under different conditions. The first test involved a simple bending
process, where both ends of the film were gradually brought closer to each other to
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observe its response to such deformation. In the second test, the film was subjected
to a more complex twisting motion, ultimately forming the shape of a cylinder to
ascertain its ability to withstand varying degrees of bending. The detailed results
and findings of these bending tests are visually represented in Fig. 6.9.

S1

S1T

S2/S2T

S3/S3T

Figure 6.9: Flexibility test of developed films showing A) test piece, B) simple
bending, and C) twisting of individual films

For sample S1, it was feasible to achieve a certain degree of bending; however, this
flexibility was limited in scope. Attempting to twist the film resulted in its cracking
and breaking into two distinct fragments. The sample S1T, on the other hand, pre-
sented challenges in isolation on a large scale due to its exceptionally tight adhesion
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to the substrate, thus indicating its inherent lack of flexibility. Any effort to bend
this film led to irreversible deformation, causing it to disintegrate into smaller com-
ponents. Conversely, the remaining samples S2, S2T, S3, and S3T, all possessing
a base of CG, exhibited significantly better outcomes in terms of flexibility, as ex-
pected. The flexibility of these films allowed for various bending configurations and
reversible twisting, such as forming them into a cylindrical shape, as illustrated in
Fig. 6.9. These results underscore the pivotal role played by the polymer substrate
or matrix in the development of flexible circuits. Despite the notably lower resis-
tivity values (indicative of higher conductivity) displayed by samples S1 and S1T,
their flexibility remained notably poor, with S1T essentially lacking any semblance
of flexibility. In contrast, the CG matrix emerges as a promising foundation for the
fabrication of flexible circuits.
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7 Conclusion

In the current diploma thesis, highly sustainable composite materials were de-
veloped by combining a carrageenan matrix with different concentrations of GO
dispersion. These materials underwent a subsequent treatment involving exposure
to femtosecond laser radiation to effectively reduce the GO flakes distributed within
the polymer matrix structure. Unlike conventional practices of depositing GO on
flexible substrates like dip-coating, the focus here was on achieving irradiation of
GO flakes dispersed throughout the entire volume of the polymer structure, setting
this study apart from existing methodologies. The latter methods are known for
being laborious and costly compared to the direct integration of GO into a poly-
mer matrix, which motivated our experimental approach. Moreover, the selection
of a carrageenan matrix as the fundamental component for these composite films
represents another distinctive aspect of this research. The resultant films exhibited
varied morphologies, degree of reduction, and levels of conductivity, all influenced
by factors such as the concentration of GO flakes and the presence of the polymer
matrix.

From a morphological perspective, several significant variances were observed in
all three samples subsequent to their exposure to laser irradiation. The S1T sample
exhibited substantial wrinkling on its surface, along with numerous uneven pores and
detached layers. Upon closer inspection, structures resembling LIPSS were visible,
albeit in a damaged state. Further magnification revealed the presence of carbon
particles forming a monoatomic layer across the entire surface of S1T. In contrast,
the surfaces of S2T and S3T displayed a considerable number of bubbles that formed
during the irradiation of the polymer matrix. Notably, S2T featured larger unopened
bubbles, whereas in S3T, the bubbles were smaller and open, resembling a multitude
of pores. Within these pores, rGO-like structures were identified, suggesting some
degree of reduction had taken place.

Similar findings were derived from the analyses conducted using Raman spec-
troscopy and XRD, primarily aimed at assessing the extent of reduction. As antic-
ipated, the most substantial reduction was observed in sample S1T, which lacked
a polymer matrix, followed by samples S3T and S2T. The reduction level decreased
in samples S3T and S2T due to the lower amount of GO. This ranking was de-
termined based on the ratios of intensity between the D/G bands in the Raman
spectrum and the minimum and maximum intensities in the 26 angle range of 7-12°
in the XRD spectrum.
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Moreover, films containing a polymer matrix demonstrated markedly superior
properties in terms of flexibility compared to films lacking a polymer base, which es-
sentially disintegrated under various bending attempts. Conversely, the former films
exhibited the ability to be twisted and bent in any manner, highlighting exceptional
flexibility attributes suitable for applications in flexible circuits. Subsequent re-
search endeavors will focus, among others, more on evaluating the mechanical and
strength characteristics of films based on carrageenan. Conversely, films utilizing
a carrageenan matrix exhibited conductivity values up to four orders of magnitude
lower than films devoid of a polymer base. For instance, in the case of sample S1,
the conductivity increased from 3.39-1072 S - em ™! to a mere 0.11 S - em ™!, repre-
senting a two-order-of-magnitude increase. Meanwhile, for samples S2 and S3, the
conductivity registered in the range of 107% S em™!, with the conductivity growing
up, as expected, with an increase in the concentration of GO in the polymer. Upon
irradiation of samples S2 and S3, the conductivity increased, albeit still fluctuating
in the hundreds of 1075 S - em ™! range, indicative of insulating properties. It is im-
portant to highlight that the S3T sample displayed lower conductivity values than
the S2T sample, despite containing a notably higher volume fraction of GO. This
particular observation is linked to the morphology of the S3T sample, as previously
discussed.

The remarkable observations made should be duly noted that despite the increase
in conductivity resulting from the reduction process, the value obtained is not nearly
adequate for the practical applications of these films within the field of flexible
circuits. The findings clearly indicate that the issue lies precisely within the polymer
matrix, which remains relatively unaffected during irradiation. While it is feasible to
expose and partially reduce some GO flakes, this only leads to a minimal increase in
conductivity. Furthermore, the concept of establishing conductive pathways within
the polymer matrix appears almost unattainable due to the formation of bubbles of
varying sizes on the film’s surface during irradiation. The primary advantage of the
selected methodology lies in the facile production process and the favorable flexible
properties derived from the carrageenan base.

On the other hand, these findings provide a pathway for new perspectives on the
entire topic and potential enhancements to the current combination of these versatile
composite films. A prospective solution that we intend to explore in the future
involves depositing GO onto the carrageenan polymer layer, perhaps through dip-
coating, implementing localized micropatterning, simultaneous reduction of specific
sections using laser technology, and subsequently enveloping the structure with an
additional protective polymer layer. This approach aims to fabricate an enhanced
flexible circuit, blending excellent flexibility from the carrageenan-based polymeric
substrate with adequate conductivity from the rGO pathways.
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