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Abstract

Graphene, a remarkably versatile material with diverse properties and applications, has been
synthesized through various chemical methods. In 2004, studies on ablation techniques, particularly
the work by Dyer, Pervolaraki, and Lippert, introduced the fabrication of protruding carbon
structures on polyimide substrates using laser sources. Their research investigated the thermal
modeling and experimental outcomes of laser interactions with polyimide, highlighting processes
that lead to polymer carbonization, a key aspect of Laser-Induced Graphene (LIG) production.
Although this study contributed to the understanding of carbon-rich material formation, it was not
until 2014 that James Tour and his team at Rice University published the first formal report
identifying the resulting material as LIG due to its graphene-like properties. This marked a
significant advancement, prompting extensive investigations into optimizing the production of LIG
for enhanced quality. This LIG synthesis method represents a one-step, environmentally sustainable
technique that requires a high-powered laser and an organic polymeric substrate, such as polyimide
(PI). This method offers a promising green alternative to the complex and resource-intensive
processes previously employed. However, achieving high-quality graphene while minimizing
resistivity remains a challenge, as LIG synthesis is inherently sensitive and relies on precise control
of parameters such as laser wavelength, fluence, spot size, and duration of substrate irradiation.

This thesis work focuses on the optimization of LIG fabrication parameters for the production of
low-resistivity electrodes for electrochemical hydrogen generation. Utilizing commercially
available PI as a substrate and nanosecond and picosecond pulses from a commercial laser, high-
quality LIG was fabricated after an optimization process that tested different repetition rates,
powers, pulse durations, and laser pattern parameters. The lowest sheet resistance reached values of
16 Q/sq, and its superior quality was confirmed by I-V and Raman measurements as well as SEM
images. To test pure and functionalized LIG, several samples were used as electrodes for the
Hydrogen Evolution Reaction (HER), and performance was quantified through Linear Sweep
Voltammetry (LSV) and Chronoamperometry (CA). It was observed that pure LIG films performed
better than porphyrin-functionalized LIG samples, which was attributed to the less exposed porous
surface of the electrode, resulting in poor contact between the conductive film and the electrolyte.
Further optimization could improve the performance of LIG in hydrogen generation as well as in
other applications such as water filtration.
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CHAPTER

Introduction

Since its discovery in 2004, graphene, a two dimensional (2D) carbon allotrope has sparked
significant interest in both the scientific and industrial realms. Its distinct features, resulting from a
single layer of carbon atoms organized in a hexagonal lattice, have established it as a revolutionary
material with enormous potential in a wide range of sectors.

In 1959, Richard Feynman delivered an influential lecture titled "There's Plenty of Room at the
Bottom." In this speech, Feynman imagined a groundbreaking advance in physics. His inquiries
posed challenges to scientists, including physicists Andre K. Geim and Konstantin S. Novoselov,
who, 45 years later in 2004, at the University of Manchester, successfully isolated graphene, a
single atomic layer of carbon, using Scotch tape method [1], [2].

Graphitization of polymers by laser ablation was explored by Dyer, Pervolaraki, and Lippert, in a
study that showed protruding carbon structures on polyimide after controlled ablation [3]. In 2014,
Prof. James Tour and his team [4] coined the termed LIG to describe the highly conductive porous
3D multilayer graphene foam resulting from controlled laser-induced burning. This method utilized
a commercial laser scribing system commonly available in machine shops to directly convert PI
plastic films into 3D porous graphene, refred to as LIG, by employing a CO, infrared laser to
directly scan a commercial PI film, as depicted in Figure 1.1. This laser treatment induces
vibrational excitation within the internal structure of the irradiated PI, resulting in localized
temperature increases that break C-O, C—, and N-C bonds. Consequently, carbon atoms undergo
reorganization, to form the graphene structure. Simultaneously, the remaining carbon, oxygen, and
nitrogen atoms recombine and are emitted as gaseous byproducts including CO, CO,, and NO.
Notably, while carbon atoms tend to form rings during this process, maintaining stability within
such a brief reaction period presents challenges. This instability leads to the formation of rings that
deviate from the typical hexagonal structure of graphene, resulting in a mixture of polygons, that
includes locally flawed five- and seven-membered carbon rings alongside the standard six-
membered carbon rings of graphene [5], [6].



Figure 1.1. Schematic of LIG fabricated on PI films.

LIG is not restricted to a limited number of layers of the sp? carbon lattice. While pristine
graphene exhibits remarkable properties, three-dimensional porous graphene (LIG) is often favored
for various applications due to its straightforward synthesis and cost-effectiveness. Furthermore, the
presence of structural defects within graphene sheets facilitates material doping and
functionalization. For instance, the oxygen content on the surface of LIG can be adjusted to modify
its surface wettability [7].

LIG is flexible just like pure graphene, but is characterized by a highly porous structure, making
it ideal for applications in water ultrafiltration. LIG’s porosity makes it able to permeate water and
other liquid solvents, separating particles or bacteria larger than the pores of the material. Water
ultrafiltration membranes based on LIG have been demonstrated, which showed high water
permeability and rejection. LIG membranes fabricated from poly(ether sulfone) (PES) membranes,
treated with glycerol were tested for water permeability and rejection of bovine serum albumin, a
protein often used in lab experiments, and results showed high permeability for LIG membranes
and rejection reaching 92.8% [8], higher than other filtration membranes, like ones based on
Graphene Oxide (GO) [9]. In another study, LIG fabricated from PI coupled with TiO,
microfiltration ceramic discs, showed higher permeability for non-polar solvents (hexane) than
polar solvents (water), with rejection of particles larger than 250 pm, at 90% [10], highlighting the
capability of LIG membranes for not only water, but also lab solvent permeation. The high
electrical conductivity and high surface area resulting from the porous structure of LIG make it
suitable for use as electrodes in many applications, including supercapacitors [11], and hydrogen
generation through electrolysis. These properties of LIG facilitate enhanced contact and charge
transfer between electrolytes. LIG fabricated from Pt doped PI, has demonstrated effective water
splitting [12]. Recent studies indicate that while LIG is highly efficient for hydrogen evolution
reaction (HER), the oxygen evolution reaction (OER) can lead to degradation of the bare LIG
electrode [13]. Graphitization of the surrounding PI substrate by heating under vacuum to convert
the substrate from insulating to conducting, was later shown to further increase the efficiency of
LIG electrodes in hydrogen generation [14].



CHAPTER

Theory & Materials
2.1 Graphene

Graphene's exceptional mechanical, electrical, thermal, and optical properties distinguish it as a
material of unparalleled versatility. It comprises a sp® hybridized hexagonal honeycomb carbon
structure with a carbon-carbon distance of 1.42 A [15]. The extraordinary electronic properties of
graphene, combined with its structural flexibility, manifest in its outstanding conductivity, strength,
and adaptability. Graphene’s extraordinary electrical conductivity, coupled with high electron
mobility at room temperature, has positioned it at the forefront of nanoelectronics and
optoelectronics, offering the potential for faster, more efficient devices with reduced energy
consumption. Its exceptional thermal conductivity (5000 W m™ K™) and outstanding mechanical
properties, including a Young’s modulus of 1 TPa, make it an ideal material for heat dissipation in
electronics and thermal management across various applications. Additionally, graphene's
transparency and impermeability make it suitable for applications in transparent conductive films,
anti-corrosion coatings, and barrier materials. Moreover, by reducing the dimensions of graphene
into narrow ribbons with a width of 1-2 nm, a distinct band gap can be generated, yielding semi-
conductive graphene with potential applications in transistors [16], [17].

2.1.1 Electronic properties

2D graphene’s band structure was first explored by R. P. Wallace [18], showing its unusual
semimetallic behavior. Graphene is made out of carbon atoms arranged in hexagonal structure, with
real space basis vectors ay, a, depending on a, the nearest neighbor distance (1.42 A):

~(3,-3)

2.1 a1=%(3,¢§),a2=2

that give rise to a triangular unit cell, containing two carbon atoms (Figure 2.1a). These basis
vectors can be translated to reciprocal space as the basis vectors b, b,:

2.2 blzg—g(l,@),bzzg—g(l,-@)

which form the characteristic hexagonal Brillouin Zone (BZ) (Figure 2.1b) in momentum space.
The edges of the hexagonal BZ are named K-, K’-points, crucial for graphene’s transport
characteristics. The positions of these points are:

2m 27w 21 21
2.3 K: _,—_ ’K': _,_
(30 3\/3a) (30 3\/50)
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Carriers in the graphene lattice can hop from carbon atom to nearest or second nearest neighboring
atom, with y, (2.8 eV) and yo’ the nearest and next-nearest neighbor hopping energies respectively.
The energy dispersion relations are derived from the tight-binding model as:

2.4 E.[k|=2y,V3+f (k] -y, (K]
with f(k)=2cos(\/§kya)+4cos(\/7§kya)cos(%kxa)

where the plus and minus signs refer to the upper (r*) and lower () bands, and k is the momentum.
The energy dispersion of graphene is shown in Figure 2.1c, where it is obvious that the conduction
and valence bands touch at the K-points of the momentum space, at 0, which are called Dirac
points.

Figure 2.1. (a) Graphene lattice with basis vectors ai, a, (b) Hexagonal Brillouin Zone of graphene, resulting
from the reciprocal vectors bi, b, (c) Electronic dispersion in the graphene lattice, emphasizing the Dirac
Points. [15]

Due to its unique band structure, electrons in graphene can move through the lattice with Fermi
velocity vi = 10° m/s [15], in the ballistic transport regime, resulting in mobilities up to 200000 cm*
V' s'[19]. This makes graphene an atomic layer conductor with extremely high mobilities.

2.1.2 Optical Properties

Graphene's optical transitions, integral to its distinctive characteristics, stem from the material's
unique band structure. The linear dispersion relation near the Dirac points defines the band
structure, resulting in a zero band gap, as already mentioned. The optical transitions between the
valence and the conduction bands are known as interband transitions and because of the zero band
gap of pristine graphene, these transitions can occur across the visible spectral range. The intraband
transitions involve processes where electrons within either the conduction or valence band absorb or
emit photons, leading to changes in their energy levels, prominent at higher photon energies or in
the far-infrared region [20]. Due to interband and intraband transitions graphene can absorb light
across a broad spectrum, ranging from ultraviolet and visible to infrared and terahertz regions.
Specifically graphene absorbs around 2.3% of incident light in the visible to near-infrared region
because of the interband transitions.

Plasmons are collective oscillations of free electrons in a material in response to an external
electromagnetic field exert a profound influence on the optical properties of graphene. Remarkably,
graphene retains exceptional transparency in the visible range due to the specific energy distribution
of its plasmonic response. However, in the middle infrared region, graphene becomes more
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transparent to light because interband transitions are suppressed. In the far infrared region, graphene
can reflect and absorb light due to the coupling between free carriers and electromagnetic waves.
Additionally, in the lower frequency region such as the infrared and THz region, graphene exhibits a
negative permittivity with ohmic losses. The negative permittivity, which is the negative value of a
measure of a material's ability to allow the electric field to penetrate it, is associated with its unique
electronic structure and the behavior of its charge carriers and is closely tied to the excitation of
plasmons. Plasmons in graphene, as collective oscillations of free electrons, can lead to negative
permittivity within specific frequency regions. However, the resistive nature of graphene results in
the conversion of a portion of the absorbed energy into heat, resulting in ohmic losses. This
interplay between negative permittivity and ohmic losses is a critical aspect of graphene's optical
response and plasmonic behavior. By manipulating the Fermi level through doping or electrostatic
gating, the plasmonic characteristics of graphene can be tuned, allowing control over the material's
reflectivity. Understanding and harnessing these plasmonic effects not only enhances the
comprehension of graphene's optical behavior, but also paves the way for tailored applications in
transparent conductive films, terahertz devices, and optoelectronics. [19]

The atomic scale of graphene, while advantageous for many applications, imposes constraints in
terms of light absorption and interaction. The absence of an electronic band gap—a distinctive
feature of graphene— limits its ability to absorb light in a manner comparable to traditional
semiconductors. Additionally, the single-atom thickness may restrict the overall cross-sectional area
available for light interaction, thereby influencing the material's efficiency in certain optical
processes [21]. To enhance the interaction, photoactive substrates such as quantum dots, optical
cavities, waveguides, plasmonic nanostructures, and photonic crystals can be employed [19]. The
multifaceted properties of graphene underscore its significance in advancing material science and
technology, paving the way for innovations in electronics, optoelectronics, and other fields [19].

2.1.3 Fabrication Methods

Aside from its instinct properties graphene is popular because of its ease fabrication techniques
such as mechanical exfoliation, chemical vapor deposition, and epitaxial growth enable the
production of graphene with tailored characteristics, suitable for specific applications. Moreover,
the ability to modify graphene's surface chemistry through doping, functionalization, and
nanostructuring enhances its compatibility with diverse matrices and facilitates integration into
existing technologies.

Various techniques have been developed for the fabrication of graphene, each with its own
advantages and short-comings. Epitaxial growth on silicon carbide (SiC) and metal substrates like
ruthenium and platinum at high temperatures and ultra-high vacuum conditions enables the
production of large-sized, high-quality graphene. However, this method poses challenges in
achieving high yields and transferring graphene to substrates, due to the high vacuum and costly
manufacturing systems involved [5]. Chemical vapor deposition (CVD) is another method that
allows for the growth of highly crystalline, nearly defect-free graphene [22]. Similar to epitaxial
growth, CVD requires high temperatures, which limits the choice of suitable substrates and often
necessitates additional transfer processes for temperature-sensitive substrates like plastics. Chemical
stripping, involving the oxidation, intercalation, exfoliation, and reduction of graphene derivatives,
offers an attractive approach for large-scale graphene production. Despite its low cost, this method
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typically results in graphene that lacks a patterned structure, requiring further reduction processes to
achieve high purity. The challenge persists in terms on balancing graphene quality with fabrication
using these conventional methods [23], [24].

Recently, laser processing technology has emerged as a powerful tool in various fields, ranging
from industry to medical science. In direct laser writing (DLW) a focused laser beam can precisely
induce photothermal and photochemical reactions in a very small area, achieving results that are
difficult to obtain with conventional thermal treatments that depend on the laser processing
parameters and material properties. DLW is distinguished as a fabrication technique that eliminates
the need for lithography, masks, or toxic etching chemicals. This approach enhances design
flexibility, productivity, and environmental sustainability, while also reducing raw material
consumption and minimizing environmental impact. Compared to traditional synthesis and
patterning techniques, DLW offers numerous advantages including high spatial resolution, non-
contact processing, scalability, high productivity, low energy consumption, cost-effectiveness, and
compatibility with three-dimensional structures. These attributes make DLW a superior method for
graphene fabrication [7].

2.2 Laser-Induced Graphene (LIG)

LIG is a form of graphene structure synthesized through laser irradiation. This method involves
heating the material with lasers, thereby inducing a transformation into a three-dimensional carbon
structure. Given this technique is a one-step process, LIG synthesis has garnered significant interest
owing to its properties, which closely resemble those of pure graphene. It is commonly produced on
thermoplastic polymers like polyimide (PI), polyetherimide (PEI) [4], poly(ether- ether- ketone)
(PEEK) [25], and polyether sulfone (PES) [26] and presents an appealing flexibility, low cost and
ease of manufacture, reasons for which it is considered a suitable candidate for flexible electronics
applications [11], [27].

2.2.1 LIG Fabrication principles

Unlike traditional approaches, this one-step process does not require high-temperature reaction
conditions, solvents, or subsequent treatments, resulting in graphene that contains numerous five-
and seven-membered rings [25]. Referred to as "kinetic graphene", LIG maintains its atomic
arrangement without the need for annealing, offering versatility in morphology control, including
the production of porous sheets or fibrils, as well as the manipulation of porosity, composition, and
surface properties [28], [29]. This fabrication method integrates both the creation and shaping of
graphene in one step, eliminating the necessity for costly cleanroom equipment, chemical
procedures, or labor-intensive post-processing. Furthermore, the shape of LIG designs can be easily
adjusted using software, making it well-suited for adaptable and scalable manufacturing [7].

The laser treatment induces vibrational excitation within the internal lattice of the irradiated
polyimide, leading to localized temperatures that, in some cases, exceed 2500°C. This elevated
temperature causes the rupture of C—O, C=0, and N-C bonds within the material. Concurrently, the
remaining carbon, oxygen, and nitrogen atoms recombine and are released as gases such as carbon
monoxide (CO), carbon dioxide (CO,), and nitrogen monoxide (NO) [6]. Notably, despite the
rearrangement of carbon atoms into rings, maintaining stability within such a brief reaction time
proves challenging, resulting in rings that do not exhibit the typical hexagonal structure of
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graphene. Instead, a mixed polygonal structure emerges, comprising locally defective five- and
seven-membered carbon rings alongside the six-membered carbon rings characteristic of typical
graphene [5], [6]. This specific structure, and characteristics of LIG are influenced by variables like
fabrication conditions and the precursor materials [6]. The chemical reactions and resulting changes
depend on the nature and composition of the substrates, enabling the creation of LIG with tailored
properties [30]. The structure of LIG is characterized by pores, formed from rapid gas production
under laser exposure. LIG is not limited to a single or few layers of sp® carbon lattice. While perfect
single-layer graphene has excellent properties, 3D porous graphene (LIG) is preferred for many
applications due to its simple preparation and low production costs. Additionally, structural defects
in graphene sheets enable material doping and functionalization , like tuning oxygen content on the
surface of LIG to modify surface wettability, essential for various applications [6].

Figure 2.2: (@) TEM image of LIG showing the polygon structure. (b) Enlarged TEM image of the red
square in (a), showing 5-, 6-, 7- membered rings [28]

Through laser writing, it is feasible to induce the graphenization of a thin layer on the surfaces of
certain materials, such as wood, by using a defocused laser spot, to avoid damage due to increased
fluence. This process results in a porous structure that can be utilized as an electrode. Inspired by
the formation of LIG on wood, various lignocellulosic materials—abundant and highly renewable
energy resources derived from forest and agricultural biomass—have also been successfully
converted into LIG under ambient conditions. This conversion facilitates the subsequent fabrication
of biodegradable nanodevices [31].

Historically, lignin-containing carbon precursors have been reported to convert into LIG via laser
interaction under controlled atmospheres, such as an inert or reducing gas environment. Typically,
oven-dried wood comprises approximately 18—-30% lignin [32]. Other natural materials, such as
cork, coconut shells, and potato skins, possess even higher lignin content compared to wood,
approximately 25%, 30%, and 36% lignin, respectively [31]. Multiple laser interaction processes
can produce LIG on naturally occurring substrates, including cloth, paper, potato skins [33],
coconut shells [34], and cork [35]. These materials are not only inexpensive and abundant but also
biodegradable, making them advantageous over many polymer precursors previously identified for
LIG production.

These attributes make them promising candidates for sustainable applications. Thermoplastic
substrates, particularly PI and polyetherimide (PEI), have also been extensively used for the
formation of LIG due to their excellent thermal stability, flexibility, and compatibility with laser
processing techniques, making them highly suitable for advanced electronic applications. The
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common factor between all substrates, polymers and organic materials as well, is the presence of
carbon, that enables the graphitization process.

Polyimide (PI) was first used for the formation of LIG in 2014 by Lin et al. This innovative
method leveraged a CO, laser to convert PI into a 3D porous graphene structure in a single step.
This process harnesses the material's thermal stability and the laser's ability to induce localized
heating, breaking and rearranging chemical bonds to form graphene. The resulting LIG's unique
properties have since attracted significant interest for applications in sensors, supercapacitors, and
other advanced electronic devices [36].

2.2.2 PI as a Substrate for LIG fabrication

Polyimide (PI) is a polymer that contains aromatic sp® hybridized carbon, which enables ring
formation of atoms and characterizes graphene. Laser treatment of this material induces local
heating, and at adequately high temperatures, the chemical bonds in the polymer break or rearrange,
releasing gaseous byproducts. During the graphitization process, surface carbon atoms are
transformed from sp? to sp? dominant configurations [30].

PI are high-performance polymers of imide monomers characterized by the presence of two acyl
groups (C=0) bonded to nitrogen (N). Different polycondensation reactions yield polyimides with
distinct general, electrical, and mechanical properties. Due to their planar aromatic and
heteroaromatic structures, polyimides are typically synthesized via the solvent method, which
addresses issues of insolubility and infusibility [37].

The synthesis of aromatic polyimides was initially reported in 1908. However, significant
advancements in polyimide synthesis and processing were not achieved at that time due to
challenges associated with their fabrication via melt polymerization. It was not until the early 1960s
that DuPont became the first company to commercially produce polyimides, utilizing pyromellitic
dianhydride and 4,4’-diaminodiphenyl ether as the primary components.

The fabrication of polyimides presents significant challenges due to their low solubility in
conventional solvents and elevated softening temperatures. Typically, polyimides are synthesized
through a condensation reaction between a dianhydride and a diamine, conducted in a two-step
process. In the initial phase, (Step 1 Figure 2.3) polycondensation occurs in a polar solvent at a low
temperature, resulting in the formation of polyamic acid, a soluble intermediate. In the subsequent
phase, (Step 2 Figure 2.3) the polyamic acid is converted into polyimides through the application of
heat or dehydrating agents, which is critical for producing various forms, such as fibers and films
[37]. Recent advancements have significantly improved the thermal stability of polyimides,
attributed to the incorporation of aromatic rings in the polymer backbone or side chains. These
modifications have endowed polyimides with an exceptional combination of thermal stability,
mechanical toughness, and chemical resistance. The rigid chemical structure, consisting of imide
and aromatic rings, provides excellent mechanical toughness, dielectric properties, and high
chemical resistance [37], [38].
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Figure 2.3. The classical method of polyimide synthesis by reaction of a dianhydride and a diamine.
STEP 1: Solution polycondensation of an aromatic diamine and a dianhydride to form poly(amic acid).
STEP 2: Poly(amic acid) could be processed into a useful shape. This is followed by cyclodehydration of the
amide acid to form polyimide [37].

Polyimide films exhibit remarkable electrical properties, characterized by a high dielectric
strength of 33 kV/mm, a low dielectric constant ranging from 3.2 to 4.4 and good insulation
resistance,with electrical resistivity spanning from 8x10" to 2x10" Q-m and sheet resistivity
ranging from 100 to 10000 €/sq. These attributes make them ideal for use in electronics and
electrical applications[37].

In terms of thermal properties, polyimides can withstand continuous use at temperatures up to
300°C while maintaining their mechanical and electrical properties over a wide temperature range.
Their thermal characteristics include a coefficient of thermal expansion ranging from 9x107° to
6x107° K™, a heat deflection temperature spanning from 201 to 413.6°C, a specific heat capacity
ranging from 960 to 1300 J/(kg-K), thermal conductivity between 0.31 and 0.52 W/(m'K), and a
maximum service temperature of up to 260°C [38], [39]. The mechanical properties of polyimides
include an elastic modulus ranging from 2.9 to 20.15 GPa, a flexural modulus between 1.1 and
510.53 GPa, flexural strength between 23.93 and 275 MPa, maximum allowed stress spanning from
85 to 250 MPa, and tensile strength ranging from 15.95 to 205 MPa.

For instance, DuPont's Kapton film, introduced in the 1960s, maintains its electrical, thermal,
chemical, and mechanical properties at extreme temperatures, allowing it to be effectively used in
both high and low-temperature environments where other organic polymeric materials would fail.
Kapton films can also be laminated on both sides with pressure-sensitive adhesives, including
acrylic and silicone [39].

15



Figure 2.4: Polyimide Kapton Film [40]

Aromatic heterocyclic polyimides, exemplified by commercially available polymers like
DuPont's Kapton resin, are characterized by their exceptional mechanical and thermal properties,
which enable them to replace certain metals and glass in high-performance applications across
various industries, including electronics, automotive, and aerospace. The remarkable performance
of these polyimides can be attributed to strong intermolecular forces between the polymer chains,
arising from a combination of polar interactions, aromatic stacking, and charge transfer
complexation. A polymer exhibiting a charge transfer complex comprises two distinct segments: a
donor and an acceptor. The donor segment possesses an abundance of electrons due to nitrogen
functional groups, while the acceptor segment, characterized by carbonyl groups, depletes electron
density from the donor. This dynamic interaction enhances the stability of the complex and
facilitates significant interactions not only between adjacent units within a single polymer chain but
also across different chains. This phenomenon results in a stacking behavior akin to that of strips of
paper, where donor and acceptor units are paired, effectively pulling the chains closer together.
Such tight coupling enhances the structural integrity of the material [39], [41].

PI, PEEK, PEI, PES are polymers with an important similarity for LIG production, they all
contain aromatic sp* carbon rings. However, they are different in structure and contain different
atoms (oxygen, nitrogen, sulfur), making the resulting LIG different in each case. PI and PEEK are
very similar polymers in terms of properties, with PI taking the lead in thermal stability, crucial for
proper fabrication under high-power laser irradiation. Moreover, PI contains more gas (O, N)
(Figure 2.3) atoms than PEEK (O), which in turn form the gaseous byproducts, and dictate the
porosity of LIG. High porosity is desirable in applications such as Hydrogen generation, as it
increases the available surface for interaction. Lin et. al. having tested 15 different polymers,
concluded that PI is optimal for LIG fabrication, as factors like the polymerization process of each
precursor affects the damage they suffer under high-powered laser beams [4].

2.2.3 L1G Applications

LIG’s unique and tailorable properties make it ideal for a wide range of applications in various
fields. A prominent application of LIG is in energy storage devices, where it serves as an excellent
electrode material for supercapacitors and batteries due to its high surface area and electrical
conductivity. These devices achieve higher energy density through highly reversible chemical
adsorption and redox reactions of electroactive substances on or within the LIG electrodes [30].
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LIG derived from polyimide (PI) substrates exhibits remarkable versatility in various
applications due to its unique properties. One significant application is in the field of flexible
electronics, where LIG can be integrated into wearable devices that require lightweight and
conformable materials. The high electrical conductivity and mechanical flexibility of LIG make it
an ideal candidate for flexible circuit boards and sensors that can withstand bending and stretching
without compromising performance [42]. Peng et al. reported a laser-generated porous graphene
supercapacitor from commercial polyimide that demonstrated a stable capacitance performance at
different bending curvatures and after 7000 bending cycles, exhibiting the excellent mechanical
flexibility of the LIG-based electronic devices. The mechanical flexibility of LIG can be attributed
to its porous structure, which consists of interconnected graphene sheets. This porous network
allows LIG to deform without structural damage, as the voids can accommodate the rearrangement
of graphene sheets under stress [11].

In sensor technology, LIG is used to develop flexible and efficient platforms for detecting
various substances, ranging from gases to biomolecules. The detection of gases is based on thermal
conductivity, measured by temperature changes caused by electrical current. The tunable electronic
properties of LIG make it a promising material for electronic devices, including transistors and
flexible electronics. Additionally, its lightweight and robust nature make LIG suitable for aerospace
applications, such as lightweight components and sensors. The porous structure of LIG also
enhances its performance in various applications by providing increased surface area for interaction
with target analytes and improving charge transport properties [43], [44]. Its high surface area
facilitates enhanced interaction with analytes, leading to improved sensitivity and detection limits.
For instance, LIG-based sensors have been developed for the detection of glucose and other
biomolecules, demonstrating rapid response times and high selectivity. The ability to tailor the
porous structure of LIG through laser processing allows for optimization of sensor performance
based on specific application requirements [45]. Another promising application of porous LIG is in
environmental monitoring. The unique properties of LIG enable its use in devices designed to detect
pollutants in air and water. The porous structure enhances the adsorption of harmful substances,
allowing for more efficient detection and quantification. Additionally, LIG can be functionalized to
improve selectivity towards specific contaminants, further enhancing its utility in environmental
applications [46].

Sensors vary in terms of sensing applications and one type that can be benefitted by LIG, is
pressure sensors, which are essential for tactile sensing and artificial intelligence applications.
These sensors are frequently manufactured as electronic bandages, enabling the monitoring of
physiological parameters. The most commonly employed pressure sensors are piezoresistive
sensors, which operate on the principle of varying resistivity in response to applied stress. In
contrast, strain gauges function by measuring changes in resistance resulting from alterations in the
geometry of the sensor itself. They operate on the principle that the electrical resistance of a
conductor changes when it is stretched or compressed. Typically, they consist of a thin metallic foil
arranged in a specific pattern and attached to a flexible backing material. When the object being
tested deforms, the strain gauge also deforms, resulting in a change in its electrical resistance. This
change is directly proportional to the strain experienced by the object, enabling the calculation of
stress, torque, pressure, and other mechanical parameters Piezoresistive sensors are particularly
advantageous in medical applications due to their sensitivity and ability to provide real-time data on
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physiological conditions, making them suitable for use in wearable health monitoring devices [47],
[48]. In addition to their role in tactile sensing, pressure sensors are used in robotics for providing
feedback on touch and pressure, enhancing the interaction between machines and humans. A
resistive pressure sensor has an active layer that is conducive for measurement and elastic for
response to pressure, which can be made by coating the conductive nanomaterial [49].

Optical sensors, also referred to as photodetectors, are a category of physical sensors that
transform light energy into electrical signals by detecting photons. These sensors have become
increasingly significant in optoelectronic applications [50]. LIG has been utilized as lateral
electrodes in photodetectors for effective signal collection, attributed to its cost-effectiveness,
scalability, and rapid fabrication process, making it a promising candidate for the mass production
of optoelectronic devices. Furthermore, LIG-based lateral electrodes contribute to a reduction in the
overall thickness of photodetectors, which results in decreased strain and enhanced flexibility. In a
study by Qu et al [51], a mass-producible optical sensor was developed using perovskite as the
light-sensitive material and LIG as the contact electrodes. The LIG electrodes, created from
polyimide via a photothermal laser process, were combined with formamidinium cesium lead
triiodide perovskite to form a composite with lateral LIG electrodes. The resulting photodetector
demonstrated high conductivity, flexibility, and a strong interface with the perovskite, achieving a
broad operational bandwidth of 365 to 940 nm. It also exhibited a responsivity of 15.1 mA W™ and
a response time of 0.4 seconds. These findings suggest that LIG could effectively replace noble
metal electrodes in optoelectronic applications, offering a more scalable and feasible alternative for
mass production [42].

2.3 Laser Gaussian Beams

One type of beam laser sources emit, is the Gaussian beam. The name is derived by the intensity
distribution of the beam on the axis of propagation, which is well characterized and its evolution is
smooth and easily predictable [52].

Unlike linear optics, focusing of a gaussian beam is characterized by a waist, meaning the beam
radius w(z) is at its lowest value wy j53. As the beam propagates, it experiences divergence in terms
of field component amplitudes, wavefront curvature and spot radius. Assuming propagation of a
laser beam on the z-axis, with z = 0 being the focal plane where w(z) = wy, there is a distance
extending on either side of z = 0, called Rayleigh range (zz) of the gaussian beam, and describes the
negligible divergence of the beam in this range (Figure 2.5a).

At z = % zg, the radius of the beam isw (z R)Z\/E w,. The divergence of the beam along z depends on
the waist wy and the photon wavelength A [52]:

2
2.5 zR:%

This relation can be used for simplification of the dependence of the width, radius of curvature and
divergence angle 6, on wy and A [52], [53], [54], [55], [56]:

2.6 w(z):wo\/TZ—ZR)2
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w,
The wavefront at z = 0 is plane and as z increases, so does the radius of curvature, meaning the
wavefront is distorted and becomes spherical. The divergence 0, describes the spreading of the
beam as it propagates towards infinity [52]. The propagation of the electric field along the z-axis is
given by [52], [53], [54], [55], [56]:

Cw, - 1, z, k'
2.9 E(r’z>_E°w(r)exp(W(Z)z)exp(llkZ arctanZR 2R<Z>])

with E, the peak amplitude at z = 0 and k = 21/A the wavenumber.

The intensity of the beam along the propagation will be given by the simplified equation [52], [53]:

2
2.10 I(r,z)ZIOexp(—Zr—z)
wiz)

with I, the peak intensity at w(z) = wy, and the plot of this equation along z is shown in Figure 2.5b.
This form of the intensity equation and the plot is convenient for the w, of any laser beam at the
focal point. Using a CCD camera to determine the laser spot of the beam, and the resulting gaussian
intensity plot, the width at the focus can be found. From Eq. 2.10, the width can be found by the
intensity value of 1/e* of the peak Intensity amplitude. Another definition for the beam width at the
focus is the Full-Width at Half-Maximum (FWHM) (Figure 2.5b) [52], [53].
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Figure 2.5: (a) Gaussian beam focus showing w, corresponding to z = 0, the Rayleigh range, the divergence
0 as well as the intensity along the propagation direction [57] (b) Gaussian beam intensity distribution
along the z-axis. The horizontal lines from bottom to top, represent the 1/¢°, 1/e, and the FWHM values of the
peak intensity [52].
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CHAPTER

Experimental Methods

This chapter is organized into four distinct sections, each focusing on critical aspects of the
experimental methodology employed to achieve LIG patterns on polyimide (PI) substrates using a
picosecond fiber laser. The first section provides an overview of the picosecond fiber laser utilized
in this study, detailing its operational parameters. These parameters were systematically varied and
analyzed to identify the optimal conditions for laser induction on the PI substrate. Additionally, this
section includes a description of the laser system and the optical setup, highlighting the use of two
distinct optical configurations to enhance the quality of the fabricated LIG. The second section
describes the characterization methods used to determine LIG properties. This includes an in-depth
analysis using Scanning Electron Microscopy (SEM), Raman spectroscopy, and current-voltage (I-
V) measurements to evaluate the structural and electrical properties of the LIG. Through these
techniques, we aim to provide a comprehensive understanding of the characteristics and
performance of the LIG patterns produced in this study. Finally, the third section describes the
optical setups used for the fabrication and optimization of LIG.

3.1 Laser Source

An IPG Ytterbium Picosecond Fiber Laser, operating at wavelength of 1064 nm, was employed
for the LIG formation experiments. The laser is a monolithic device that employs high-power
semiconductor diodes to pump an active optical fiber, which serves as both the gain medium and the
optical resonator. The active fiber core is doped with ytterbium ions, which are responsible for the
laser's light amplification. Light emitted from the semiconductor diodes is injected into the cladding
of the active gain fiber. This pump light undergoes multiple reflections within the fiber cladding,
frequently intersecting the fiber core. As the pump light interacts with the ytterbium ions, it excites
them, leading to stimulated emission of light at the laser's operating wavelength of 1064 nm. The
picosecond operation of the laser is achieved through the use of specialized techniques that create
ultrashort pulses. These pulses are significantly shorter than those produced by traditional
nanosecond lasers, allowing for precise material processing with minimal thermal effects. The short
pulse duration enables non-thermal absorption of energy [58], [59].

In this type of laser system the laser parameters that it is possible to set are the power, the
frequency, which defined the length of the period, the pulse width, that defined the number of the
pulses inside the period and the repetition. The laser is pulsed with variable pulse durations ranging
from 150 ps to 5 ns (150ps, 1ns, 2ns and 5ns), pulse duration 2-200 kHz and power 10-100% (0.10-
30 Watts) approximately. The all fiber format allows for the adjustment of pulse energy and/ or
pulse repetition rate without affecting any of the output beam parameters. It is possible to write a
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meandrous pattern, where the distance between the lines must be chosen and defined as hatching
(dy) expressed in mm. The overall shape is square, with equal width and length.

1

X

Figure 3.1. LIG meandrous pattern. The variable dy defines the hatching, y the length, and x the width of the
sample

The choice of a pulsed picosecond fiber laser operating at 1064 nm for fabricating LIG on PI
substrates was driven by its ability to achieve precise control over the energy delivery during the
fabrication process. This wavelength effectively interacts with the PI material, facilitating efficient
carbonization while preserving the integrity of the substrate. The rapid pulse duration allows for
localized heating, which is essential for transforming the polymer into a high-quality graphene
structure without significant thermal damage.

3.2 Characterization techniques

3.2.1 Electrical measurements

Sheet resistance (Rs) was used as the figure of merit to analyze conductivity, as it is a commonly
used measure of resistance, especially for thin films of uniform thickness. This metric allows for the
comparison of devices with different sizes. To measure the resistance of a LIG square sample, a
Keithley 4200A-ScS Parameter Analyzer was used with two dots of silver paint placed at the edges
of the sample. Two co-linear electrical probes, symmetrically positioned on the square samples,
were used to measure the resistance. Voltage was swept from -V to V, and the corresponding current
values were extracted. The sheet resistance was then calculated using the equation:

W
R.=—=xR
3.1 S L

where R is the Resistance, W is the Width and L is the length of the sample.

Silver
Paint

Figure 3.5. LIG electrical mesurements schematic.
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3.2.2 Scanning Electron Microscopy (SEM)

Analysis of SEM images is a common method of optical characterization of samples in any
study, as it provides detailed images with resolution down to the nm-scale. Operation of such
microscopes begins with electron extraction from the “electron gun”, typically a wire or tip of metal
such as Tungsten, by the application of electricity of thousands of Volts. The extracted electrons are
converged with the help of magnetic lenses and apertures, to form an electron beam that is guided
on the sample, which is then scanned in a rectangular raster pattern. Upon interaction of electrons
with the material, they are scattered, or can induce secondary electrons, which are electrons
removed by the sample. The back-scattered and secondary electrons are then collected by detectors,
that measure their signals, and map them as variations in brightness in the image display. SEM is
used to determine the surface morphology of materials and is a non-destructive measurement
method.

In order to characterize the morphology of our LIG samples, and determine the impact of laser
fluence on the structure, SEM images were taken, using the JSM-IT700HR High-Resolution
Scanning Microscope. This analysis is crucial to optically compare and observe the surface and
cross section of samples and perform an initial comparison of quality.

3.2.3 Raman Spectroscopy

Raman Spectroscopy is a crucial tool in characterizing the structure and quality of materials, and
especially graphene-related ones. Measurements require a probe laser source and photodetectors
that collect the intensity of photons. Incident photons on the material, with certain wavelength and
energy, interact with the oscillations of atoms and bonds, and are inelastically scattered at different
energies, depending on the energy of the vibrational mode they encountered. The photodetectors
measure the intensity of the scattered photons, resulting in the characteristic form of the Raman
spectrum, which presents several peaks, according to the material.

In graphene, the Raman spectrum exhibits three distinct peaks, that serve as an indicator of its
quality. The D peak (1350 cm™) corresponds to the breathing modes of sp? atoms and is activated by
defects, indicating the presence of structural imperfections in the graphene lattice [60]. The G peak
(1580 cm™) is attributed to the in-plane vibrations of sp? carbon atoms and is present in all graphitic
materials [61]. The 2D peak (2700 cm ™) represents the second order of the D peak and is intrinsic
to graphene [61], [62]. The Raman spectrum of LIG is very similar to that of graphene, showing the
similarity of the structures, and the justified term of Laser Induced Graphene.

LIG’s quality can be more easily understood through peak intensity ratios. The Ip/Ig ratio
reflects the level of disorder within the graphene structure, with lower values indicating higher
quality and fewer defects. Studies have shown that this ratio can vary based on laser processing
parameters, such as power and pulse duration. A smaller Ip compared to I typically signifies a
higher degree of structural order, suggesting a substantial amount of sp2-bonded carbon and fewer
defects. For instance, studies on LIG synthesized on PI substrates have shown prominent G peaks,
indicating high sp? bonding and low defect density. Specifically, Kwak et al. reported Ip/I ratios
around 0.79 for LIG samples fabricated under lower fluence conditions with a CO; laser (1064 nm),
implying a multilayer structure with relatively low disorder [63]. The 2D peak represents a specific
vibrational mode in carbon-based materials. A taller 2D peak in samples fabricated with lower
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fluence indicates better arrangement of sp? bonding structures [64]. The ratio to the G peak, I,p/Ig,
which compares the intensity of the 2D peak to the G peak, serves as an indicator of the number of
graphene layers. A higher Lp/I; ratio generally signifies better quality graphene, leading to reduced
scattering of charge carriers and enhanced mobility and conductivity [65]. LIG samples with a
higher I,p/Ig ratio have demonstrated approximately 30% lower sheet resistance compared to
pristine LIG, indicating superior electrical conductivity [66].

In this study, a continious wave (CW) laser source was selected to emit at 532 nm wavelength
and Raman spectra were extracted for several samples, for the quantified quality form the peak
ratios.

3.3 Optical Setups
3.3.1 First Setup (3D Printer stage)

To fabricate laser-induced graphene (LIG), a custom setup was developed by integrating a
commercial Ender-3 3D printer as a motion stage and motor-driven galvanic mirrors to steer the
laser beam through a lens above the 3D printer's bed. A custom LabVIEW software was used to
control the entire system. Despite the high resolution at relatively high speed and low cost, the
system did not offer a very high accuracy due to vibrations and not very high precision as the laser
beam diameter is bigger than the second optical setup.

Laser SO

Figure 3.4. Schematic of the optical setup including 4 Mirrors (M), 1 Iris (I) and a 3D printer’s bed as a xy
linear stage.

To determine the optimal focus, the sample was irradiated at varying heights and low laser power,
and the laser spot diameter was measured under an optical microscope using ImageJ software,
which was found to be 31 pm.
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3.3.2 Second Setup (Dedicated XY stage)

Figure 3.8: (a) Scheme of the optical setup including 4 Mirrors (M), 1 Iris (I) and 1 Lens (L) of 150 mm. (b)
LIG sample on PI substrate.

The second setup employed for the fabrication of LIG was meticulously designed to enhance
control over the fabrication process. A Linear Motor Positioning Stage (model 8MT167-25BS1)
was utilized to achieve precise positioning of the sample, facilitating the creation of a meandrous
LIG pattern using a plano-convex lens with focal length of 150 mm. The laser spot size was
determined to be 26 pm through beam profiling, a critical parameter for ensuring accurate material
processing.

3.4 LIG in Hydrogen Generation
3.4.1 Hydrogen Evolution Reaction

The application of LIG on polyimide for hydrogen generation presents a promising avenue in the
pursuit of sustainable energy solutions. As the demand for clean energy sources intensifies, LIG's
exceptional properties, such as high electrical conductivity and large surface area, make it an ideal
candidate for enhancing the efficiency of the hydrogen evolution reaction (HER) [67]. The
hydrogen generation process utilizing LIG as a catalyst for water splitting involves several key
mechanisms that enhance the efficiency of the HER. In this experimental setup, LIG facilitates the
electrochemical conversion of water into hydrogen gas through the reduction of protons (H") at its
catalytic sites. The unique properties of LIG, including its high conductivity and large surface area,
play a crucial role in optimizing this reaction [68], [69].

By allowing for the tuning of the material's sheet resistance, LIG enhances charge transfer
efficiency during the HER, which is essential for improving hydrogen production rates. The process
begins with the absorption of light by the system, which excites electrons and generates charge
carriers that migrate to the catalytic sites on the LIG surface. This leads to the reduction of protons,
ultimately resulting in the formation of molecular hydrogen (H,) [70], [71], [72].
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3.4.2 Porphyrin functionalization

The integration of porphyrins into the hydrogen generation process enhances the efficiency of
the HER due to their unique chemical properties. Porphyrins are well-known as effective
photosensitizers, capable of absorbing light and facilitating charge transfer, which is crucial for
catalyzing the reaction that produces hydrogen from water. Their molecular structure allows for
easy modification, enabling the tuning of their electronic properties to optimize light absorption and
enhance photocatalytic activity. In this context, porphyrins can be functionalized with various metal
ions, which not only increases the number of active sites available for the HER but also improves
the stability and efficiency of the catalytic process. This makes porphyrins particularly suitable for
use in hybrid systems, where they can work synergistically with materials like LIG, to achieve
lower sheet resistance and improved charge transport, ultimately leading to more effective hydrogen
production. The combination of LIG and porphyrins represents a promising strategy for advancing
the development of sustainable hydrogen generation technologies [73].

The experimental investigation focused on the combination of LIG with cobalt(Il)
tetraphenylporphyrin (CoTPP) and copper(Il) tetraphenylporphyrin (CuTPP) as catalysts for
electrocatalytic hydrogen evolution. These metalic porphyrins were selected due to their proven
efficacy and stability in promoting hydrogen production, particularly CoTPP, which has been
extensively studied for its high catalytic activity in the HER. The LIG as a substrate serves a dual
purpose, acting as both a catalytic surface and a scaffold for the porphyrin molecules, facilitating
effective interaction during the electrocatalytic process.

The functionalization of the LIG substrate with cobalt(Il) tetraphenylporphyrin (CoTPP)
molecular catalyst was carried out using the following procedure, as illustrated in Figure 3.9. The
LIG sample was secured onto a spin coater using a double-sided carbon tape. The sample was then
spun at a rotational speed of 2000 rpm, and a solution of CoTPP in tetrahydrofuran (THF) with a
concentration of 1 mg/mL was drop-casted onto the spinning LIG surface in five aliquots of 20 pL
each. The resulting functionalized LIG electrodes were subjected to characterization using Raman
spectroscopy and SEM.

\_

LIG CoTPP/ )
on polyamide  tetrahydrofuran N  gjlver paste

ST

Spin coating

Figure 3.9. Schematic illustration of the functionalization of LIG substrate with additional molecular
catalyst for electrocatalytic hydrogen generation from water.
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3.4.3 HER efficiency measurement methods

The electrocatalytic performance of LIG and porphyrin-functionalized LIG towards the HER
was assessed using linear sweep voltammetry (LSV) and chronoamperometry (CA) techniques. The
experiments were conducted in a standard three-electrode electrochemical system, with the LIG
samples (working area of 1 cm?) serving as the working electrode, a platinum wire as the counter
electrode, and Ag/AgCl as the reference electrode. The HER electrocatalysis was carried out in a 1
M NaOH electrolytic solution purged with N, gas. Three sets of samples were tested with sheet
resistances 84 Q/sq (1% set), 84 Q/sq (2™ set), 16 Q/sq (3" set). To investigate the catalytic activity
of the prepared samples towards HER, linear sweep voltammograms were recorded in the potential
window of 0 to -1.5 V vs. Ag/AgCl at a sweep rate of 5 mV/s.

To assess the stability of the catalysts, which is a crucial parameter for their potential commercial
application, the prepared samples were subjected to chronoamperometric measurements. The
stability was studied using the CA technique for a duration of 1 minute by applying a constant
potential of -0.6 V vs. Ag/AgCl.
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CHAPTER

Results & Discussion

This chapter presents the results of the experimental LIG optimization, and their subsequent
characterization and quality determination, as well as the performance of our LIG samples, both
pure, and functionalized with porphyrins, in hydrogen generation. Moreover, a comparison of the
electrical properties of the samples is presented, to highlight the satisfying results of our study.

4.1 Laser Characterization

To investigate the relationship between the laser output power and the power percentage set in
the laser software, a series of measurements were conducted while maintaining a constant repetition
rate of 60 kHz. The power percentage was incrementally increased from 10% to 90% in 10% steps
for pulse durations of 1 ns, 2 ns, 5 ns, and 150 ps. The output power was measured using a power

meter, and the values were plotted to generate graphs for each pulse width.

The resulting plots exhibit a linear relationship between the power percentage and the output
power for all four pulse widths. This linear trend can be attributed to the direct proportionality
between input power and output power, as described by the laser rate equations. Notably, the slope
of the linear plot for the 150 ps pulse width was the smallest among the four, followed by the slopes
for 1 ns, 2 ns, and 5 ns pulse widths. It is important to note that the repetition rate of 60 kHz
represents the minimum value that could be set for a pulse width of 150 ps, while the minimum
allowable repetition rate for the other three pulse widths was 2 kHz.

This phenomenon can be explained by the concept of peak power, which is the maximum optical
power attained during a pulse. Shorter pulse durations, such as 150 ps, result in higher peak powers
because the same amount of energy is concentrated in a shorter time frame.

The relationship can be expressed mathematically as follows [74]:

Pulse Energy
Repetition Rate * Pulse Width

4.1 Peak Power =

The smaller slope for the 150 ps pulse width indicates that the output power increases less
significantly with increasing power percentage compared to longer pulse widths. In contrast, longer
pulse widths (1 ns, 2 ns, and 5 ns) exhibit similar slopes that are larger than that of the 150 ps pulse
width, suggesting that the system operates more linearly over the range of power percentages tested.
This behavior underscores the significance of pulse duration in optimizing laser output power and
efficiency [75].
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Figure 4.1: Laser Power output for stable repetition rate (60 kHz) and varying pulsed widths.

4.1.1 Humidity and lasers

Humidity significantly impacts the stability and performance of laser systems, particularly in
controlled laboratory environments. Fluctuations in humidity levels can cause variations in laser
output power, as moisture in the air alters the refractive index of the medium through which the
laser beam propagates. This change can lead to instability in the laser beam characteristics, resulting
in inconsistent performance during experiments. Studies have shown that changes in relative
humidity critically affect laser pulse energy, influencing both high and low fluence outputs, which
can compromise the precision of laser applications. Additionally, high humidity can cause
condensation on optical components, further degrading the quality of the laser output. Therefore,
maintaining stable humidity levels is essential for ensuring reliable laser operation and achieving
consistent results in experimental applications [76].

The interaction between humidity and polyimide (PI) substrates is crucial in understanding their
performance in various applications. PI is known to be hydroscopic, meaning it can absorb moisture
from the environment. This absorption can lead to significant changes in the physical and optical
properties of the material, including alterations in thermal conductivity, dielectric constant, and
mechanical strength. As humidity levels increase, the moisture absorbed by the PI can also affect its
dimensional stability, potentially leading to warping or other structural changes. Research indicates
that changes in relative humidity can result in design specification violations concerning
dimensional requirements in materials like PI, particularly in additive manufacturing processes.
These variations can influence the interaction between the PI substrate and external stimuli, such as
laser light, thereby affecting the overall performance and reliability of devices that utilize PI.
Consequently, controlling humidity is vital for maintaining the integrity and functionality of PI
substrates in experimental and industrial applications [77].

Temperature is a critical factor that significantly influences the output power and overall
performance of laser systems. As the temperature of the laser diode increases, several physical
phenomena can lead to a decrease in output power. Elevated temperatures can cause a shift in the
laser's emission wavelength, resulting in reduced efficiency and stability of the laser output.
Specifically, the increase in temperature can lead to a higher threshold current required for lasing,
thereby diminishing the output power at a given input current. Additionally, thermal effects can
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induce changes in the refractive index of the gain medium, which can further affect the beam
quality and stability. The relationship between laser output power and ambient conditions can be
illustrated in the following graph. When effective thermal management strategies are implemented,
such as the utilization of heat sinks, active cooling systems, and rigorous temperature monitoring,
the laser output power remains stable across varying ambient conditions. This stability underscores
the critical role of thermal management in maintaining optimal laser performance and ensuring
consistent operational results [78].
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Figure 4.2: Impact of the effective thermal management on output power. [78]

4.2 LIG Optimization & Characterization
4.2.1 First Setup (3D Printer Stage)

The primary objective of this research was to identify the optimal parameters for fabricating
high-quality LIG with superior electrical conductivity. The approach involved varying one
parameter while keeping the others constant and then measuring the sheet resistance of the samples.

The first step was to determine the optimal pulse duration among 1 ns, 2 ns, and 5 ns. As shown
in Figure 4.3a, the 1 ns pulse duration exhibited the lowest sheet resistance when the repetition rate
and fluence were kept constant. Subsequently, different fluences were tested while maintaining a
steady repetition rate and pulse duration, revealing the best fluence to be 23.3 J/cm® Figure 4.3b. In
addition to pulse duration and fluence, the hatching distance, defined as the spacing between
adjacent laser lines, was also varied to optimize the quality of the LIG. The analysis indicated that a
hatching distance of 31 pm yielded the best results, as demonstrated in the graph Figure 4.3c. This
optimal spacing of the laser beam scanning allows for adequate overlap of the laser-induced areas,
enhancing the overall conductivity of the LIG. Finally, the fluence and pulse duration were held
constant, and the repetition rate was varied. Figure 4.3d indicates that the optimal repetition rate is
80 kHz. By systematically optimizing these key parameters—including pulse duration, fluence,
hatching distance, and repetition rate—the conductivity of the fabricated LIG can be significantly
improved, paving the way for its use in various applications that require high-performance
graphene-based materials.
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Figure 4.3. (a) Pulse Duration- Sheet Resistance plot for LIG samples fabricated with 23.2 J/em? and
10kHz, (b) Fluence- Sheet Resistance plot for LIG samples fabricated with 1ns and 10 kHz, (c) Hatching dy-

Sheet Resistance plot for LIG samples fabricated with 150ps, 1.9 W, 4.4 J/cm2,70 kHz and z=1.76 mm,
(d)Repetition Rate- Sheet Resistance plot for LIG samples fabricated with 23.2 J/em? and 1ns.

In addition, the distance between the galvic mirrors and the 3D printer’s bed’s home position was
altered. Thermal degradation of the samples was observed at distances z=1.74mm and 1.78mm,
surrounding the critical point at z=1.76mm. Analysis reveals that the midpoint, situated at
z=1.76mm, corresponds to the focal point within the Rayleigh range. At focal point the sheet
resistance was equal to 84 Ohm/sq, keeping the other parameters at the ideal values that were
presented above.

This analysis was performed on the sample exhibiting the lowest sheet resistance within this
experimental setup. The SEM images revealed a distinctly uniform and porous morphology of the
LIG. However, challenges arose during the examination of other samples due to their higher
resistance values, which were elevated due to the incomplete transformation of PI to LIG and the
insulating properties of the PI substrate. To mitigate charging artifacts during imaging, the
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deposition of a gold (Au) layer onto the material's surface was performed, prior to SEM
characterization. In particular, SEM images of samples fabricated with a lower laser power of 1.6 W
(3.7 J/cm?) displayed a non-uniform surface, characterized by regions exhibiting a porous
morphology indicative of LIG, alongside areas where the polyimide had not induced into graphene.
In contrast, SEM images obtained at a higher laser power of 1.9 W (4.4 J/cm?®) demonstrated a
significantly more uniform surface, with complete transformation of the polyimide into LIG. The
resulting morphology was characterized by a porous texture, with distinct laser-etched lines clearly
visible across the sample. Furthermore, cross-sectional analysis conducted using ImageJ software
revealed that the thickness of the LIG layer measured approximately 40.2 + 10.4 pm (due to
thickness fluctuations, Figures 4.4ghi). This comprehensive characterization related to the
influence of laser power on the morphological properties of LIG, highlighting the importance of
optimizing fabrication parameters to achieve uniform and high-quality graphene structures.

Std-PC 380 00 S Std-PC 380
ol
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Figure 4.4. LIG formation under ambient conditions. (a) Top view SEM image of LIG fabricated with power
1.9W (4.4 J/cm?®), 70 kHz, Magnification x50, (b) Top view SEM image of (a), Magnification x1500, (c) Top
view SEM image of (a), Magnification x5000, (d) Top view SEM image of LIG fabricated with power 1.6W
(3.7 J/em?), 70 kHz, Magnification x50, (e) Top view SEM image of (d) fabricated with power 1.6 W (3.7
J/em?), 70 kHz, Magnification x1500, (f) Top view SEM image of (d) fabricated with power 1.6W (3.7 J/cm?),
70kHz, Magnification x5000, (g) Cross section of LIG fabricated with power 1.9 W (4.4 J/cm?), 70 kHz,
Magnification x150, (h) Cross section of LIG fabricated with power 1.9 W (4.4 J/cm?®), 70 kHz,
Magnification x200, (i) Cross section of LIG fabricated with power 1.9 W (4.4 J/cm?), 70kHz, Magnification
x400.

4.2.2 Second Setup (Dedicated XY Stage)

The meandrous pattern provided tunability in the dimensions of the final sample and the
hatching distance (dy), which was optimized at 28 pm for effective LIS fabrication. The scanning
speed of the stage was set at 5 mm/s, allowing for controlled movement during laser application. A
pulse duration of 150 ps was selected for this setup, significantly shorter than the nanosecond (ns)
pulse durations commonly used in LIG fabrication. The use of shorter pulse durations results in
higher peak power, which enhances energy concentration at the focal point. This increased energy
density promotes efficient ablation of the polyimide substrate, leading to a more effective
conversion to graphene. Additionally, the rapid energy delivery minimizes the heat-affected zone,
thereby reducing thermal diffusion into the surrounding material and preserving the integrity of the
substrate. The ultrafast nature of the 150 ps pulses further facilitates precise control over the
material removal process, which is essential for achieving high-quality LIG patterns with desirable
electrical conductivity [46], [79].

Upon interaction with the polyimide substrate, the laser beam generates localized plasma due to
the high energy density at the focal point. This plasma is pivotal in the ablation process, aiding in
the conversion of polyimide to graphene. The optimized hatching distance of 28 pm ensures
effective interaction between the plasma generated by one laser pulse and the subsequent pulse,
preventing excessive overlap that could induce undesirable thermal effects or damage [80].

Following this fabrication process, the resistances of each sample were measured using a
Keithley 4200A-SCS Parameter Analyzer, applying the appropriate formula for resistance
determination. The sheet resistance of the LIG was significantly influenced by variations in laser
process parameters. Specifically, achieving high-quality conductive films required precise laser
fluence. As illustrated in Figure 4.5a, the sheet resistance decreased with increasing fluence,
reaching a minimum value of 16 Q/sq at a fluence of 0.59 J/cm?. This value is notably lower than
the 36.6 Q/sq reported by Sartanavicius et al. [81], indicating further optimization of the laser
processing parameters. Beyond this optimal fluence, the sheet resistance began to increase,
suggesting a threshold beyond which the quality of the conductive film deteriorates due to defects
induced by excessive thermal effects [82].
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Figure 4.5: (a) Dependence of the electrical sheet resistance [Ohm/sq] to fluence [J/cm?] (b) I-V plot
example of LIG sample

Figure 4.5b illustrates the I-V plot of the LIG sample, demonstrating a linear increase in current
with increasing voltage. This linear relationship indicates that the LIG sample exhibits ohmic
behavior, conforming to Ohm's law. The linear I-V dependence suggests that the LIG sample
maintains a constant resistance over the measured voltage range, with the slope of the line
representing the conductance of the LIG, the inverse of its resistance [83]. Notably, as the
measurements were not conducted under absolute darkness, a slight shift in the graph was observed,
indicating a change in conductivity due to the generation of electron-hole pairs within the LIG
material [84].

SEM images of samples clearly show the porous structure of LIG, which is the result of
photothermally induced release of gaseous byproducts [85]. Depending on the ultrashort pulsed
beam fluence on the polymer substrate, porosity and surface morphology differ. Notably, the SEM
images of sample, with the lowest sheet resistance, fabricated with 0.26 J/ cm? (Figure 4.6a, c) and
sample fabricated with 0.56 J/cm? (Figure 4.6b, d) fluence, exhibit highly different surfaces. The
sample fabricated with lower fluence, is characterized by a surface lacking porosity, whereas the
higher fluence sample has a highly porous surface, with large pore size. In the case of 0.26 J/cm?,
the fluence is insufficient to effectively break C-N and C-O bonds and to ionize the released gasses,
resulting in an incomplete transformation of PI to LIG. Increasing the fluence, will result in
efficient bond breaking, with subsequent gas ionization and localized temperature increase, which
results in higher quality porous LIG. Cross-sectional SEM images of the samples (Figures 4.6c, f),
confirm the presence of porosity on the LIG sample, with thickness measuring 74 + 5 pm and 120 +
10 pm, respectively. Figure 4.6d reveals a secondary layer of LIG, characterized by a distinct
texture, situated between the surface LIG and the polyimide (PI) substrate. This phenomenon occurs
due to insufficient laser fluence, which fails to penetrate through the entire substrate, thereby
preventing the formation of a uniform LIG layer throughout the material.
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Figure 4.6: LIG formation under ambient conditions. (a) Top view SEM image of LIG fabricated with
fluence of 0.26 J/cm?, Magnification x500, (b) Top view SEM image of (a), Magnification x1500, (c) Cross
section SEM image of (a), Magnification x200, (d) Top view SEM image of LIG fabricated with fluence of
0.59 J/cm’, Magnification x500, (e) Top view SEM image of (d), Magnification x1500, (f) Cross section SEM
image of (d), Magnification x200.

It is possible to quantify the percentage of PI that is converted to LIG during the laser treatment
process, by the cross sectional SEM images. Figure 4.6f reveals remaining PI of thickness 8.6 pm
at the bottom of LIG. The initial thickness of the PI film is 70 um. Laser treatment of a 1x1 cm?* PI
sample produces the final product of Figure 4.6f, with volumes of PI before and after treatment:

4.2 V =Width - Length - Thickness=2.52 - 10" >cm’before treatment
V'=0.31-10>cm’ after treatment

From the maker’s data sheet for the PI film, its density is given as 1.42 g/cm? [86], which can be
used to determine the mass of PI:

4.3 m=p-V=358-10"g
m'=p-V'=044-10’g

So the total mass of PI that was converted to LIG is 3.14 mg, meaning the theoretical conversion
percentage of PI to LIG is 87.7%. This percentage describes the amount of LIG that is formed on a
PI sheet, assuming all PI mass affected by the laser is converted to LIG. However, that is not the
case in practical LIG generation, as part of PI is released from the material in the form of gas, which
is responsible for the materials porosity.
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To determine the percentages of converted PI mass, a 6x6 mm* LIG sample (Figure 4.6f) and a
6x6 mm? pristine PI film were weighted on a KERN ABT 320-4NM scale. The values for the
weights are 2.1 mg for the PI and 1.8 mg for the LIG sample with 8.6 pm PI remaining. The volume
of the remaining PI under the LIG can be found by the expression 4.2, at 0.0003096 cm?®, which can
be used together with PI’s density to find its mass through expression 4.3. The mass of the
remaining PI amounts to 0.44 mg. The mass of PI can now be found by:

My =MpgtMp = My =m

total —

- mp;=1.36 mg

total
So the actual weight percentage of PI converted to LIG will be 1.36 mg/ 2.1 mg, or 64.76%.

Figure 4.7a illustrates the Raman spectra of five samples prepared at different fluences,
(0.26,0.33,0.4,0.51 and 0.59 J/cm?), highlighting the prominent peak characteristics of graphene. As
the laser power increases, both the intensity and half-width of these characteristic peaks exhibit
variations, but the Raman shift remains unchanged, with negligible shift, that is attributed to slightly
different energy levels of vibrational modes [87], originating from laser processing. The intensity
ratios Ip/Ig and Lp/Ic of LIG prepared at different powers indicate variations in defect density and
carbon atom stacking of graphene as a function of laser fluence (Figure 4.7b). The sample
fabricated with fluence 0.26 J/cm?, exhibited the highest In/I ratio, ~1.14, indicating a higher level
of defects. As fluence increases, the Ip/I; ratio decreases, while the I,p/I; ratio increases, suggesting
a reduction in structural defects [88].

Notably, the sample fabricated with fluence 0.51 J/cm?, exhibits a slightly lower Ip/I; ratio of
0.72, in contrast with the sample fabricated with 0.59 J/cm® which shows an Ip/I; of 0.77 and a Ip/Ig
ratio of 0.3, indicating superior material quality. Higher I,p/I; ratios are an indicator of enhanced
graphenization and improved stacking of graphene layers, whereas lower ratios suggest the
presence of alternative carbon forms, such as amorphous carbon, resulting from fluctuations in laser

power during the fabrication process [89].
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Figure 4.7. (a) Raman Spectra of 5 LIG samples (b) Intensity ratio of peaks in (a) as a function of fluence.
(¢) Influence of Fluence on the Sheet Resistance and Thickness of LIG Samples.

The sheet resistance of LIG was notably influenced by changes in the laser process parameters.
Specifically, the formation of LIG required a precise laser fluence to produce a high-quality
conductive film. As illustrated in Figure 4.5a, the sheet resistance decreased with increasing
fluence, achieving a minimum value of 16 Q/sq at a fluence of 0.59 J/cm? This value is lower
compared to the 36.6 Ohm/sq reported by Sartanavicius, A. et. al.[81], underscoring the further
optimization of laser processing parameters. Beyond this optimal point, the sheet resistance
increased again, indicating a threshold beyond which the quality of the conductive film deteriorates,
due to higher fluences inducing defects originating from thermal effects [82]. These results are
consistent with the SEM and Raman analysis of samples, where the highest quality LIG was shown
to be fabricated at 0.59 J/cm®. The samples at lower fluences exhibit increased sheet resistance due
to lower quality graphene, characterized by defects and surface inhomogeneity. Higher quality
porous films show better conductivity due to their uniform structure, which facilitates efficient
charge transfer across the material.

The graph in Figure 4.7c demonstrates how varying fluence affects the sheet resistance and
thickness of five LIG samples produced on a polyimide substrate. As the fluence is increased, the
thickness of the samples increases reaching ~120 pum, for the highest quality sample. The data
suggest that optimizing fluence for LIG fabrication on PI significantly influences material
properties, with higher fluences resulting in thicker, more conductive layers, due to better
graphenization of the whole PI film.
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Figure 4.8. (a) Flexibility test plot of the sample fabricated with 0.6 J/cm? fluence and 1x1 cm dimentions.
(b) LIG sample fully bent forming a complete circle.

The flexibility of LIG is a critical factor for its potential applications in flexible electronics and
wearable devices. To evaluate this property, a series of systematic flexibility tests were conducted,
wherein a square LIG sample was subjected to repeated folding. The primary objective of this
experiment was to assess the impact of mechanical deformation on the electrical resistance of the
LIG material. Specifically, the sample was folded multiple times at predetermined intervals—1, 5,
15, 35, 65, and 105 folds—and the corresponding resistance was measured after each folding cycle
with a multimeter. The plot (Figure 4.8a) demonstrates the sample's ability to withstand mechanical
deformation without significantly compromising its electrical properties. Although a notable
increase in sheet resistance was observed after 100 bending cycles, with values rising from an initial
measurement of 17 Ohms to nearly 40 Ohms, it is important to highlight that no visible changes in
the material were detected, both macroscopically and microscopically. Visual inspections and
microscopic examinations revealed that the structural integrity of the LIG samples remained intact,
exhibiting no signs of delamination, cracking, or other forms of mechanical degradation. This
observation suggests that repeated mechanical stress may affect the electrical properties of the
material. However, the overall physical structure of the LIG retains its robustness, indicating a
degree of resilience that is critical for applications in flexible electronics.

4.3 Comparison of State-of-the-Art LIG from different laser types

Different Laser types have different impact on polymeric substrates, inducing various reactions
and thus LIG fabrication is extensively affected. Femtosecond lasers, characterized by pulse
durations on the order of 10" seconds, represent a significant advancement in laser technology,
enabling the creation of high-quality microstructures with minimum thermal damage to surrounding
materials. In the study conducted by Wang et al. (2024), femtosecond laser direct writing
technology was employed to fabricate multiscale hybrid-structured femtosecond laser-induced
graphene (FsLIG) on polyimide substrates in ambient air. The sheet resistance of the FsLIG was
measured at approximately 18.2 Q/sq, significantly enhancing its electrothermal conversion
performance [90]. Femtosecond laser pulses generate localized heating due to their high peak power
and short duration, causing the polymer chains in polyimide to break down and rearrange into a
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graphene-like structure. The resulting FsLIG exhibits a high light absorption rate of approximately
98.5% across a broad spectrum (220-1400 nm), which enhances its ability to convert light into heat.
Additionally, the low sheet resistance of FsLIG allows for efficient electrical conduction; when an
electric field is applied, the material generates heat through Joule heating, further enhancing its
thermal performance. This dual capability enables the material to respond effectively to both light
and electrical stimuli, making it particularly suitable for applications such as anti-icing and deicing.
The transformation from polyimide to graphene involves significant alterations in chemical bonding
and the arrangement of carbon atoms, with the intense energy from femtosecond laser pulses
facilitating the formation of sp? hybridized carbon structures characteristic of graphene while
simultaneously removing functional groups that may inhibit conductivity [91]. The ultrashort pulse
duration of picosecond lasers minimizes thermal damage while enabling effective photomechanical
interactions that shatter target materials into smaller particles, making them suitable for applications
in high-frequency electronic devices and flexible electronics.

In contrast, picosecond lasers, with pulse durations ranging from 1 to 100 picoseconds, offer a
balance between precision and efficiency, though femtosecond lasers provide even greater precision
due to their shorter pulse durations. Picosecond lasers operate through both photothermal and
photomechanical mechanisms, allowing for effective carbonization while minimizing thermal
diffusion, leading to a more controlled formation of LIG. Research by Sartanavicius et al.
demonstrated that a picosecond laser (1064 nm) was used to create a conductive graphene network
within a PI matrix, resulting in a sheet resistance of approximately 36.6 Q/sq, as confirmed by
Raman spectroscopy. [81].

Nanosecond lasers typically induce thermal and photothermal reactions due to their longer pulse
durations, which allow for significant thermal diffusion and extensive heating of the substrate. This
heating facilitates carbonization and rearrangement of the polymer chains in polyimide into
graphene-like structures; however, this method carries a higher risk of thermal damage compared to
ultrafast lasers. Studies indicate that nanosecond laser processing can yield sheet resistances ranging
from 16 to 36 Q/sq depending on specific parameters such as laser power and scanning speed. The
longer pulse duration allows for more extensive heating but may lead to greater thermal damage in
surrounding areas [62].

UV lasers can initiate both photochemical reactions, such as bond breaking and material
ablation, and photothermal effects that result in localized heating. Operating at shorter wavelengths
(e.g., 355 nm), UV lasers effectively interact with organic materials like polyimide, breaking
chemical bonds through direct photon absorption. As fluence increases, photothermal effects
become more pronounced, raising the temperature of the material and leading to thermal expansion
or carbonization of the substrate. The combination of photothermal and photochemical effects
enhances the efficiency of graphene production, allowing for significant alterations in surface
morphology and improved electrical properties [92], [93]. Table 4.1 compares sheet resistances of
LIG resulting from various types of lasers.
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Laser Type Reaction Sheet resistance Reference
Nanosecond (CO.) thermal and photothermal 16 to 36 Q/sq [62], [94]
(27.4 Q/sq)
Picosecond photothermal and photomechanical 36.6 Q/sq [81]
Femtosecond photo-electo-thermal 18.2 Q/sq [90]
UV laser photothermal and photochemical 20 Ohm/sq [92]
(355 nm)
Our study: photothermal and photomechanical 16 Ohm/sq This work
Picosecond

Table 4.1. Comparison of different laser types on LIG fabrication.

4.4 LIG as electrodes in Hydrogen Generation

The Raman spectra of the functionalized LIG samples, shown in Figure 4.9, revealed the
presence of both LIG-derived and porphyrin-derived bands, with no significant shifts observed. In
contrast, SEM analysis, as presented in Figure 4.10, showed notable structural changes. A
comparison of Figure 4a and 4b suggests that the tetraphenylporphyrin (TPP) moiety reduces the
porosity of the LIG, likely due to the vitrification of TPP molecules within the LIG porous
structure. This observation may explain the less distinct Raman spectra obtained from the same
sample, as indicated by the red line in Figure 4.9. The incorporation of CoTPP appears to have
minimal impact on the LIG structure, as illustrated in Figure 4.10c. However, in the case of
copper(Il) tetraphenylporphyrin (CuTPP), the formation of octahedral nanostructures on top of the

porous LIG was observed.

Figure 4.9. Raman spectra of functionalized LIG substrates.
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Figure 4.10. SEM images of functionalized LIG substrates.

Figure 4.11a,c shows the crhonoamperometry and LSV curves for LIG and reference samples,
while Figure 4.11b,d presents the results for different sets of LIG samples. The findings revealed
that the porphyrin-functionalized LIG samples exhibited lower performance compared to the non-
functionalized LIG samples. This observation can be attributed to the limited number of available
pores in the functionalized samples, which may hinder electron transfer and the proximity of proton
cations required for the reaction. Therefore, the investigation continued by focusing on improving
the LIG as a working electrode without additional functionalization. Furthermore, the LSV results
indicated that the 3rd set of LIG samples demonstrated superior electrochemical performance.

(a) 0.0 (ﬁo 0.0
. .|
. -1.0x10 | 1st set of LIG samples
o~ -5.0x107 2.0x10° 2nd set of LIG samples
§ | : ] 3rd set of LIG samples
< = 3.0x10% -
= -1.0x10™ 7 LG g 3.0x10
c 3 1
o ——LIG/COTPP| < pu0° ///
5 ——LIG/CuTPP < ]
o
O -1.5x10% - S -5.0x10 -
O ]
-6.0x10
-2.0x10™ H 1
-7.0x10™
T T T T T T T T T T T T T 4
-8.0x10 T T T T T T T T T T T 1
0 10 20 30 40 50 60 0 10 20 0 40 50 80
Time (sec) Time (sec)
—— 1st set of LIG samples
p & 0.0+ 2nd set of LIG samples
(Q)) 0.0 st I ) 3rd set of LIG samples
c i
-2.0x10™ o
-2.0x10™ A *
ﬁg ‘g
T 4.0x10% < -4.0x10° -
5 6.0x10% —— Pt electrode 3
O —LIG -6.0x10™ o
——LIG/CuTPP
-8.0x10™ ——LIG/ CoTPP
— Glassy Carbon
T T T T T T T 1 -8.0x10™* T T T T T T T 1
0.8 0.6 0.4 0.2 0.0 14 12 10 08 06 04 -02 0.0
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

40



Figure 4.11. (a) Chronoamperometric (CA) curve investigated for the period of 1 minute at the constant
potential —0.6 V vs Ag/AgCl, for LIG and functionalized LIG samples. (b) Chronoamperometric (CA) curve
investigated for the period of 1 minute at the constant potential —0.6 V vs Ag/AgCl for different sets of LIG
samples. (c¢) Electrocatalysis of HER — LSV curves recorded for LIG and reference samples. (d)
Electrocatalysis of HER — LSV curves recorded for different sets of LIG samples.

Chronoamperometry measurements were conducted on all samples, as shown in Figures 4.11a
and 4.11b. The results clearly indicate that most samples exhibited stability during HER
electrocatalysis, as they retained a significant portion of their current density. The results of the first
and second set of samples are greatly different, possibly due to humidity effects on the PI and the
laser.

In conclusion, the combination of LSV and CA techniques provided valuable insights into the
electrocatalytic performance and stability of LIG and porphyrin-functionalized LIG for the
hydrogen evolution reaction. The findings suggest that further optimization of the LIG material is
necessary to enhance its catalytic efficiency, while the stability analysis confirms the potential of
these materials for practical applications in hydrogen generation.
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CHAPTER

Conclusions

This master thesis investigated the synthesis and application of LIG on PI for electrocatalytic
hydrogen generation, among other apllications. Utilizing a picosecond fiber pulsed laser with a
wavelength of 1064 nm, LIG was successfully fabricated, achieving an exceptionally low sheet
resistance of 16 Q/sq under ambient conditions. This low sheet resistance is indicative of the high
electrical conductivity of the material, which is essential for enhancing the efficiency of
electrocatalytic processes. Structural characterization of the samples confirmed the high quality of
LIG with the lowest sheet resistance, showing fewer inconsistencies and defects, which further
contributes to its superior conductivity. By controlling parameters such as laser pulse duration,
fluence, repetition rate, and hatching distance (the spacing between laser patterns), the resulting LIG
exhibits minimal defects and a high degree of sp? hybridization. This high-quality structure is
essential, as it enhances the efficiency of n-* transitions, where electrons are excited from bonding
n orbitals to antibonding m* orbitals, thereby improving charge carrier mobility. In contrast, other
studies have reported elevated sheet resistance values, possibly attributed to non-optimal processing
conditions that lead to increased defect densities or uneven heating profiles. For example, while
some investigations have achieved lower sheet resistance through different laser wavelengths or
irradiation techniques, these methods frequently compromise the structural integrity and mechanical
stability of produced LIG. The presented optimization not only maintains a low sheet resistance but
also ensures robust adhesion to the polyimide substrate, which is vital for practical applications in
flexible electronics. Consequently, the combination of advanced processing parameters and the
intrinsic properties of graphene, positions the fabricated LIG as a contender to those reported in
existing literature. This advancement underscores its potential for innovative applications,
particularly in high-performance sensors and electrochemical devices, making it an ideal candidate
for hydrogen evolution reactions (HER) due to its enhanced conductivity and structural stability
[92], [95], [96], [97].

The remarkable conductivity of LIG underscores its potential as an effective material for various
electronic and energy applications. Specifically, the HER was found to be more efficient with pure
LIG samples, as functionalization with porphyrins can hinder charge transfer and pore availability,
which are critical factors for optimizing catalytic activity. The results indicated that the third set of
samples, consisting of LIG with a sheet resistance of 16 Q/sq, served as the optimal electrode,
demonstrating promising performance in HER and stability during chronoamperometry (CA) tests.

While the initial findings were encouraging, further optimization of the LIG material may be
required to enhance both HER performance and stability. Additionally, exploring different
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porphyrins for functionalization could yield better results compared to the metallic porphyrins
tested in this study, potentially improving the overall catalytic efficiency.

Moreover, the porous structure confirmed by SEM images can be employed in water filtration
systems for filtering bacteria and large contaminant molecules. To this end, LIG with tailored
porosity is required, which contrasts with the focus of this thesis on optimizing the conductivity of
the prepared samples.

In summary, this research establishes a foundational understanding of LIG's properties and its
application in hydrogen generation, paving the way for future investigations aimed at optimizing its
performance. The findings contribute to the broader goal of developing sustainable energy solutions
and reducing reliance on fossil fuels, emphasizing the potential of LIG as a versatile and effective
material in renewable energy technologies.
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CHAPTER

Future prospects

6.1 Alternative Substrates

LIG was originally fabricated through the laser treatment of commercial polymers, particularly
polyimide and polyetherimide (PEI), which are suitable due to their high content of repeating
aromatic or imide units that can be transformed into graphene structures.

Polyimide has emerged as the preferred material for LIG production, as evidenced by the
extensive body of literature surrounding its use. Its chemical structure contains hexagonal
crystalline carbon and imide groups, and it exhibits excellent photon energy absorption in the
infrared and near-ultraviolet regions, allowing for effective laser processing [98], [99]. Polyimide is
thermally stable up to 550°C, and during laser irradiation, it undergoes several stages: the release of
nitrogen and oxygen gases at 550°C [4], carbonization at 700°C, and graphitization at 3000°C
[100].

In terms of mechanical properties, LIG on polyimide demonstrates durability and stability, even
after multiple bending cycles, making it suitable for various applications, including on-body point-
of-care sensors [101], [102], [103]. However, its stiffness limits its stretchability, which is a critical
factor for wearable devices. To address this limitation, a novel technique was developed to transfer
LIG from polyimide to polydimethylsiloxane (PDMS) [104], a highly flexible and stretchable
elastomer, enabling applications such as strain gauges for detecting finger movement. Additionally,
LIG-metal nanomaterial composites on PDMS have been designed for the detection of both
electrochemical and physiological parameters in human subjects [105].

Recently, bio-derived materials have emerged as sustainable alternatives to synthetic polymers
for LIG precursor substrates. These materials, sourced from raw unprocessed materials like wood,
cork, and leaves, or byproducts from wood and paper production, include lignocellulosic materials,
cellulose, and lignin [106], [107]. Among these, lignocellulosic materials have shown electrical
performance comparable to that of polyimide-derived LIG. Raman spectroscopy results indicate
that precursor materials with higher lignin content yield LIG with fewer defects, while those with
high cellulose content result in poorer electrical properties. This shift towards bio-derived materials
highlights the potential for LIG production to meet industrial and medical application needs while
achieving sustainability targets [108].
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6.2 Fabrication Process- Nitrogen atmosphere

While this study successfully demonstrated the fabrication of laser-induced graphene (LIG) from
polyimide substrates under ambient conditions, the future prospects of this material can be
significantly enhanced by conducting the laser treatment in a controlled nitrogen atmosphere. The
use of a nitrogen environment has the potential to minimize structural defects and improve the
overall quality of the graphene, leading to enhanced electrical and mechanical properties [109],
[110].

Nitrogen can effectively passivate edge dangling bonds and defects in graphene, thereby
reducing interactions between graphene nanosheets and layers. The lone pair electrons of nitrogen
can interact with the m orbitals of graphene, resulting in a m-m conjugation effect. This effect
involves a system of connected p-orbitals with delocalized electrons, chatacteristic of compounds
with alternating single and multiple bonds. Such interaction helps stabilize the edges and defects,
making them less reactive and enhancing the overall electronic properties of the material.
Furthermore, nitrogen plasma treatment can incorporate nitrogen atoms into graphene, yielding N-
doped graphene with various nitrogen configurations, including pyridinic N, pyrrolic N, and
graphitic N [110], [111]. The type and concentration of these nitrogen configurations depend on
plasma exposure time and can be evaluated using techniques like X-ray photoelectron spectroscopy
(XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy [109], [112].

@ographitic N
@ pyridinic N
D pyrrolic N

4) C atom
® H atom

Figure 6.1: Bonding configuration of Nitrogen in graphene [113].

By conducting the laser treatment in a controlled nitrogen environment, it is expected that the
resulting LIG will exhibit lower sheet resistance and a more uniform surface, as the risk of
oxidation and moisture absorption will be minimized. This enhanced quality of graphene will
position it as a more viable material for applications in electronics, energy storage, and flexible
devices. Future research should focus on optimizing the nitrogen treatment parameters, such as gas
flow rate, pressure, and exposure time, to achieve the best possible outcomes in terms of structural
integrity, electrical performance, and mechanical flexibility [109], [114].

LIG can be significantly enhanced by its integration with zinc oxide (ZnO) nanorods, which can
lead to improved material properties and broaden its applications. ZnO is a direct wide bandgap
semiconductor with a bandgap of 3.37 eV at room temperature and a high exciton binding energy of
60 meV. This allows it to efficiently absorb UV light and generate electron-hole pairs for
photocatalytic applications [115].

ZnO has a higher electron mobility compared to other materials like TiO, and a tunable
morphology, as it can be synthesized in various nanostructures including nanorods, have a high
aspect ratio and provide a large surface area for enhanced interaction with the graphene matrix,

making it particularly suitable for incorporation into LIG. The one-dimensional (1D) nanorod
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structure of ZnO offers several advantages, including improved charge separation due to the
effective migration of photoexcited electrons along the axis of the nanostructure, photoexcited
electrons migrate along the axis of the nanostructure toward the tip, while holes migrate to the sides.
This effective separation of photogenerated charges leads to enhanced photocatalytic activity [116].

In addition the high aspect ratio of ZnO nanorods provides a larger surface area for interaction
with the graphene matrix, leading to improved photocatalytic performance and enhanced adsorption
capacity. This interaction can result in enhanced photocatalytic activity, due to increased chemical
stability, light absorption range and intensity, and improvement of active sites [115]. making LIG
modified with ZnO nanorods effective for applications such as the photocatalytic degradation of
organic dyes and the development of antibacterial materials [117], [118].

6.3 Applications regarding flexibility

The flexibility and lightweight nature of LIG on PI substrates make it an ideal candidate for
applications in flexible and wearable electronics. According to this study and previous flexibility
test has been demonstrated the exceptional flexibility of LIG, with the material withstanding
multiple bending cycles without visible cracking, despite a slight increase in sheet resistance. This
indicates that the material can endure mechanical stress while retaining its conductive properties,
which is vital for wearable applications where the device must conform to various surfaces and
withstand daily use.

To further improve the stability of sheet resistance, future research could focus on optimizing the
laser parameters, such as pulse duration and energy density, to enhance the uniformity and
conductivity of the LIG. Additionally, incorporating additives or using composite materials, such as
integrating LIG with conductive polymers or metal nanoparticles, could help maintain low sheet
resistance while enhancing mechanical properties. Mixing LIG with conductive materials, such as
metal nanoparticles or conductive polymers, can create a composite with improved mechanical and
electrical properties. For example, a Cu/cellulose paper composite demonstrated excellent flexibility

and maintained stable sheet resistance even after 40 folding cycles [119].

Moreover, the introduction of heteroatom doping (e.g., nitrogen or boron) during the fabrication
process may also contribute to improved electrical stability and conductivity, as these dopants can
create localized electronic states that facilitate charge transport. By focusing on these strategies, the
outcome of LIG can be tailored to achieve ideal performance for flexible and wearable electronics,
ensuring that sheet resistance remains stable even after extensive mechanical deformation [46].

6.4 Applications regarding porosity

The high porosity of LIG, resulting from its three-dimensional structure, significantly enhances
its surface area and accessibility for interactions with other materials. This characteristic is
particularly beneficial for applications in energy storage, such as lithium-ion batteries, where the
porous structure allows for efficient lithium ion diffusion and enhances the overall electrochemical
performance.

Yi et al. laser irradiated PI film on copper foil to obtain an array structure consisting of copper
foil, PI column, and LIG. Among them, the copper foil acted as a conductive channel for lateral
electrons, the PI pillar relieved the stress generated by Li deposition, and the LIG film acted as a
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nucleation site for Li. As a result, this approach allowed the Li-metal anode to achieve a high
coulombic efficiency of 99% at 1 mA cm ™ and a high cycle life of 400 h [120].

Yang et al. proposed a novel CuS/Cu,S aqueous solution cell. They used a composite of LIG
mixed with sulfur as the cathode of this cell. The large specific surface area of LIG sheets (up to
294.69 m? g™) provided a large number of surface-active sites. Due to the synergistic effect of the
new redox couple and LIG, when the current density was 0.8 A g™!, the discharge capacity of the
battery reached 1654.7 mAh g™ at the initial cycle. Moreover, 91.2% of the reversible capacity was
retained after 328 cycles [121]. So, the high specific surface area of LIG can reduce local current
density during lithium deposition, thereby promoting stable cycling and improving coulombic
efficiency in lithium-metal anodes [120].

Moreover, the porosity of LIG makes it an excellent candidate for gas sensing applications. The
large number of surface-active sites available in the porous structure facilitates gas-solid
interactions, allowing for rapid and sensitive detection of various gases. For instance, LIG-based
gas sensors have demonstrated fast response times and high sensitivity to gases such as NO, and
NH ;, making them suitable for environmental monitoring and safety applications [42]. The ability
to tailor the porosity of LIG through laser processing parameters further enhances its performance
in these applications, allowing for the optimization of sensor characteristics based on specific
detection needs. Additionally, the biocompatibility of porous materials opens up avenues for
medical applications, such as in tissue engineering and drug delivery systems. The porous structure
of LIG can facilitate cell infiltration and nutrient transport, making it a promising candidate for
scaffolds in regenerative medicine [122]. The ability to modify the porosity of LIG can help create
scaffolds that mimic the natural extracellular matrix, promoting better cell attachment and growth.

Future research should focus on refinement of porosity through laser processing techniques to
maximize the benefits in these diverse fields, ultimately contributing to the development of
advanced materials for flexible and wearable electronics, environmental monitoring, and medical
applications.
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