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ABSTRACT

Wearable electronics and miniaturized devices have become integral to modern life. The next
step is scaling these innovations for larger systems while maintaining efficiency, flexibility, and
energy performance, especially as smart cities expand and demand eco-friendly solutions to
reduce electronic waste and environmental impact.

This thesis bridges advanced electronics and sustainability by using renewable materials and
low-cost, eco-friendly methods for large-scale applications. Through a one-step direct laser
writing (DLW) technique, three-dimensional porous green laser-induced graphene (gLIG) is
produced. Optimization strategies, including precursor selection, substrate pretreatment, and
laser parameter tuning, yield robust, thin, and flexible conductive patterns of high quality with
low sheet resistances: 55.4 ohm sq' (for paper), 45.5 ohm sq' (for lignin-enriched paper), and
10.6 ohm s™ (for cork). These properties make gLIG suitable for applications such as energy
storage devices, sensors, and energy harvesting systems. Micro-supercapacitors (MSCs)
developed in this work achieved capacitance values of 1.35-10 mF cm™ and energy densities
of 0.13-0.85 yWh cm?, with power densities up to 80 yW cm™. Stability tests revealed a
capacitance retention of =80-85% over extended charge-discharge cycles, highlighting their
reliability during prolonged operation. Additionally, these devices maintained stable
performance under mechanical deformation, demonstrating their versatility for dynamic
applications. Cork-based piezoresistive sensors further enhance this work, showcasing
exceptional pressure sensitivity (0.38 mV Pa™' at 15-35 kPa and 0.286 mV Pa™ at 235 kPa)
and functionality as triboelectric nanogenerators (TENGs), efficiently charging 0.47 and 4.7 yF
capacitors. These results highlight their potential for powering small electronics and supporting
sustainable energy solutions. Finally, this work underscores the importance of integrating
sustainable, high-performance technologies into future infrastructure, paving the way for eco-

friendly, self-sustaining platforms in smart cities and beyond.

Keywords: Sustainability, Renewable Materials, Direct Laser Writing, Laser-Induced
Graphene, Sensors, Energy Storage Devices, Energy Harvesting Systems, Self-Sustaining

Platforms.
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RESUMO

Eletronica vestivel e dispositivos miniaturizados tornaram-se parte integrante da vida
moderna. O préximo passo é escalar essas inovagdes para sistemas de maior dimensao,
mantendo a eficiéncia, flexibilidade e desempenho energético, especialmente a medida que
as cidades inteligentes se expandem e demandam solug¢des ecologicas para reduzir o
desperdicio eletronico e o impacto ambiental.

Esta tese conecta a eletronica avancada e sustentabilidade, utilizando materiais renovaveis e
métodos de baixo custo e ecoldgicos para aplicagdes em larga escala. Através de uma técnica
de escrita direta a laser (DLW) de um unico passo, € produzido grafeno verde induzido por
laser (gLIG) com uma estrutura tridimensional porosa. Estratégias de otimizagao, incluindo a
selecdo do precursor, o pré-tratamento do substrato e o ajuste dos parédmetros do laser,
resultam em padrdes condutores robustos, finos e flexiveis, de alta qualidade e com baixas
resisténcias de folha: 55.4 Q sq™ (para papel), 45.5 Q sq™" (para papel enriquecido com
lignina) e 10.6 Q sq™" (para cortiga). Essas propriedades tornam o gLIG adequado para
aplicagdes como dispositivos de armazenamento de energia, sensores e sistemas de colheita
de energia. Os micro-supercondensadores (MSCs) desenvolvidos neste trabalho alcangaram
valores de capaciténcia de 1.35-10 mF cm™ e densidades de energia de 0.13-0.85 pyWh
cm™, com densidades de poténcia de até 80 yW cm™. Testes de estabilidade revelaram uma
retencao de capacitancia de =80-85% ao longo de ciclos prolongados de carga e descarga,
destacando a sua fiabilidade durante operagdes de longa duragdo. Além disso, esses
dispositivos mantiveram desempenho estavel sob deformagdo mecéanica, demonstrando a
sua versatilidade para aplicagdes dindmicas. Sensores piezoresistivos a base de cortica
reforcam ainda mais este trabalho, apresentando uma sensibilidade excecional a pressao
(0.38 mV Pa™ entre 15-35 kPa e 0.286 mV Pa™ para =35 kPa) e funcionalidade como
nanogeradores triboelétricos (TENGs), carregando de forma eficiente condensadores de 0.47
e 4.7 uF. Esses resultados destacam o seu potencial para alimentar pequenos dispositivos

eletronicos e apoiar solugdes energéticas sustentaveis.
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Por fim, este trabalho sublinha a importancia de integrar tecnologias sustentaveis e de alto
desempenho nas infraestruturas futuras, abrindo caminho para plataformas ecoldgicas e

autossustentaveis em cidades inteligentes e além.
Palavras-chave: Eletronica Vestivel, Sustentabilidade, Materiais Renovaveis, Escrita Direta

a Laser, Grafeno Induzido Por Laser, Sensores, Dispositivos de Armazenamento de Energia,

Sistemas de Colheita de Energia, Plataformas Autossustentaveis.
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THESIS MOTIVATION AND OBJECTIVES

1.1 Motivation

In the modern era, the boundaries of technological innovation are continually expanded by
global research efforts. As we approach what may come next, the field of the Internet of Things
(loT) and smart cities stands out as a key area of progress, significantly improving human well-
being and enhancing life quality worldwide'?. Toward what can be introduced in the future, the
demand for advanced systems that combine high efficiency, flexibility, durability, and low-
power consumption, while supporting scalable manufacturing processes, is becoming
increasingly important®. These technologies will be essential for building interconnected and
sustainable cities, incorporating high-performance sensors, capacitors, light-emitting diodes
(LEDs), and radio frequency identification (RFID) antennas, among others. Such innovations
will enable a wide range of applications, from biological and environmental monitoring to
energy harvesting and storage, intelligent robotics, electronic paper, and smart healthcare
devices*. A significant focus of recent research efforts has been on carbon-based materials
such as graphite, active carbon, carbon nanotubes, and notably graphene?5. These materials
present unique properties such as excellent electrical conductivity, thermal and chemical
stability, high strength, and outstanding flexibility. They also offer ease of functionalization,
making them ideal for integration into sensors as well as storage devices for various smart
technologies. As mentioned, it is essential to select and develop proper materials to be mass-
produced in a reproducible, eco-friendly, and inexpensive fabrication process’. Graphene is
the one that stands out from this family of carbon materials, a one-atom-thick layer of graphite
arranged in a honeycomb lattice®. Currently, the graphene fabrication and patterning
processes are mostly based on screen-printing, stamp-imprinting, inkjet-printing, slow-flow

assisted assembly, photolithography, chemical etching, and vacuum coating technology.
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Those conventional techniques generally introduce complexity and high costs®. Moreover, they
may rely as well on toxic chemicals or produce large quantities of waste.

This thesis explores the laser-direct writing technique, a promising method that allows for
precise and controlled production of laser-induced graphene (LIG) under various atmospheric
conditions, significantly simplifying the manufacturing process and supporting an
environmentally friendly outcome'®''. The versatility of LIG production in natural, renewable,
and abundant materials, its capacity for rapid production, and its potential to significantly
reduce costs make it an excellent candidate for developing the next generation of green
electronics.

The objective of this research is to develop robust, thin, and conformable discrete sensors and
energy storage devices that can be seamlessly integrated into smart and sustainable systems.
A particular emphasis is placed on the study of micro-supercapacitors, as energy storage
systems remain a significant obstacle to the further advancement of flexible technologies. This
dissertation aims to not only contribute to the understanding and development of these
technologies but also to offer practical solutions that address current manufacturing
challenges, thereby pushing the boundaries of what is possible in electronics and loT

applications.

1.2 Research objetives

The main goal of this thesis is to demonstrate the potential of adapting current technologies
with the development of green technologies toward the preservation of our planet for future
generations.

This thesis aims to address the following relevant key points:

o Exploring natural carbon materials like paper, lignin-enriched paper, cork, and
others, to discover their potential as environmentally friendly substrates for electrode
fabrication;

¢ Use a simple, direct, low-cost, and scalable electrode fabrication method toward
the development of sustainable platforms;

o Design and develop green discrete devices, such as supercapacitors, piezoresistive
sensors, and a harvesting component, as well as optimizing each one independently,
giving them an open-source application;

o Validating a self-sustaining system by integrating the developed discrete devices to

prove their effectiveness and reliability.
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1.3 Thesis outline

The thesis consists of 6 chapters divided as below:

Chapter 1 presents the motivation and main objectives of the thesis;

Chapter 2 provides an in-depth introduction to graphene, covering the most common
synthesis methods along with their respective advantages and disadvantages. This
chapter also discusses the need for alternative methodologies for the future
development of graphene-based electronics. It focuses on the direct laser writing
technique as a promising solution for electrode production. Furthermore, the chapter
highlights the LIG’s versatility as both an active and sensing electrode material,
emphasizing its potential for applications in smart platforms.

Chapter 3 explores the synthesis of green laser-induced graphene (gLIG) from
bioderived precursors, detailing substrate preparation, experimental methods for
optimizing gLIG structures on paper, lignin-enriched paper, and cork materials, and the
characterization techniques used to evaluate graphitization outcomes throughout this
research endeavor;

Chapter 4 underscores the demand for a technological transition towards a more
environmentally friendly and sustainable era by exploring the direct conversion of the
bioderived materials used in this thesis into gLIG. The chapter also includes the
investigation and optimization of laser parameters for each material and compares the
conversion process with that of a commercial polymer. The characterization of gLIG,
using techniques such as Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), and Hall Effect measurements, supports
its potential application as an electrode material, which will be further explored in
Chapter 5;

Chapter 5 focuses on the application of materials prepared in Chapter 3 and fully
optimized in Chapter 4, with an emphasis on their suitability for energy storage
applications. The green electrodes’ potential was successfully demonstrated through
the fabrication of planar and sandwiched LIG-based micro-supercapacitors.
Electrochemical characterization demonstrated that these electrodes can be
implemented in flexible and environmentally friendly energy storage devices, thus
opening a novel route for the development of sustainable platforms;

Chapter 6 will explore the development of potential applications of green LIG, including
piezoresistive sensors and energy harvesting components. The independent

optimization of each component will be demonstrated, culminating in their integration
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to validate a self-sustaining system. This chapter aims to prove the effectiveness and
reliability of the integrated discrete devices fabricated throughout the thesis.
Chapter 7 presents the main conclusions of the thesis and suggests future

developments.
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INTRODUCTION

This chapter provides a comprehensive overview of the topics related to this thesis. It includes
the state of the art regarding graphene and its derivatives, as well as a summary of the most
common graphene synthesis methods, such as chemical vapor deposition, epitaxial growth,
chemical exfoliation, electrochemical exfoliation, and others. Following this, the direct laser
writing technique is introduced as a simple, inexpensive, and environmentally friendly method
for the preparation of laser-induced graphene electrodes. The advantages of the laser-induced
graphene process compared to conventional methodologies for the development of innovative
electrodes for a variety of applications are highlighted. Particularly, LIG has demonstrated
exceptional utility as an active and sensing electrode material, underscoring its versatility and

promise for smart platforms applications.
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2. INTRODUCTION

Throughout the years, technology has revolutionized and enhanced our daily existence
through the advent of smart devices. Within these systems, a myriad of functional materials
has been explored, with graphene emerging as one of the most popular and prominent choices

in recent years.

2.1 From Graphite to Graphene

Graphite, a naturally occurring form of carbon, was introduced in the world with the invention
of the first pencil in the 1560s, setting the beginning of a series of events and discoveries.
Throughout the 19" and mid-20™ centuries, the graphite oxide (GO) synthesis was explored
by many researchers with noteworthy contributions of Schafhaeutl, Brodie, Staudenmaier,
Hummers, Wallace, and others. These early investigations laid a foundation for further
exploration in this field'?".

In the 1970s, a significant breakthrough emerged when carbon monolayer graphite was
observed segregating on the surface of nickel, offering the possibility of isolating single-layer
carbon atoms on top of other materials. Another significant milestone occurred in 1975 when
the preparation of monolayer graphite through silicon sublimation was demonstrated. This
achievement marked the first-time that researchers achieved graphene’s epitaxial growth on
isolating substrates, particularly silicon carbide (SiC)". In 1986, chemists Hans-Peter Boehm,
Ralph Setton, and Eberhard Stamp introduced the term “graphene” to describe it as individual
graphite sheets'®. The name derived from the word “graphite” combined with a suffix “-ene”,
denoting polycyclic aromatic hydrocarbons'”'®. Furthermore, in 1997, the International Union
of Pure and Applied Chemistry (IUPAC) formalized the definition of graphene, specifying that
“the term graphene should be used only when discussing the reactions, structural relations, or
other properties of individual layers”®2°.

The pivotal year of 1999 was marked by the work of Ruoff and colleagues, who successfully

exfoliated graphite into thin lamellae composed of multiple layers of graphene using a
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micromechanical approach. Finally, in 2004, Andre Geim and Konstantin Novoselov made
history by synthesizing graphene through the micromechanical cleavage method, popularly
known as the “Scotch tape method”®'. Their approach involved using sellotape to delicately
peel off a single layer of graphene from a graphite block and then chemically dissolving the
tape, resulting in the successful isolation of graphene. A chronological arrangement of events

in the history of graphene is summarized in Figure 1.

(<} 1840 - 1958 (o) 1997 <) 2004
Graphite oxide synthesis by IUPAC formalizes the Synthesis of single-layer
Schafhaeutl, Brodie, definition of graphene graphene by Geim and
Staudenmaier, Hummers, Novoselov

Wallace and others.

A A A

() 1560 {3 1970 - 1990 () 1999
Developed the first pencil ™" First attempts to produce Mechanical exfoliation of graphite
by Simonio and Lyndiana monolayer graphite into thin lamella comprised of
Bernacotti multiple layers of graphene by

Ruoff and co-workers
Figure 1. Timeline of events in the graphite and graphene history'623,

Geim and Novoselov were rewarded in 2010 with the Nobel Prize in Physics for their
pioneering work that revolutionized the field of graphene research®. These milestones have
propelled graphite and graphene to the forefront of materials science, sparking a “graphene
gold rush” and expanding the knowledge of these extraordinary carbon-based materials with
diverse and promising applications'’. Therefore, graphene has undergone a significant
transformation, evolving from a laboratory curiosity to a transformative material with diverse
applications. The introduction of collaborative initiatives like the Graphene Flagship project in
2013 accelerated graphene research and innovation. This period also witnessed the onset of
commercial-scale graphene production, which enabled the development of high-performance
batteries with graphene electrodes, crucial for advancing energy storage technologies. By
2015, researchers developed ultra-sensitive graphene-based magnetic field sensors, paving
the way for advanced sensing applications®. Graphene's versatility was showcased in
subsequent years as it found its way into aircraft components, mobile phone screens, batteries,
and coding systems, highlighting its broad industrial potential.

In 2017, pioneering experiments with graphene in zero-gravity conditions provided insights into
its behavior in space, in collaboration with the European Space Agency. By 2018, graphene-
based ultrahigh-capacity transmitters and receivers enhanced telecommunication networks,

improving performance and efficiency. The adoption of graphene in automotive technologies
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accelerated in 2019 when Ford Motor embraced graphene-enhanced materials in production
vehicles. Additionally, graphene-based bioelectronic retinal implants emerged as a promising
frontier in vision restoration technology, demonstrating graphene's potential in healthcare®*. In
2020, the achievement of industrial-scale graphene production laid the groundwork for

widespread adoption across industries®.

2.2 Structure and properties of graphene

The basic unit structure of graphene comprises six carbon atoms tightly bonded together,
forming a hexagonal arrangement. Each atom shares three in-plane o-bonds with its
neighboring atoms and forms an out-of-plane 1-bond, with an average interatomic separation
of 0.14 nm?. Essentially, graphene is a one-atom-thick planar sheet of sp? hybridized carbon
atoms. This hybridization combines s, px, and py orbitals®®. Arranged in a two-dimensional
honeycomb lattice within a single plane, graphene is known as the thinnest material, yet it
boasts an exceptionally large surface area (~ 2630 m? g'). Due to the combination of unique
electronic and crystallographic structures, graphene demonstrates outstanding mechanical
strength (1 TPa, making it 100-300 times stronger than steel), flexibility, chemical stability, high
transmittance (~ 98 %), electrical conductivity (~ 1.0 x 108 S m™"), excellent thermal conductivity
(~ 5000 W m™ K™, and high-carrier electron mobility (~ 250 000 cm? V' 71?728,

Over the past two decades, researchers have dedicated considerable effort to uncovering
these extraordinary properties, presenting clear advantages over conventional electronic
materials, and enabling the development of next-generation electronics with unprecedented
capabilities. Since its first isolation in 2004 by Geim an Novoselov et al., graphene has been
recognized as the building block and “the mother of all graphitic forms”. Therefore, its versatility
prompted the development of other dimensionalities of graphene.

These include zero-dimensional (OD) fullerenes buckyballs, one-dimensional (1D) nanotubes,
or even three-dimensional (3D) materials (Figure 2)%°.

Furthermore, thorough extensive research into the physical and chemical properties of
graphene allowed its categorization based on the number of carbon layers (from 1 to 10 or
more), lateral flake or crystal size (varying from sub-micron to tens of microns across), and the
presence as well as quantity of impurities. According to Barkan et. al, discussions on 2D
graphene span from a monolayer or “pure” single-layer carbon (1 layer) to multilayer graphene
(3-10 layers)®. Additionally, the ongoing development and exploration of graphene with
topological defects, functional groups, dopants, and disordered structures, have broadened its
applicability for electronic devices. These graphene-based materials are also categorized

under the umbrella of 2D graphene materials within the global research community.
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Regarding 3D graphene materials, researchers have engineered 3D graphene structures and
smart layer arrangements to render higher surface areas while maintaining other distinctive
properties of the 2D-graphene materials as high mobility and mechanical stability, directly

impacting its performance.

2D Graphene - carbon atoms
) R Cron, %
ey 1 oo S L 0.14nm
X PSSP S S CLALs
o i‘r 05 X e \
TEE o LT
0 s 0 W covalent bonds

Figure 2. Graphene as the origin of all graphitic forms. 2D building material wrapped into 0D buckyballs,
rolled into 1D nanotubes or stacked into 3D material. lllustration of the honeycomb lattice structure of
graphene and sp? hybridization, adapted with permission from 3", Copyright (2007) Springer Nature.
Accordingly, these can be clearly defined as non-graphite 3D structured graphene materials,
with walls consisting of less than 10 graphene layers. Structures with more than 10 graphene
layers are considered as thin films of graphite *2. This clarifies the relationships among
graphene, 2D graphene materials, 3D graphene materials and graphite, as demonstrated in
Figure 3.

Graphene extends its presence into other forms, often as derivatives. These include graphene
oxide (GO), graphene nano-platelets (GNPs), graphene nanoribbons (GNRs), reduced
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graphene oxide (rGO), graphene quantum dots (GQDs), and other graphene-based products,

such as graphene inks.

3-10

> 10 layers
EWEIS

Graphene Bilayer Graphene Multi-layer Graphene
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2D Crystals of Graphene Graphite

2D Graphene .
Materials === 3D Graphene Materials

Forming

Corrugated Graphene Defective Graphene Doped/Functionalized into 3D
Graphene structures

\—Y—)

Disordered Graphene

Figure 3. lllustration of the relationships between graphite and graphene materials, reproduced with
permission from 2°, Copyright (2020) American Chemical Society.

Among these derivatives, GO consists of a layered carbon structure with oxygen-containing
functional groups (=0, -OH, -O-, -COOH) along its edges and surfaces. Despite its reduced
electrical conductivity and mechanical properties compared to pristine graphene, owing to sp®
hybridization and defects introduced during oxidation processes, GO maintains remarkable
versatility across various applications. It finds utility in fields such as energy storage, sensing,
and biomedical systems.

In attempts to revitalize graphene's pristine properties, scientists have pursued reduction
strategies, resulting in the creation of reduced graphene oxide (rGO). While rGO shares
structural similarities with graphene, it retains defects, additional carbon ring domains, and
residual oxygen-functional groups. Nonetheless, rGO exhibits improved electronic and
mechanical properties compared to GO, offering attractive advantages such as high yield and

low production costs®. Structure of these materials are shown in Figure 4.
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graphene oxide (GO reduced graphene oxide (rGO)

Figure 4. Structure diagram of graphene and other forms, as graphene oxide (GO) and reduced graphene
oxide (rGO), reproduced from 3*. CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

2.3 General methods of graphene synthesis

Mechanical Exfoliation Ultrasonication High-shear rotor/stator
& 7 L
~ - Ry
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Chemical exfoliation and reduction ” \
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High-shear Electrochemical exfoliation
4 .

micro-fluidization
| Ball-milling

Top-down

Production of Graphene-based Materials

Bottom-up

SiC reduction CVD Laser induction

Figure 5. Overview of some graphene synthesis methods, with top-down and bottom-up synthesis,
reproduced with permission from 5. Copyright (2021) Wiley - VCH GmbH.

Since the discovery of graphene, several synthesis methods have been developed to achieve

its mass production and meet specific requirements imposed by various applications while also
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keep production costs low *. This has led to a diversity of methods that can be broadly
categorized into two approaches: top-down and bottom-up synthesis, as depicted in Figure 5.

These strategies will be reviewed briefly in the sub-sections below.

2.3.1 Top-Down Methods

The fundamental principle of top-down methods involves transforming or exfoliating a bulk or
starting material, such as graphite or its derivatives (such as graphite oxide), into its smallest
constituents to produce graphene. The core idea behind these methods is to overcome the
Van der Waals forces between the graphene layers, resulting in the formation of few-layer or
monolayer flakes. Among the most used top-down methods are mechanical exfoliation,

chemical exfoliation and reduction and electrochemical exfoliation®®’.

2311 Mechanical exfoliation (Micromechanical Cleavage Method)

Mechanical exfoliation, also known as micromechanical cleavage, and often referred to as the
“Scotch tape method”, was the first traditional method used for the graphene production?'.
Geim and Novoselov peeled-off layers of highly oriented pyrolytic graphite (HOPG) using
adhesive tape until one-atom-thick flakes were able to be identified®®. Their groundbreaking
research on graphene earned them the Nobel Prize in Physics. The optimization of this
process resulted in the production of high structural quality and single-layer graphene with
more than 100 pm? in size*®. Remarkable properties that pristine graphene is known for, such
as outstanding charge carrier mobility and ambipolar field-effect, among others, were
identified. Although this unconventional method was essential for studying the properties of
graphene, opening the door toward a multitude of applications and proof-of-concept devices,
it is described as slow and imprecise, making it unsuitable for large-scale commercial

production?.

2.31.2 Chemical oxidative-exfoliation and reduction

Approaches based on the methods of Brodie, Staudenmaier, and Hummer use oxidizing
agents, such as sulfuric acid, nitric acid, and potassium permanganate to introduce oxygen
groups between the layers of graphene, leading to the production of graphite oxide.

The chemical composition and structure of resulting graphite oxide are influenced by the
chosen oxidizing agents, graphite precursor, reaction conditions, and the selected synthesis
procedure*'. This process increases the interlayer spacing between the graphite sheets and
reduces the Van der Waals forces, thereby allowing the exfoliation of graphite oxide into few

layers of graphene oxide (GO).
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Furthermore, reduced graphene oxide (rGO) can be obtained from GO through various
reduction methods, such as thermal, chemical, electrochemical, hydrothermal, microwave, and
photoreduction methods (Figure 6)*'. While these methods provide scalability and the
capability to functionalize graphene, the use of hazardous chemicals and the resulting inferior
quality require further developments towards eco-friendly alternatives. Additionally, both

graphene oxide and reduced graphene oxide exhibit low electrical conductivity and structural

42,43

defects, which hinder their practical applications
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Figure 6. Schematic summary of the chemical oxidative-exfoliation and reduction method used to prepare
GO and rGO from graphite, reproduced with permission from *'. Copyright (2021) Elsevier B.V.

2313 Liquid-phase exfoliation

An alternative method to synthesizing graphene is through liquid-phase exfoliation (LPE). In
this method, a graphite precursor is introduced into either an aqueous solution or an organic
solvent, such as N-methylpyrrolidone (NMP). The solvent plays a crucial role in reducing the
Van der Waals attraction forces between the graphene interlayers, facilitating their
exfoliation®®. This exfoliation process can occur naturally or with mechanical assistance.

By subjecting the 2D material to an external driving force, such as shear mixing, sonication, or
ball milling, the Van der Waals forces between the graphene layers are overcome, resulting in
the exfoliation of graphene flakes*.

During ball milling, solid graphite is rapidly ground in a sealed rotating jar containing steel balls.
The resulting graphene flakes are then dispersed into a liquid medium. Alternatively, shear

mixing and sonication involve treating graphite in a solution. This process can be further
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enhanced by intercalating the layers using chemicals like ferric chloride, sulfuric acid, among
other ionic species 2. Some of the shearing methods are described below*’:

(a) LPE via sonication uses either a sonication probe or bath to agitate liquid solution,
leading to the formation of cavitation bubbles. Upon collapse, these bubbles generate
shockwaves, which are transmitted through the graphite, creating tensile stress. The
presence of multiple cavities results in the peeling off graphene layers from the
graphite. The efficiency of the process and the quantity of graphene produced depend
on the geometry of the vessel exposed to the sound energy, the volume of dispersion
and solvent type.

(b) LPE via high-shear mixing is a method that uses either a rotor-stator or rotating blade
to rapidly move the solution containing graphite. This movement generates shear
stress, effectively peeling off layers of graphene. In rotor-stator mixing, the production
rate is influenced by the volume of the solution as well as its composition.

This straightforward process enables the production of single and few-layer graphene
stabilized in various solvents, including organic solvents, ionic liquids, water/polymer or
surfactant solutions, and some other green dispersants, such as water®. LPE is recognized
for its simplicity, scalability, and eco-friendly approach, offering significant potential for the
mass production of graphene and, consequently, bolstering its broader market presence®.

However, LPE has its downsides. Particularly, it faces limitations such as the production and
concentration of monolayers, inhomogeneous distribution of graphene flakes, and its highly
energy-intensive, costly, and time-consuming nature. These factors anticipate the necessity
for further research and innovation to refine the LPE process, addressing these challenges

and fully exploit its potential®’.

2314 Solid-phase exfoliation

Solid-phase exfoliation (SPE), as the name indicates, involves exfoliating graphene layers
from graphite within a solid state. This can be achieved through methods as ball milling or
using rollers with a reducing agent®*,

(a) SPE via ball milling: graphite is placed in a rotating container along with balls. As the
container rotates, the balls collide with the graphite, causing the layers of graphene to
exfoliate or fragment from the graphite.

(b) SPE via three-roll milling: a a mixture of an adhesive (such as dioctyl phthalate and
polyvinyl chloride) and graphite is fed through rollers. These rollers force the graphite
to exfoliate into graphene and disperse within the adhesive. The final mixture is then

added to alcohol and heated to 500 °C to remove the adhesive.
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While this process enables the exploration of mixing and functionalizing graphene with other

materials, it tends to yield non-uniform and defective few-layer graphene nanosheets*.

2.3.1.5 Electrochemical exfoliation

Another top-down method for graphene production is electrochemical exfoliation. In this
process, a graphite rod working electrode is submerged in an electrolyte (usually a solution
containing ionic species, such as ammonium sulfate, sodium sulfate, ammonium oxalate,
hydrogen peroxide, ammonium persulfate, among others) along with a counter electrode.
When a current is applied to the electrodes, the electrolyte intercalates between the graphene
layers*®. This promotes an increase in the interlayer distance and weakens the van der Waals
interactions, resulting in the effective exfoliation of graphene layers. This method commonly
employs aqueous solutions or ionic liquids, enabling the application of positive or negative
voltage to the graphite electrode. This process allows for simultaneous exfoliation at both
electrodes*®. Despite its potential for large-scale graphene production with minimal defects,
challenges remain, particularly the need for more environmentally friendly chemicals, a

concern shared across various liquid exfoliation techniques®®.

2.3.2 Bottom-Up Methods

On the other hand, bottom-up approach starts out with the decomposition of carbon-containing
percursors (both gaseous and liquid) followed by the formation of graphene layers. Chemical
vapor deposition (CVD), epitaxial growth (SiC), and pyrolysis are some of the most frequently
used bottom-up techniques for the graphene production. Furthermore, a promising and
environmentally friendly technique known as direct laser writing has emerged. This method
was further studied through this thesis, offering precise fabrication capabilities while also being

eco-conscious, representing a notable advancement in graphene synthesis methodologies®*°.

23.21 Graphene Epitaxial Growth

Among the highly acclaimed methods of graphene synthesis, epitaxial growth stands out as a
prominent technique for developing single-layer or multilayer graphene on a single-crystalline
silicon carbide (SiC) substrate’.

Through thermal decomposition at temperatures greater than 1000 °C under an ultrahigh
vacuum environment, SiC crystal decomposes into its constituents: silicon and carbon. During
this process, silicon vaporizes from the crystal surface, while carbon atoms arrange into
graphene layers®. The epitaxial graphene growth method represents a highly promising
approach for large-scale production of high-quality graphene, characterized by well-ordered

films and minimal wrinkles, presenting excellent properties that are especially attractive for
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electronics applications. Even though, the major drawbacks are the elevated temperatures
required to decompose SiC and the challenge of achieving a high production rate, which

makes the widespread adoption of this method a less favorable consideration®3.

23.2.2 Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition stands out as leading bottom-up synthesis technique known for
producing large-area, high-quality graphene films®'. Thermal CVD and plasma-enhanced CVD
are two variant systems used to grow graphene layer-by-layer with high purity and precise
structure. Despite the development of various CVD types, the fundamental process remains
similar, comprising common elementary steps (Figure 7)°. The process starts with the
injection of gaseous carbon-based precursors into a reactor chamber. Under varying
conditions and gas-phase reactions, the reactant gases adsorb onto the heated substrate
surface and diffuse across it. Subsequent heterogeneous reactions at the gas-solid interface
led to the continuous thin film formation. The gas-phase reactions occur due to the introduction
of sufficiently high temperature or additional energy in the form of plasma*. The growth of
graphene can be precisely controlled by adjusting critical parameters, including the precursor
gas flow rate, temperature, plasma discharges, pressure, growth duration, among others. This
level of control allows the tailoring of graphene films with the desired number of layers and
other properties to suit specific applications. Furthermore, Plasma CVD is an alternative to
thermal CVD, providing a low-temperature approach to graphene synthesis. This method
leverages controlled plasma discharges to activate and facilitate precursor gas reactions,
expanding the range of applicable substrates, including those that may not withstand the

extreme conditions of thermal CVD%.

Reactant gas © ©-By-products Boundary
Gas-phase reaction © layer
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Figure 7. Schematic of typical CVD process steps: (a) Reactant gases are introduced into the reactor. These
gases can either directly diffuse (b) and adsorb onto the substrate (c), or they may participate in gas-phase

reactions before being deposited onto the substrate. Surface diffusion and heterogeneous reactions (e)
occur after thin film formation. Finally, (f) by-products and unreacted species desorb from the surface and
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are carried out away from the reactor, reproduced with permission from 52. Copyright (2021) Springer Nature
Limited.

For instance, through the CVD method, well-ordered graphene films with a few layers were
synthesized on Ni substrates. However, the use of Ni as a catalyst has some limitations,
leading to the formation of single and few-layered graphene over a confined region of a few to
tens of microns. This process lacks precise control over the number of layers and exhibits poor
homogeneity throughout the entire substrate. On the other hand, using polycrystalline copper
foils as a substrate allows for the mass production of high-quality single-layered graphene.
This behavior can arise from the different solubilities of C in Cu and Ni. Ni can dissolve more
carbon atoms, leading to extra C being precipitated, resulting in non-homogeneous films with

worse properties®. Nevertheless, this method is not cost-effective and straightforward®.

2.3.23 Direct laser writing (DLW)

Direct laser writing (DLW), also known as laser direct write (LDW), was initially introduced by
Tour’s group in 2014. They demonstrated that certain polymers, such as polyimide (PI) and
polyetherimide (PEIl), could be directly and photothermally converted into carbonaceous
products using a CO; laser system with a wavelength of 10.6 ym, as illustrated in Figure 8.
Throughout this process, when laser beam irradiates the Pl substrate, it thermally induces
lattice vibrations onto the substrate, resulting in high localized temperatures (exceeding 2500
°C) capable of breaking the C-O, C=0, and the N-C bonds. Consequently, the sp*-carbon are
rearranged into sp?-carbon atoms, indicating the formation of graphitic structures. The
remaining small molecules are released in the form of gases ?2. The first results revealed the
presence of foam-like 3D graphene stacked structures, termed laser-induced graphene (LIG)
% Alternative terms found in the literature include laser-engraved graphene (LEG)® or laser-
scribed graphene (LSG)*, however LIG is the most used term. Lin et al. demonstrated the
production of LIG with a porous structure and exceptionally high specific surface area (Figure
8b-d).

Since the initial discovery of LIG, considerable efforts have been made toward expanding the
range of LIG precursors beyond Pl substrates. Nowadays, LIG can be synthesized from an
impressive variety of materials, including thermoplastic polymers, phenolic resins, biopolymers
like lignin, as well as textiles, cellulose, wood, cork, or even food (e.g., potato skins, bread,
and coconut shells)®.

These developments highlight the vast potential applications of LIG across various
applications fields, particularly with the emerging need for environmentally friendly production

methods using natural, bio-based sources.
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Figure 8.(a) Schematic representation of the porous 3D LIG synthesis in polyimide (Pl) substrate, adapted
with permission from 58, Copyright (2018) Institute of Physics Publishing Ltd. (b) SEM image of LIG
patterned into PI; scale, 1mm. Bright contrast corresponds to LIG. (c) SEM image of the LIG obtained in (b);
scale bar, 10 pm. Inset correspond to higher magnification; scale bar, 1 pm. (d) Cross-section SEM image
of the LIG onto PI substrate; scale bar, 20 um. Inset image correspond to a higher magnification, showing
the porous morphology of LIG; scale bar, 1 um, adapted with permission from 5%, Copyright (2014)
Springer Nature Limited.

Furthermore, various laser systems with different characteristics, such as wavelength, pulse
duration, and repetition rate, have been explored and successfully utilized to produce LIG?.
These systems include ultraviolet (UV), visible, and infrared (IR) light, and involve distinct
irradiation processes (e.g., photothermal, photochemical, or a combination of both).
Additionally, by adjusting the laser parameters, the process can be fine-tuned to produce LIG-
based materials with improved properties. This technique, controlled by computer software,
allows precise LIG patterning without direct substrate contact, and rapid production of high-
quality LIG with exceptional electrical conductivity and mechanical properties under ambient
conditions®®.

In contrast to conventional synthesis methods, which are often complex, time-consuming, and
hazardous, the groundbreaking technique of DLW emerges as a rapid, safe, cost-effective
alternative'®®. Its potential to drive innovation is evident, particularly in the realm of flexible
and smart devices, sensors, and energy storage systems. A summary of the commonly used
top-down and bottom-up synthesis methods of graphene is presented in Table 1, along with
their respective advantages and disadvantages.
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Table 1. Summary of some examples of bottom-up and top-down graphene synthesis methods*24%.5,

Mechanical exfoliation

Chemical oxidative-
exfoliation and

reduction

Liquid-phase exfoliation

Solid-phase exfoliation

Electrochemical

exfoliation

Graphene epitaxial
growth

Chemical vapor
deposition (CVD)

Bottom-up

Direct laser writing
(DLW)

Monolayer to few
layers

Few layers, and

multilayer

Few layers and

multilayer

Few layers, and

multilayer

Monolayer, few
layers, and

multilayer

Few layers

Monolayer and few
layers

Few layers and

multilayer

Uniform, large size of
layers, low-cost, high
structural and electronic

quality

Scalable, functionalized
graphene

Low cost, scalable

Enables

functionalization

Scalable, functionalized
graphene

High-quality large-area
graphene

High quality, large size

Direct, single-step, low-
cost, large scale-
production

Delicate, time-
consuming, poor
reproducibility, low yield,
low scalability
Time-consuming, low
quality, large number of
defects, hazardous
chemicals
Low yield, time-
consuming,
inhomogeneous flakes,
small size
Impurities, complex,
time-consuming, non-
uniform flake size
Expensive ionic liquids,
non-uniform, time-
consuming
Expensive, energy
intensive process
Expensive, high energy
required, complex, low
scalability
Limited in achieving
high aspect ratios,
material compatibility

Each of these synthesis techniques have their distinctive advantages and limitations that
influence their respective applications. Figure 9 shows the evolution of graphene synthesis
methodologies over the past decade and provides insights into future directions. As shown in
Figure 9, CVD stands out as the most extensively researched and employed technique
compared to other methods. This preference is attributable to the fact that CVD can yield high-
quality graphene with minimal defects and large dimensions, thereby allowing precise control
over the number of graphene layers. The graphene production by CVD has seen a sustained
growth until 2017, followed by a slight decline over the years. This decline may be due to the
search for alternative, environmentally friendly synthesis approaches.

It is anticipated that future research will prioritize the cost-effective and environmentally friendly
synthesis of graphene to enhance its appeal for commercial applications. Thus, it is expected
that in future years there will be a shift towards investment in greener and sustainable

techniques currently used, as well as the development of novel production processes.
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Figure 9. Number of publications in the Web of Science database by the search of the synthesis method
term and the word “graphene” from 2013 to 2023. (Source: Web of Science database, searched on
September 2, 2024).

In the realm of conventional graphene synthesis, there are numerous challenges to address,
including cost-effectiveness, safety, repeatability, workability, and ensuring consistent quality.
Over the past decade, there has been a rush to optimize graphene production methods, aiming
to minimize costs while mitigating environmental impacts®’.

Notably, the European Union launched the Graphene Flagship, a consortium of 150 partners
with a budget of €1 billion, covering various research areas from fundamental studies to the

commercialization of graphene-based materials?®442

. Similar endeavors are underway
globally to unlock graphene's full potential across energy storage, environmental, biomedical,
and other applications. Despite significant investments and intense research activity, several
shortcomings hinder the full commercialization of graphene®. Beyond cost reduction and
production capacity expansion, at a more fundamental level, graphene industry faces a lack of
a bandgap and unavoidable defects which limits its applications; lack of suitable sustainable
production methods and “standard-grade” graphene in the market; and the inexistence of
prototypes to boost and demonstrate its potential*’.

These aspects are interlinked with other relevant questions, namely, the perception of
technological maturity among potential investors and customers, regulatory hurdles regarding
graphene's toxicity and biocompatibility. Usually, new technologies have difficulties entering
new markets as they are not being validated by consumers. As such, unless there is an obvious
advantage, investment may be difficult to come by. In the same note, the lack of investment
impairs technological development towards higher TRLs, which in turn further difficult market
penetration. And of course, no devices can be commercialized without being properly
regulated and proven to be safe, which are processes which can take years. Regarding safety
and toxicity, most reports do not deem graphene as a toxic substance, but more conclusive
data is still required. These commercialization issues have been mostly addressed by
optimizing and standardizing production methods?°. In this context, direct laser writing emerges

as a promising technique for producing laser-induced graphene. Although LIG does not
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necessarily imply a single sheet or a few layers of sp? carbon lattice and may not match the
properties of monolayer graphene, 3D porous graphene is preferred for many applications that
do not require optimal graphene properties due to its ease preparation and low production cost
(549 € per kilogram for biomass based LIG)®".

The microstructure, functionality, and defect density of LIG electrodes can be manipulated.
Additionally, the structural defects on graphene sheets provide opportunities for further
material doping and functionalization. The oxygen content in LIG can also be controlled,
allowing for tunability of surface wettability from superhydrophilicity to super
hydrophobicity®%€2,

LIG enables the simple, cost-effective, and scalable production of technological components,
leading to the development of sensors, supercapacitors, and resistors, among other
applications. Moreover, the production of LIG is environmentally friendly, requiring no
controlled environments, expensive chemicals, or specialized equipment. It generates minimal
waste and can utilize biocompatible and biodegradable precursors®’°*%4 Additionally, LIG's
one-step manufacturing process does not require the need for slurry preparation or other
deposition methods, reducing production time and costs.

Of particular interest is the recent rise in the synthesis of LIG from natural, bio-based
substrates, expanding its use in various electronic applications®®%. Green LIG (gLIG)
represents a promising and interesting approach to address, or at least reduce, the problems
associated with the toxic and e-waste. Moreover, offering compatibility with well-established
production methods like roll-to-roll processing, which poses quick implementation at industrial
level®.

Nevertheless, it is not common for new and emerging technologies to become available on the
market if they do not surpass the current state of the art (SOTA) or if they do not follow the
“ten times cheaper or ten times better” rule®”. Therefore, despite the advantages of gLIG-based
devices, it is highly unlikely that they will quickly replace existing mature technologies, which
can be manufactured on a large scale at relatively low costs. Nanomaterials, such as
graphene, offer clear advantages for the production and scale-up of emerging flexible and
smart devices. Due to its compatibility with flexible substrates and low-cost fabrication, gLIG-
based electronics can bring electronic functionality to markets that are unfit for rigid and
expensive silicon electronics®.

The increasing demand for Internet-of-Things (loT) smart devices is projected to drive the
growth of the global wearable market from an estimated value of USD 116.2 billion in 2021 to
USD 265.4 billion by 2026. This represents a compound annual growth rate of 18.0% for the

period in question %. From this perspective, LIG could become a fundamental material for
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device fabrication, based on a trade-off between high performance and fast device patterning.
Nevertheless, one of the key advantages of gLIG processing is its sustainable nature, which
fosters the promotion of a greener, circular economy®®.

In 2024, the graphene market reached $445 million, with studies estimating graphene prices
ranging $50 to $1k per kilogram. These estimates primarily account for graphene nanoplatelets
(GNPs) and similar top-down graphene materials, such as graphene oxide (GO) and reduced
graphene oxide (rGO), which incur higher costs due to additional processing steps. Similarly,
graphene produced via CVD commands higher prices due to the need for a controlled
environment and specialized equipment.

Laser-induced graphene, on the other hand, requires an initial investment in a laser cutter-
$25k for industrial-grade equipment, though commercial options are available for under $5k.
Beyond this, production costs should be considerably low, owing to inexpensive substrates
and minimal power consumption. However, direct cost comparisons are challenging, as LIG
production is better measured in terms of cost per meter (or square meter) rather than by
mass. Such distinctions also apply when comparing other properties given the plethora of
systems where graphene from different sources have been implemented. In the graphene
market, a “one-size-fits all” approach is unlikely to succeed, and different processing
techniques will find their niche. Nevertheless, the development of scalable, versatile, eco-
friendly, and single step methods for carbon-based electrode patterning is crucial. In this
context, direct laser writing stands out as a promising technique. This thesis uses DLW to

fabricate LIG-based structures, enabling their integration into sustainable platforms.

2.4 Laser-induced graphene: Fundamental principles and
applications

This subsection provides an in-depth exploration of the formation mechanism underlying laser-
induced graphene. It provides a comprehensive overview of the key factors that significantly
impact the fabrication of LIG by direct laser writing. These factors include the type of laser
system used, operating parameters, processing atmosphere, and doping strategies, among
others. It also briefly discusses how these parameters influence the morphology, as well as
the chemical, electrical and mechanical properties of the prepared LIG. In addition, strategies
for achieving tailorable material properties, precise writing resolutions, and functional material
designs are explored in this subsection. Furthermore, potential applications of LIG as an active
electrode and sensing material are explored, highlighting its versatility and potential in various
fields.
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241 Laser system setup

LIG production process uses a laser source to generate a beam that is coupled to an
adjustable-intensity control system, with a specific setup and motors capable of directing the
laser beam through a mirror system and a focusing lens to a specific location on the substrate,
while the computer-controlled design determines when the laser beam is turned on or off.

The position and speed of the laser beam are controlled by a movable X-Y axis, while the focal
distance is regulated by the specifications of the focusing lens and a movable stage (Z axis),
where the substrates are placed, as illustrated in Figure 10. These laser setups can be
operated in either vector or raster mode. In vector mode, the laser system’s X-Y axis motion
system simultaneously moves in two dimensions along the line or path to match the shape
being processed. In raster mode, a bitmap image with a specific pulse density, given in dots
per inch (DPI) or pulses per inch (PPI), is rasterized on a millisecond timescale. This mode is

preferred for 2D patterning of LIG.

Laser source
X-Y control

y

focusing lens
substrate targej

I movable stage (Z control)

Figure 10. Schematic illustration of the working principle of a processing laser.

2.4.1 Formation mechanism of LIG

The interactions between lasers and materials involve intricate physical and chemical
processes that depend on the multiparametric characteristics of the laser beam and the
properties of the irradiated materials’®. An understanding of the mechanism behind the
production of LIG provides a theoretical basis for laser processing of carbon materials, the
preparation of 3D porous laser-induced graphene structures, and the development of
graphene-based devices.

Lasers are primarily used as a source of light and provide photonic energy. In the DLW
technique, when a laser beam irradiates a target material, a portion of the photonic energy is
absorbed, while the remaining energy is reflected and/or scattered. The absorbed energy can

induce different phenomena’. According to the mechanism of laser-induced graphene, the
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photophysical process can be divided into two main processes, photothermal and
photochemical, as illustrated in Figure 11a’.

During the photothermal process, photonic energy is absorbed by the carbon source
materials and transformed into lattice vibrations, leading to a high energy accumulation and
exceptionally high temperatures (above 2000°C) in the irradiated area. The promotion of
photons with high vibrational energies induces the decomposition of several lower energy and
weak chemical bonds, such as -COOH and -OH, while allowing rapid reorganization of strong
C-C bonds and structural transitions within irradiated chemical structures during thermal
accumulation and subsequent thermal relaxation’®’. Consequently, photothermal effects
instigate bond cleavage and the rearrangement of bonds from sp® to sp?, culminating in the
formation of LIG. In instances of prolonged or excessive exposure, complete ablation of the
irradiated material may occur. Regarding photochemical conversion, when the photonic
energy of the laser exceeds the dissociation energy of the substrate’s chemical bonds, the
carbon source material absorbs this energy, which can lead to direct bond isomerization,
forming, and breaking. This process enables the rearrangement and formation of LIG
structures without heating the substrate’. The localized reactions that occur during the light
absorption of the substrate for conversion to LIG depend on several processing parameters.
For example, photochemical bond breaking depends primarily on the wavelength of the laser
photons and their interaction with specific bonds within the chemical framework of the
precursor material. Conversely, photothermal effects depend on a set of operational
parameters, including laser power, scanning speed, pulse width, pulse frequency, among
others, which control the optical fluence and the resulting induced temperatures?-’>. Thus, the
next subsection provides an overview of the interdependencies between the laser system
characteristics, variable operating parameters, carbon precursors, and strategies to enhance

LIG formation.
2411 Laser processing parameters

2.41.1.1 Laser source wavelength, pulse width and pulse repetition rate

Laser systems are commonly categorized according to the laser’s gain medium, which refers
to the matter stimulated within the laser cavity to generate the laser beam. This medium can
be solid-state, gaseous, dye, and semiconductor’’. Beyond the laser gain medium, laser
beams can have diverse characteristics, such as wavelengths, energy levels, and temporal
propagation.

Laser wavelength for LIG formation mostly range from infrared (IR, >780 nm)"®"8, to visible
(Vis, 400 — 780 nm)"®%, and ultraviolet (UV, < 400 nm)®'-#(Figure 11a).
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During laser light generation the energy of a photon depends on the energy levels of the atom
involved in its generation through transitions. This energy can be determined according to
Planck’s equation, E = h - v, where E represents the energy in Joules, h is Planck’s constant
(6.626x10** Joule-seconds), and v is frequency in Hertz.

Lower frequency light corresponds to longer wavelengths, while higher frequency light is
associated with shorter wavelengths, corresponding to light that carries more energy per
photon.

The morphology of the LIG structure can be significantly influenced by the laser wavelength.
Hence, LIG formation induced by IR wavelengths is more likely to occur through a
photothermal process due to the longer wavelength and lower energy, thereby enabling the
carbon precursor materials to efficiently absorb energy and convert it into heat. The rapid
increase in temperature leads to the breaking and reformation of chemical bonds within the
material. Consequently, this process facilitates the formation of micrometer sized LIG pores
and flakes. In contrast, lower wavelengths and higher energy lasers mainly trigger a
photochemical conversion, which allows photons to carry energy greater than the dissociation
energy required for breaking chemical bonds within the material. Thereby, UV lasers can be
used to prepare LIG with better uniformity in pore generation from the nano-to micrometer

sized pores®®

. Visible lasers offer the potential for a combination of both photothermal and
photochemical reactions, contributing to the formation of LIG™. Notably, the surface size of
LIG obtained through visible laser processing has been shown to be considerably smaller than
that achieved with IR lasers?®. In addition to photophysical processes, the choice of operating
wavelength also plays a pivotal role in determining the laser spot size, thus influencing the
ultimate patterning resolution.

Laser spot size at the focal plane depends on two main components, namely the wavelength
of laser photons and the optics system employed for beam shaping ®.

It is important to note that at a focused position, the spot size is minimal, resulting in the most
condensed interaction of the beam with the material. The optical diffraction limit dictates a
direct proportionality between the spot size and wavelength. Thus, laser sources emitting
shorter wavelengths are preferred for achieving high-resolution patterning. While typical IR
CO:- lasers present spot sizes in the hundreds of micrometer range, visible and UV lasers can
achieve much higher spatial resolution®°,

This characteristic renders UV lasers particularly advantageous over IR lasers in facilitating
the miniaturization of LIG-based devices?®°.

In the time domain, an important laser feature to consider when categorizing a laser system is

its operation mode, which can be divided into continuous wave (CW) and pulsed modes.
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A CW laser emits steady beams with consistent energy regardless of time, while a pulsed laser
emits photon energy for a set duration, namely pulse width or pulse duration (PW), at a fixed
repetition rate, known as pulse repetition rate or pulse repetition frequency (PRF).

Pulse width and pulse repetition rate are two main variables that have a great influence on the
photon flux and the resulting energy and heat accumulation of single pulses or subsequent
pulse trains’’

PW can vary depending on the laser type, for example the most common CO lasers are very
limited ranging from milliseconds (ms, 10° s) to microseconds (us, 10°), while other
configurations allow for ultra-short laser pulses, with duration from picoseconds (ps, 10™'%) to
femtoseconds (fs, 107°).

An overview of the most widely used lasers for LIG production, categorized by wavelengths

and pulse duration, is provided Figure 11b%"%".
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Figure 11. (a) Type of lasers used for LIG production and correspondent photophysical processes, adapted
from 7225, (b) Summary of lasers used in LIG fabrication, categorized by wavelengths and pulse durations,

reproduced with permission from 27. Copyright (2022) Wiley - VCH GmbH.

Ultrashort laser pulses (fs lasers) have been introduced to DLW to achieve higher patterning
resolution and finer control of heat accumulation compared to longer pulse duration lasers %
This results in a significant reduction of the thermal energy impact on the material, preventing
unexpected thermal effects in nearby irradiated regions and minimizing the heat-affected zone
(HAZ), as illustrated in Figure 12a. This enables the creation of narrower pattern linewidths,
even beyond the limits of optical diffraction. Hence, to minimize the HAZ and improve the
spatial resolution of LIG patterning, ultrafast lasers with shorter pulse durations are preferred.
Despite the effectiveness of fs lasers, a portion of photon energy can still be converted into
heat, contributing to a mechanism that remains incompletely understood. It is hypothesized
that fs lasers involve a combination of photochemical and photothermal processes with the
prevalence of each reaction determined by the pulse-to-pulse time spacing, which is inversely

related to the pulse repetition rate 8
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Figure 12b shows the correlation between femtosecond pulses and the photothermal
response®”#. By reducing the interval between pulses (e.g., at high repetition rates of several
kHz or higher), the energy transfer rate is increased. While higher efficiency material
processing through heat accumulation is possible, this may also result in thermal side effects,

similar to those observed with CW lasers®®.
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Figure 12. (a) lllustration of laser—material interaction characteristics, of long pulse and short pulse (the
gradient color represents the heat affected zones), adapted from °. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. (b) Pulse repetition rate effects on heat accumulation in
femtosecond DLW, adapted from 8. CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0].

Another key factor, besides the type of laser system used, that contributes to the graphitization
of the substrate is ensuring that the power supply exceeds the threshold energy required for
LIG formation?. This is achieved by controlling the laser fluence over the substrate.

Fluence (F), defined as the optical energy delivered per unit area to the substrate in joules per
square centimeter (J cm™?), is the most suitable metric for characterizing the interaction
between the laser and the material. The impact of the fluence is substantial as it dictates the
energy dynamics involved in carbonization and graphitization processes. This parameter will
be further explored later in this section.

At lower fluences, photochemical reactions predominate, while at higher fluences, marked by
extended exposure of each unit area, the influence of photothermal effects becomes more
pronounced’”.

Thus, the selection of an appropriate laser source is important, considering various factors,
including the substrate light absorption to facilitate efficient photon-induced heating at suitable

fluence levels, as well as considerations regarding laser spot size.
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241.1.2 Laser power, scanning speed and beam focus

The input energy onto the substrate is controlled by the laser power. Depending on the
selected laser system and its maximum power output, adjusting the irradiation power allows to
control the energy delivered to the substrate surface and the resulting irradiation temperature.
This tunning should promote bond cleavage and subsequent reorganization, while minimizing
excessive degradation and ablation. However, the selection of optimized laser power and
understanding its impact over the graphitization is not an isolated variable.

The scanning speed enters directly into the equation of the exposed energy density and is
therefore a critical parameter, as it determines the reaction time. For synthesis and patterning
of LIG, the scanning speed impacts the distribution of irradiation energy in both CW and pulsed
type of lasers™".

The relationship between laser power and scanning speed is of paramount importance in the
graphitization process, as it determines the amount of energy delivered to the carbon atoms,
which in turn influences the quality of the graphene produced.

To ensure sufficient energy for effective graphitization, it is necessary to increase the laser
power at higher scan speeds. This results in the formation of higher quality LIG with improved
structural and electronic properties.

In addition, increasing the laser power leads to an increase in the thickness of the LIG as a
result of the conversion of a greater number of carbon atoms into graphene, thereby improving
mechanical strength and durability. The formation of more graphene domains improves
material’s electrical conductivity. Thus, increased power results in a greater amount of gas
being released, with the formation of more pores, thereby enhancing the porosity of the LIG.
It is important to note that excessively high laser power can degrade the LIG quality and
introduce defects. Therefore, the optimal combination of laser power and scan speed is critical
for high-quality LIG synthesis with desired properties. This entails balancing improvements in
structural and electronic properties, thickness, electrical conductivity, and porosity while
avoiding the detrimental effects associated with excessive power levels®.

In addition to adjusting the power and scan speed variables, another method of manipulating
the pulse profile and irradiation effects is by varying the beam focus parameter.

The laser spot size at the focal plane is primarily determined by the laser wavelength and the
optical system used for beam shaping, as discussed previously. Meanwhile, the spot size can
also be directly adjusted by changing the relative position of the optical system and the

substrate surface. Following a Gaussian beam profile, the laser spot size radius (w) can be

calculated using the expression: w(z) = w,/1+ (- z/m - w,%)?, where w, is the spot size

radius at the focal point and z is the relative distance to the focal point (Figure 13a).
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Furthermore, defocusing the laser beam increases the spot radius, which affects the energy
density of a laser pulse and promotes greater overlap between successive laser pulses, as
shown in Figure 13b.
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Figure 13. (a) Estimated gaussian beam profile, illustrating the divergence of the beam radius vs defocus
distance (z), reproduced with permission from 2. (b) spot size effect vs defocus, and correspondent effect
in sheet resistance values at various level of defocus, adapted with permission from %. Copyright (2018)
American Chemical Society. (c) dependency on laser power and defocus distance toward morphological
transition levels and laser beam defocus vs laser fluence selection, reproduced from %2, Copyright (2021)
American Chemical Society. (d) sheet resistance values of LIG produced by one to three lasing scans and
varying laser powers over substrate, reproduced with permission from %. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

In this sequential process, graphitization is initiated by the first pulse, followed by overlapping
irradiation in subsequent pulses to induce the desired graphitization. This approach enhances
conversion efficiency within a single raster line, and the overlapping regions of individual laser
lines undergo multiple exposures, resulting in improved electrical sheet conductivity of LIG
films®2,

Additionally, defocusing the laser beam can reduce the effective fluence on the precursor, as
shown in Figure 13c, which directly affects the LIG morphology®.

In Figure 13d, similar improvements in graphitization potential and efficiency have been
demonstrated through multiple laser scans for conversion, leading to improvements in
electrical sheet conductivity®*. However, careful control of the laser's operating parameters

enables single-scan irradiation conversion. This is achieved by tuning the input power and its

32



Chapter 2. Introduction

distribution to create superposition pulse patterns that mimic the effects of multiple patterning
cycles.

Researchers have explored the manipulation of pulse energy distribution as a strategic
approach to complement the effects of the laser power, scan speed, and beam defocus in LIG
production.

In the realm of pulsed laser systems, control of the pulse density over irradiated areas can be
achieved by adjusting the pulse width and pulse repetition rates, as discussed previously.
Variable parameters such as pulses-per-inch (PPI), dots-per-inch (DPI), or switching
frequencies provide adaptive control over fabrication conditions. Pulse density can also be
described in Sl units, as pulses-per-centimeter (PPc) or dots-per-centimeter (DPc) (see Figure
14a).

Higher PPI values lead to greater overlap of pixels and higher image density. This enhanced
density results in higher resolution and precision during the synthesis process, allowing for
detailed and intricate patterns to be formed in the graphitization process. This finer resolution
enables the creation of LIG films with well-defined features and uniformity, crucial for achieving
superior electronic properties compared to LIG produced with lower PPI values. To produce
high-quality LIG films, a PPI value of 1000 is commonly used to maximize the number of laser
pulses per inch and optimize pixel overlap"’.

When manipulating pulse density while examining power and scan speed variables, pulse
selection is a relevant variable. Pulse repetition rate or frequency (PRF) can be calculated as
follows: PRF = Speed - Maximum Speed - PPI. Depending on the power and scan speed
parameters, the energy output of the laser beam pulses can be adjusted to match the desired
power by changing the pulse width, given by: PW(s) = (1/PRF) - Power. This determines the
duty cycle and how long the laser pulse is active during each pulse, as shown in Figure 14b.
The strategy of defocusing is another effective method for adjusting laser fluence, which can
be quantified by the equation: F = (Power - PW) /(1 - w,?), where w, represents the radius of
the laser spot size.

Defocusing the laser beam, along with modifications to the PPls, DPIs, or repetition
rate/frequency, facilitates manipulation of the pulse profile. This manipulation is crucial as it
enhances the graphitization potential and improves conversion efficiency®.

Furthermore, defining these parameters enables precise control over the laser fluence,

determined by the power and scanning speed as well, as shown in Figure 14b%%",
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Figure 14. (a) Engraving LIG lines at different DPc (dots per centimeter) and overlap effect between pulses,
reproduced with permission from %, Copyright (2021) Elsevier Ltd. (b) Pulse profiles according to defocus
and PRF variable and LIG film matrix and fluence heatmap identifying graphitization region and its
distribution in different fluence levels, reproduced from 9%. CC BY NC-ND 4.0 Ilicense,
https://creativecommons.org/licenses/by-nc-nd/4.0/. (c) SEM images of porous and fibrous LIG, and (d) X-
ray photoelectron spectroscopy (XPS) of LIG scribed with different laser power showing the conversion of
Pl into LIG, reproduced with permission from 9, CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

The laser energy applied during LIG production can also be calculated using the formula: F =
(Power)/(Speed - w, - PPI). Duy et al. calculated a critical fluence, Fi= 5 J cm™, necessary
for initiating LIG formation. By adjusting the laser fluence, the LIG morphology can be tailored.
For instance, it was observed that surpassing a specific fluence threshold during a set scribing
resolution causes a shift from a flat, porous LIG to a structure featuring bundles of carbon
fibers, as observed in Figure 14c'®. High scribing resolutions yield a flat LIG, whereas lower
resolutions lead to the formation of fibers. In cases of high resolution, overlapping laser spots
tend to disrupt the growth of emerging fibers, whereas at lower resolutions, these fibers are
allowed to develop. Moreover, laser fluence also impact the chemical composition of the LIG.
Once the conversion threshold is reached, the carbon content reaches a maximum and then
decreases with higher fluence values, as shown in Figure 14d. Simultaneously, the oxygen

content increases with higher fluence values, resulting in a lower-grade LIG. Nonetheless,
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increasing the fluence also deepens the conversion, thereby converting more material into

LIG. This process ultimately leads to increased sheet resistance up to a certain fluence value®.

241.2 Carbon precursors

The selection of the precursor material is a crucial factor in determining the properties and
structure of LIG. Researchers have conducted numerous studies regarding the significant
influence of the precursor material on the morphology, electrical conductivity, and surface area
of the resulting LIG product.

In the early days of LIG discovery, only a few materials, such as Pl and polyetherimide (PEI),
could be successfully converted into graphene.

Since then, a variety of material precursors have been explored for laser graphitization,
including both polymer-based materials and renewable sources. Polymer-based materials
including polyetherimide (PEI), sulfone polyether ether ketone (SPEEK), polyarylsulfone
(PES), polyphenylsulfone (PPSU), and polyphenylene sulfide (PPS), which share structural
similarities with Pl, have been employed as precursors for laser graphitization according to
various studies®101-103

It is crucial to acknowledge that these polymer precursors may undergo thermal deformation
when subjected to high-temperature laser treatment, which could result in structural alterations
and compromise the material's overall quality. Among polymer-based precursors, Pl stands
out for laser graphitization due to its thermal stability, chemical resistance, and excellent
mechanical flexibility.

Moreover, the presence of aromatic sp? carbons in Pls facilitates the formation of hexagonal
graphene more effectively compared to other precursors. The distinctive chemical structure of
Pls, characterized by highly conjugated aromatic rings, offers a plentiful supply of sp? carbon
atoms that readily engage in the graphitization process. These aromatic sp? carbons exhibit a
high degree of planarity, which promotes the formation of hexagonal graphene structures.

A few years after the initial report on LIG generation from synthetic precursors, researchers
demonstrated that LIG could also be directly produced using bioderived materials like bread,
potato peel, or coconut shells®.

This transition from synthetic to bioderived LIG sparked interest in understanding the
conversion mechanism and exploring new applications enabled by these natural precursors.
Bio-based substrates include readily available and abundant raw materials like wood, leaves,
cork, husks, coal, food, among others. In recent years, there has been a notable increase in
exploring these environmentally friendly materials for LIG production. Their versatile chemical

compositions and potential to be transformed into valuable products make them an exciting
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field of study. This topic will be explored further in the following chapter. Thus, tailoring the
chemical composition and mechanical properties of these precursor substrates allows for
optimal irradiation and graphitization outcomes®. The advantage of using bioderived
precursors includes the reduction of carbon footprint and upcycling of waste materials, aligning
with the principles of the circular economy. Another intriguing aspect is the potential for
developing transient electronics using these materials. Bioderived precursors can be
engineered to control their biodegradability, thereby minimizing end-of-life electronic waste.
This research on bioderived LIG aligns with the United Nations' Sustainable Development
Goals (SDGs), particularly SDG 9 (Industry, Innovation, and Infrastructure), SDG 11
(Sustainable Cities and communities), SDG 12 (Responsible Consumption and Production),
SDG 13 (Climate Action) and SDG 15 (Life On Land) contributing to a more sustainable

future)®.

2413 LIG functionalization

One strategy for broadening the use of LIG in electronic devices is to modify its properties or
introduce new ones to enhance LIG’s performance and introduce functionalities that it
inherently lacks.

From an engineering perspective, the tunable characteristics of LIG are beneficial for
expanding its range of applications. Various doping methods, including pre-treatment of
carbon precursors, post-treatment of LIG, and producing LIG in different atmospheres, have
been employed to modify LIG properties (e.g., hydrophilicity/hydrophobicity and
electrical/electrochemical characteristics)®.

Two distinct methodologies can be used to modify LIG: in situ and post-treatment modification.

24131 Insitu

Typically, in situ modification involves: (a) modifying either the substrate composition or (b) the
laser atmosphere during the laser ablation process.
(a) Substrate pre-treatment

Pre-treatment involves incorporating additional materials into carbon sources prior to lasing.
This approach can induce LIG formation and modulate the hydrophilic/hydrophobic and
electrical/electrochemical properties of LIG, depending on the added material.

Researchers have employed a variety of chemical pre-treatments on precursor materials that
typically have poorer thermal stability compared to high-performance synthetic polymers. One
such approach involves using fire-retardants. These treatments increase the thermal stability
of substrates by introducing functional groups or external molecules, such as phosphate and

boron moieties. These compounds undergo endothermic decomposition and act as chemical
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heat sinks, allowing laser-induced reactions to occur at the molecular level without igniting or
ablating the precursor materials'®,
In the absence of such pretreatments, substrates rich in aliphatic compounds typically undergo
pyrolytic decomposition processes, resulting in the formation of volatile compounds and
complete substrate ablation®>'%. Although fire retardants are commonly used as additives for
pre-treating precursors in LIG synthesis, their specific role and chemical pathways in this
process are not always well understood. Most research employs these additives without
investigating the underlying mechanisms. There is more knowledge available about fire
retardants themselves, even if they are not specifically studied in the context of LIG synthesis.
Phosphate-based fire retardants are the most frequently used in bioderived substrates. When
heated during laser irradiation, these compounds react and turn into polymeric phosphoric
acid, creating a char layer. This char layer prevents further burning of the material and may
contribute to the formation of LIG'%. Another example is pre-treating substrates with certain
functional elements, such as fluorine, can result in fluorine doped LIG. During this process, the
high temperature of the laser causes decomposed atoms to be incorporated into the LIG,
making it hydrophobic. For instance, incorporating metal nanoparticles (e.g., copper, cobalt,
nickel, iron, and nickel-iron) into the precursor prior LIG formation significantly enhances its
electrical and electrochemical properties''. However, special care should be taken when
considering these doping species, not to significantly impair the sustainability of the process.
In the specific case of supercapacitors, manganese oxide is a dopant as it has been regarded
as an environment friendly metal oxide'®"%8,

(b) Process atmosphere control
In addition to substrate pre-treatments, in situ modification can also be accomplished by
employing various processing atmospheres during LIG formation. For instance, laser scribing
in different atmospheres, such as argon (Ar), nitrogen (N2), hydrogen (Hz), or other gas
mixtures, can yield diverse outcomes in the structure and composition of the resulting LIG.
Some precursors can be turned into LIG successfully only in an inert atmosphere, while others
can form LIG even in a non-inert atmosphere, such as ambient air with the presence of oxygen
(02)%. The composition of the atmosphere is crucial for controlling the degree of graphitization
and LIG properties for different substrates. This is particularly important for bio-derived
materials, which are more sensitive to higher temperatures and can burn more easily.
Inert atmospheres facilitate more efficient substitution of oxygen moieties and result in more
stable surfaces. Conversely, the presence of oxygen in the air can lead to increased
combustion and oxidation, resulting in higher volatile formation and porosity. This is specially

significant where inert atmospheres are essential for LIG synthesis using CO. lasers'®.
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2.4.1.3.2 Post-treatment

This modification involves applying additional processing steps to LIG after its initial formation.
Although LIG exhibits defects, these can be particularly favorable for post-treatment methods,
incorporating additional materials or layers into its surface or bulk (e.g., introducing conductive
ink, functional elements, or metal nanoparticles), which effectively adjusts the properties of
LIG.

Plasma treatment, such as fluorine plasma, oxygen plasma, and air plasma, is a convenient
surface post-treatment technique for adjusting the hydrophilic/hydrophobic nature of LIG.
Generally, treating LIG with fluorine plasma enhances hydrophobicity, whereas oxygen/air
plasma treatment increases hydrophilicity”°.

Additionally, electrodeposition onto the interior or surface of LIG with polymers (e.g.,
polyaniline), metal oxides like iron oxyhydroxide (FeOOH) and manganese dioxide (MnO:) can
be accomplished to create opportunities to enhance LIG properties and functionalities, thereby
expanding its potential applications across various fields''?. Electroless plating serves as
another surface post-treatment method for adjusting the electrical and electrochemical
properties of LIG. Heteroatom doping can also provide additional sites for electrochemical
reactions, which facilitate efficient ion transfer across a range of electrochemical processes’"".
For instance, the emerging and rapidly developing field of flexible electronics, including
wearable electronics, robotics, smart clothing, and electronic skins, demands the integration
of flexible sensors for activity monitoring and energy devices for power storage or harvesting.
The application of advancements in LIG technology enables the fabrication of intricate and
precisely designed porous carbon-based structures on flexible substrates, tailored to create
specific sensors and energy devices.

Consequently, LIG technology has attracted considerable interest and is poised to significantly
propel the development of flexible electronics and related fields. These efforts underline the
continuously evolving nature of the rich field of laser-induced graphene synthesis, which
enables the competitive development of actual graphene-based products, for active electrode

112-114

and sensing materials, such as biosensors . physical sensors''®'®

supercapacitors®® 7118 patteries'%12°, TENGs'?'~'%* transistors'*'?’, among others. A

section summary is presented in Figure 15.
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Figure 15. Schematic of the fabrication of LIG using various carbon precursors and lasers, inducing
different types of conversions: (a) photothermal (thermal breakage of C and -OH bonds) and photochemical
(photo-induced dissociation of bonds between C and -OH). Under laser irradiation, the carbon precursors
are rapidly converted to amorphous carbon (AC), graphite, and graphene via carbonization, graphitization,
and exfoliation processes, respectively. Direct laser writing (DLW) allows for easy fabrication and flexible
modification of LIG patterns with desired structures and properties. These patterns can be used in
advanced applications, including biosensors, physical sensors, supercapacitors, batteries, and
triboelectric nanogenerators (TENGs), adapted with permission from 727585 Copyright (2020) AIP
Publishing.

2.4.2 LIG applications

Researchers have invested considerable resources to refining the manufacturing processes
of LIG to broaden its use across diverse domains. This subsection aims to delve into the
principles of device engineering toward LIG’s applicability within these technological contexts.
The potential of LIG is explored, ranging from its application as an active material in electronic
devices to its incorporation in sensing technologies, providing a comprehensive understanding

of the effective integration of LIG into sustainable platforms.
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2.4.21 LIG as an active electrode material

Widespread adoption of portable electronic devices and electric vehicles propelled the
development of energy storage devices, particularly focusing on batteries and
supercapacitors. Progress in this area primarily relies on the properties of electrode materials,
with a strong focus on their porosity, which has resulted in extensive investigation of LIG as
an active electrode material for supercapacitors. However, for other components such as

transistors and conductive lines, different morphologies may be required.

2.4.2.1.1 In Supercapacitors

Energy storage devices emerged as one of the earliest demonstrated applications of LIG from
synthetic precursors and remains a primary focus in approximately one-third of all LIG-related
publications today®®. Supercapacitors (SCs) play a key role as energy storage devices in

electronic systems that require high charging/discharging rates, long-term cyclability, and high-

128,129

power densities Based on their working mechanisms, supercapacitors can be

categorized into three types: electrical double-layer capacitors (EDLCs), pseudo capacitors
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Figure 16. Summary of the types of supercapacitors, their mechanisms, and the main electrode materials
used. Adapted with permission from 128130, Copyright (2022) RSC Publishing.

EDLCs store electrical energy by the electrostatic accumulation of negative (anions) and

positive (cations) charges at the electrode-electrolyte interface, forming an electrical double
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layer (EDL). Unlike traditional capacitors, the larger surface area, specific pore size, and
volume of the electrodes promote electrolyte penetration at near surface. Thus, enables
EDLCs to store a greater amount of charge, resulting in higher capacitance values.
Additionally, the energy storage mechanism is purely electrostatic, involving the adsorption
and desorption of the ions at the electrode surface, which allows for an intrinsically rapid and
efficient charge-discharge process™'. In contrast, pseudo capacitors store energy through fast
and reversible faradaic redox reactions occurring between the electrode materials (mainly at
surface) and ions in the electrolyte'®. Hybrid capacitors combine the characteristics of the first
two types, integrating the properties of an electric double-layer capacitor alongside with a
pseudocapacitive or battery-like behavior'.

The device architecture is a significant variable concerning SCs. The most common include
the sandwich configuration, comprising two electrodes stacked with an electrolyte layer in
between, and the planar (interdigitated) configuration, featuring arrays of in-plane electrode
fingers.

LIG, serving as an active electrode material and current collector, is particularly attractive for
EDLCs due to its properties: (a) an inherently low resistance that enables efficient electron
transfer, (b) tailored wettability that promotes fast ion transfer within the electrode, and (c) a
large accessible surface area with porous structure that offer concise transport pathways for
the diffusion of the electrolyte ions to the interior surface of the electrode'*'**. These features

usually lead to high specific capacitances and enhanced electrochemical performances.

2422 LIG as active sensing materials

Materials that exhibit immediate responses (signals) to environmental changes (including
pressure, temperature, humidity, and others) play a significant role in our daily electronics.
Among the various sensing materials, LIG has been extensively studied as the sensing unit in

piezoresistive sensors.

2.4.2.21 For piezoresistive sensors

Strain sensors, which are also referred to as tactile and pressure sensors, play a significant
role in a wide range of fields, particularly in the realm of healthcare applications (e.g.,
monitoring heart rate, pulse, and plantar pressure), environmental monitoring (e.g.,
temperature detection, gas sensing, and surveillance of pressure and humidity levels), and the
realm of robotics and human-machine interfaces (e.g., for tactile sensing, manipulation based
on gestures, sound recognition, proximity detection, and spatial orientation) *°.

Piezoresistive sensors are a major category of these sensors and often use LIG due to its

effectiveness as a sensing element.
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The piezoresistive effect of LIG structures is based on the variation of resistance under
pressure or deformation. This change occurs because when an external force is applied or
released, the walls of the graphene pores are pushed closer together, resulting in a denser
contact between the composite sheets, reducing the resistance. This phenomenon, termed
piezo resistivity, is essentially a material's response to strain varying its electrical resistance,
which can be attributed to changes in lattice structure and electronic band structure®.

LIG for piezoresistive sensors should exhibit a rapid response (i.e., change in resistance) to
external stimuli with a notable sensitivity and a significant gauge factor (GF), according to GF =
(AR/R)/e, where AR /R represents the normalized resistance and e denotes the mechanical
strain/pressure. Furthermore, possessing a broad sensing range, a linear behavior between
strain and resistance, rapid response/recovery times, as well as robust durability are crucial
characteristics for a sensing material.

In practical applications, LIG structured layering and unique micro-architectures provide
excellent sensitivity across a wide range of pressures.

To increase their adaptability and durability, these graphene structures are often paired with
flexible and elastic polymers like polyimide (Pl), polyurethane (PU) or polydimethylsiloxane
(PDMS). These polymers act as support structures, fillers, and coatings, expanding the
sensors' applications without sacrificing their essential properties'1%.

Moreover, manufacturing these sensors is streamlined by directly forming electrode patterns
on flexible substrates or using transferring strategies of the LIG electrodes to a flexible
polymer, which cuts costs and simplifies production. The inherent properties of LIG, such as
its strong tensile strength and natural piezoresistive behavior, play a crucial role in enhancing

the overall device performance.
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GREEN LASER-INDUCED GRAPHENE:
MATERIALS AND METHODS

The following chapter explores the production of green laser-induced graphene (gLIG) from
natural bioderived sources, focusing on improvements in terms of their accessibility and
sustainability. It outlines their properties and discusses the distinct conversion pathways
involved for different precursors. Moreover, this chapter provides a thorough description of the
substrate’s preparation used in this thesis, such as paper, lignin-enriched paper, and cork
materials. It details the experimental methodologies used to optimize and fabricate gLIG
structures on these substrates for electrode purposes. Furthermore, it outlines the
characterization techniques employed to evaluate the graphitization outcomes of gLIG

synthesized from different precursors.

Some of the results shown herein were adapted and reproduced from:

e C.Claro, P. I, Pinheiro, T., Silvestre, S. L., Marques, A. C., Coelho, J., Marconcini, J.
M., Fortunato, E., C. Mattoso, L. H., & Martins, R. (2022). Sustainable carbon sources
for green laser-induced graphene: A perspective on fundamental principles,
applications, and challenges. Applied Physics Reviews, 9(4).

DOI:10.1063/5.0100785

e Paper I: Silvestre, S. L., Pinheiro, T., Marques, A. C., Deuermeier, J., Coelho, J.,
Martins, R., Pereira, L., & Fortunato, E. (2022). Cork derived laser-induced graphene
for sustainable green electronics. Flexible and Printed Electronics, 7.
DOI:10.1088/2058-8585/ac8e7b
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Ainsley, E., Pham, V., Claussen, J. C., Gomes, C. L., Martins, R., Fortunato, E.,
Pereira, L., & Coelho, J. (2024). Green Fabrication of Stackable Laser-Induced
Graphene Micro-Supercapacitors under Ambient Conditions: Toward the Design of
Truly Sustainable Technological Platforms. Advanced Materials Technologies,
2400261.

DOI:10.1002/ADMT.202400261

Paper Ill (Under preparation): Silvestre, S. L., Morais, M., Silva, R. R. A., Martins,

R., Fortunato, E., Pereira, L., Coelho, J. (2025) Piezoresistive Sensors via Laser-

Induced Graphene on Cork for Energy Harvesting Systems
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3.1 Introduction

Sustainability is now the driving force for a greener and more technologically advanced future,
in line with the global goals set out by the United Nations 2030 agenda'’. Therefore, to
facilitate the transition to a sustainable world and to meet the increasing demand to reduce
global dependence on fossil fuels and electronic waste (e-waste), it has become crucial to

138-140  |n addition to their

explore the potential of abundant and renewable materials
environmental benefits, these materials offer several advantages over traditional polymeric
substrates, including cost effectiveness, ease of handling, and improved customization for a
wide range of electronic applications, including disposable wearable electronics, paper-based
circuits, and packing solutions''. However, not all cellulose-based electronics are

straightforward in terms of complexity'?

. For example, paper-based electronics typically
involve complex processes such as inkjet-based deposition, lithography, and spray coating,
among others'®. While these approaches enable the creation of innovative electronic
functionalities on sustainable substrates, they still raise concerns in terms of complexity, limited
design flexibility, and time required to manufacture specific devices'.

The application of laser technology has proven to be an impressive solution to overcome these
challenges, offering a simpler, faster, and more controlled methodology'*.

This cost-effective approach not only enables the large-scale conversion of natural, abundant,
and renewable resources into gLIG structures with ease, but it also offers environmental
advantages over conventional LIG fabricated on commercial materials such as
polyimide®>®*'%4_Bio-derived precursors have been tested for green LIG production ranging
from raw materials directly obtained from natural sources, such as wood, leaves, cork, and
husks, to processed parts of it or byproducts from the wood and paper industries, such as
lignin and cellulose.

While raw materials offer obvious advantages due to their availability and low cost, they pose
challenges because of their inhomogeneity and large structural and compositional variability
from different sources. These inconsistencies make them less suitable for use in LIG-based
devices and difficult to integrate into complete electronic systems. In contrast, processed
materials, although more expensive due to the extensive processing and refining, can be fine-
tuned to achieve the desired properties and forms (e.g., sheet/thin films with homogeneous
composition)®®. Examples include paper substrates with varying amounts of cellulose, lignin-
rich composites, cork agglomerated sheets, among others, making them more suitable for LIG

production and device integration.
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These materials can be divided into three main classes: lignocellulosic substrates (e.g., wood,
leaves, and cork), cellulose (e.g., paper and nanocellulose) and lignin, as illustrated in Figure
17.

Lignocellulosic materials
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Figure 17. Schematic illustration of the distinct categories of precursors for gLIG synthesis, from raw
materials to processed by-products obtained from these natural sources. Adapted with permission from'+,
CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/.
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Lignocellulosic materials are naturally found in trees, including their bark and leaves, as well
as in other plant sources. These materials are composed of lignin, which is rich in aromatic
compounds, and cellulose and hemicellulose, both of which are types of polysaccharides,
characterized by their aliphatic chemical structures. These three polymeric components—
cellulose, hemicellulose, and lignin—can be seen as the precursors for LIG. They differ in their
repetitive units and structure, affecting the carbonization pathways and efficiency of various
natural materials. Wood, a common source of lignocellulosic materials, typically is composed
of approximately 40-45% cellulose, 15-35% hemicelluloses, and 20-30% lignin'46-147.

The varying quantity of cellulose, hemicellulose, and lignin in wood are key factors in defining
its structural, mechanical, and thermal properties of these substrates. Cellulose and lignin
primarily contribute to the strength and rigidity to the wood, while hemicellulose enhances
flexibility and elasticity. Each plays a distinct structural role within the wood matrix.

Cellulose, a linear polysaccharide, forms the primary structural framework of wood fibers. Its
strength and rigidity come from a crystalline structure reinforced by strong hydrogen bonds,
which make it rigid, insoluble, and resistant to solvents. These bonds between cellulose

molecules are stronger than those between cellulose and hemicellulose, making cellulose
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microfibrils the main load-bearing elements of the cell walls. Hemicellulose, a branched and
amorphous polymer, binds cellulose and lignin, supporting structural cohesion while adding
elasticity and flexibility. It acts as a matrix that embeds cellulose microfibrils, providing the
flexibility required for cell walls to deform under stress. However, the amorphous nature of
hemicellulose and its weaker hydrogen bonding compared to cellulose make it thermally less
stable, introducing lower stability during thermal processing’®. Lignin, an aromatic polymer
filling spaces between cellulose fibers, enhances mechanical rigidity and hydrophobicity. Its
high carbon content and aromatic structure play a key role in determining the quality of LIG
derived from wood. Additionally, the natural fiber orientation in wood, aligned with its growth
direction, introduces complex anisotropic characteristics that influence its mechanical
performance, including tensile strength and bending flexibility'**~'>". Although this variability
offers a wide range of options for specific applications, it also poses challenges in achieving
consistent and repeatable electrical properties in LIG production. For instance, the different
decomposition behaviors of cellulose, hemicellulose, and lignin during thermal treatments can
lead to heterogeneous graphitization, affecting surface morphology and conductivity'®. In
contrast, leaves have a slightly different composition, with an estimated 47% of their weight
consisting of aliphatic compounds and 39% consisting of aromatic compounds'®3.

Cork substrate, harvested from the bark of cork oaks (Quercus Suber L.), is a unique
lignocellulosic material, being one of nature’s most extraordinary and versatile materials in the

world "

. Its core components are suberin (=45%), lignin (=20%), and polysaccharides
(cellulose and hemicellulose) (=12%)'%°. Like a beehive, cork has cells with pentagonal and
hexagonal hollow structures, which provides a large surface area to induce porous 3D

156,157

structures . Furthermore, it presents extraordinary properties, such as lightweight,

biodegradability, compressibility, impermeability, resistance to high temperatures, and thermal
insulation®*1%8,

Cork can be classified into two types: natural cork and agglomerated processed cork. Natural
cork, depending on the harvesting stage (virgin tree, first-reproduction, second-reproduction,
or successive), exhibits distinct characteristics in terms of structure, thickness, porosity,
density, and strength. Agglomerated processed cork consists of a composite material, made
from the agglomeration of processed native cork granules with binding agents, resulting in
different size grains being compressed into each other while adhering together'°.

Using agglomerated cork instead of pristine cork brings scalability for industrial use, being
currently one of the most marketable materials in the world, allowing the production of multiple

substrate shapes, from millimeter sheets to bulky pieces. Also, being a composite material with
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sophisticated properties can be beneficial for the desired type of application, especially for
flexible platforms™®.

Within the cellulosic materials, cellulose is isolated during the pulp and paper production
process, which consist of two main parts. The first part, known as pulping, involves converting
lignocellulosic material into pulp by removing as much lignin as possible. The second part
involves the steps required to produce the final product, which is paper. While wood is often
the starting material, other sources such as rags, flax, cotton linters, and bagasse (a sugar
cane residue) can also be used'*.

Paper was one of the first bioderived materials converted into LIG. Using paper as a substrate
for devices offers a good balance between cost and performance. Paper is not only cheap,
lightweight, flexible, and generally hydrophilic, with a high loading capacity important for many
applications, but it is also recyclable and biodegradable, which are important for sustainability.
Additionally, paper is easily available in various types, sizes, thicknesses, and finishes,
allowing it to be tailored to specific applications'®.

Lignin, an extracted low-value waste by-product of the paper industry, is the most abundant
naturally occurring aromatic polymer, mainly made up of different monolignols concentrations,
which vary across different bioderived precursors, leading to diverse chemical and physical
properties®’.

Unlike polysaccharides, lignin has a high carbon-to-oxygen ratio and excellent thermal
stability, making it an ideal precursor for LIG production'®?. Lignin can be processed in powder
form and converted into films facilitating its use in various applications. However, due to its
poor mechanical properties, particularly brittleness, lignin is often combined with synthetic
polymers or recycled paper to produce practical substrates. Some methods to create lignin-
based substrates include making lignin films with PVA, doping substrates with lignin solutions,
and embedding lignin into PDMS154,155.

Expanding the exploration of green LIG has shown that it fulfills essential and desired electrode
requirements, including high electrical conductivity and surface area. These properties are
primarily due to the inherent nature of the substrates, which results in a highly porous structure
with a substantial surface area. Furthermore, the high defect density in the structure of gLIG
enhances its electroactivity and catalytic potential for various electrochemical applications®.

Therefore, the promising properties of gLIG have led to its use in a variety of fields, including

104,164,165 78,155,159,166-168

the fabrication of biosensors , supercapacitors , humidity sensors'®,

169,170

mechanical sensors , among others. Figure 18 illustrates examples of various bioderived

substrates with practical applications based on green LIG.
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Figure 18. Overview of examples of applications from different bioderived LIG precursors: (a) biosensor,
(b) supercapacitor, (c) humidity sensor, (d) pressure/strain sensor, (e) heater, and (f) nanogenerator. (a)
Electrochemical biosensor using paper-based LIG electrodes for uric acid detection, reproduced with
permission from''2, CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/. (b) Interdigital
microelectrodes based on LIG obtained from fallen leaves used in flexible supercapacitor., reproduced with

permission from'%3. Copyright (2021) Wiley - VCH GmbH. (c) Humidity sensor from lignin (LS)/cellulose-

derived LIG, reproduced with permission from'"", ccC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. (d) Piezoresistive pressure sensor from cork-derived LIG,

reproduced with permission from'’°. Copyright (2020) Wiley - VCH GmbH. (e) Joule heating-based LIG

heater on recycled wood, reproduced from''. (f) Triboelectric nanogenerator based on LIG from
lignin/poly(l-lactic acid) (PLLA) composites for power generation, reproduced with permission from'2,
Copyright (2023) American Chemical Society.

Given the unique properties of these natural substrates, this dissertation explores the potential
of paper, lignin-enriched paper, and agglomerated cork to produce gLIG. The subsequent
section will detail the preparation of these substrates, the methodologies employed for

optimizing gLIG properties, and the characterization techniques carried out in this research.

3.2 Materials preparation

3.2.1 Materials/substrates

e Whatman paper 1 (Whatman International Ltd., Floram Park, NJ, USA);
e Agglomerated cork (Corticeira Amorim SGPS, S. A, Mozelos, Portugal);

e Lignin-enriched paper (provided by Eric Benson, E. Ainsley and Veronica Pham,
University of lllinois, IL, USA).
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3.2.2 Substrates pre-treatments

3.2.21 Wax pre-treatment (Paper | — Chapter 5)

Agglomerated cork sheets with 2 mm thickness were pre-treated with a yellow wax-based ink
(ColorQube 8870/8880 Yellow Solid Ink, Xerox Europe, Limited, Dublin, Ireland). Wax was
melted on a hot plate at 125 °C for 20 s. After that, cork was placed on top of the melted wax
layer, until it was absorbed throughout its volume. Finally, waxed cork was removed from the

heating plate and allowed to cool down to room temperature and solidify.

wax agglomerated cork waxed-cork
F |

300s

*
=

Figure 19. Schematic representation of the agglomerated cork wax pre-treatment. Reproduced with
permission from 5%, CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/.

3.22.2 Flame-retardant (Paper Il & Paper Ill — Chapter 5 and Chapter 6)

Whatman paper 1, lignin-enriched paper, and cork substrates were treated with borax, a flame-
retardant agent, before undergoing laser irradiation under non-inert atmosphere (ambient
conditions and room temperature). Typically, in a normal procedure, the substrates were
soaked in an aqueous solution of sodium tetraborate decahydrate (0.1 M, 299.5%; CAS: 1303-
96-4, Thermo Fisher Scientific, MA, USA) for ten minutes and then left to dry overnight.

3.2.3 Laser-induced graphene process optimization

For the LIG optimization process, a study was performed to compare and evaluate different
types of laser systems, different environment conditions and laser conditions. To ensure
consistency, all substrates were levelled and gently tapped on a glass surface prior to laser

irradiation.

3.2.31 Under inert atmosphere (Nitrogen)
Using a IR CO; and a fiber laser — (Paper | — Chapter 5 and Chapter 6): For the conversion

of cork substrates into LIG structures under a nitrogen atmosphere, a 10.6 ym COz IR (VLS3.5
Laser Platform, Universal Laser Systems, Vienna, Austria) and a 1.06 um Nd:YAG fiber laser
(PLS6MW Multi-wavelength Laser Platform, Universal Laser Systems, Vienna, Austria), both

equipped with 2.0” lens (focal length (FL) of 50.8 mm), were used. The CO; laser equipment
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(Figure 20a) has a wavelength of 10.6 ym and a spot size of 0.13 mm, while the fiber laser
(Figure 20b) operates at a wavelength of 1.06 ym and a spot size of 0.03 mm. LIG was
engraved in 5x5 mm? squares and then silver ink contacts were placed on the ends of the
squares. To identify the optimal laser system and conditions that produced the best results, a
systematic study was performed, varying laser parameters such as (i) power (adjustable up to
50 W in both lasers), (ii) speed (adjustable up to 1.27 m s on CO; laser and up to 1.78 m s™
on fiber laser), and (iii) focal point defocus (from 0.76 mm above focal point to 1.52 mm below).
A fixed 1000 pulses-per-inch (PPls) was established for the CO; laser, while a fixed frequency
of 100 kHz and 1000 PPIs were established for the fiber laser. The optimal conditions for cork-
LIG (cLIG) formation were achieved at a laser power 5% and a speed of 4% (equivalent to 2.5
W @ 0.05 ms™), positioned 0.76 mm above the focal point for the CO; laser, and a laser power
11% and a speed of 1% (equivalent to 5.5 W @ 0.02 m s™), positioned 1.52 mm below the
focal point for the fiber laser. Following the electrode requirements tailored to specific
applications, the laser system and its parameters were meticulously selected. A fiber laser was
selected to fabricate electrodes (operating at a laser power of 11% and a speed of 1%
(equivalent to 5.5 W, 0.02 m s™), positioned 1.52 mm below the focal point onto waxed cork.
These conditions were reproduced for the fabrication of electrodes with a view for micro-

supercapacitors application, as elaborated in Chapter 5 of this thesis.

3.2.3.2 Under non-inert atmosphere (Ambient conditions)

Using a CO; laser — (Paper Il — Chapter 5): To selectively convert various renewable
substrates, including paper, lignin-enriched paper, and cork, into laser-induced graphene
structures under ambient conditions and room temperature, a COz IR (Fusion M2, Epilog
Laser, Golden, CO, USA) was used.

An infrared (IR) laser was selected for this study, as it aligned with the focus of our
experimental setup and was readily available in the lab. Additionally, it allowed for meaningful
comparisons with previous work. The laser equipment (Figure 20c) operated with a wavelength
of 10.6 ym, with a focal length of 50.8 mm and a spot size ranging from 0.10 to 0.17 mm. LIG
squares designed in CorelDraw, each measuring 5x5 mm?, were submitted to the laser-
controlling program and scribed onto the treated substrates. This was achieved through the
systematic variation of significant laser parameters, including (a) power (adjustable up to 75
W), (b) speed (adjustable up to 3.05 m s™), and (c) defocus distance. A frequency of 100 kHz
and a resolution of 1200 dots-per-inch (DPI) were maintained throughout all experiments. After
optimizing all laser parameters, the optimal conditions for fabricating paper and lignin-enriched

paper electrodes were obtained at a laser power of 4% and a speed of 13% (equivalent to 3
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W @ 0.40 m s™"). Similarly, for the cork substrate, optimal LIG electrode formation was
achieved at a laser power of 4% and speed of 6% (equivalent to 3 W @ 0.18 m s™).
Additionally, positioning the laser beam 2 mm below the focal point for all substrates has been
set as an optimal parameter. Further details regarding the fabrication of electrodes with these

laser conditions for micro-supercapacitor applications are provided in Chapter 5 of this thesis.

Using a fiber laser — (Paper Ill — Chapter 6): The fiber laser (Figure 20b) was selected to
fabricate electrodes, operating at 21% laser power and 2% speed (equivalent to 10.5 W @
0.04 m s™), with the laser beam positioned 2 mm below the focal point. The power and speed
were subsequently increased to achieve a faster and more efficient process, while the
electrodes maintained excellent sheet resistance. A fixed frequency of 100 kHz and 1000 PPIs
were used. These conditions were reproduced for electrode fabrication, aimed at
piezoresistive sensor and TENG nanogenerator applications, as elaborated in Chapter 6 of

this thesis.
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Figure 20. (a) CO; and (b) fiber laser cutting and engraving machine available at CENIMAT-i3N; and (c) CO-
laser available at lowa State University, each equipped with corresponding standard lens.

All the substrates, pre-treatments, type of laser and LIG processing atmosphere explored in

this thesis so far are summarized in Figure 21.
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Substrate Pre-treatment Type of laser Atmosphere LIG material

,,,,,, Cork (c}LIG _
 Waxed-cork (w-c)-LIG g_

ﬁ 1.06 m Fiber Waxed-cork (w-c)-LIG o
' Borax-cork(BC)-LIG =

Borax-cork(BC)-LIG/ZnO ;;‘:'

' Borax-cork (BC)-LIG _

10.6 um CO, ; =

Borax-lignin-enriched paper (BLEP)-LIG 8

 Borax-paper-LIG (BP)-LIG g

Figure 21. Overview of substrates, pre-treatments, type of laser, atmospheric conditions, and resultant LIG
materials for subsequent sections.

3.3 LIG characterization

The structure, morphology, and cross-sectional analysis of the produced LIG were analyzed
using a Hitachi TM 3030PIlus Tabletop workstation with Scanning Electron Microscopy (SEM),
while carbon and oxygen content was evaluated by Energy Dispersive Spectroscopy (EDS).
Raman spectroscopy served as a crucial tool in exploring the electrode composition. Its
mechanism relies on the phenomenon of Raman scattering, based on the inelastic scattering
of photons to determine the vibrational modes of molecules. In this thesis, Raman
spectroscopy is used to identify the hybridization information within carbon structures.
Raman microscopy was carried out with a Renishaw® inViaTM Qontor® confocal Raman
microscope equipped with a Renishaw Centrus 2957T3 detector. Excitation was carried out at
532 nm with a 10 mW green laser, focused via a 50x Olympus objective lens. For every
measurement, three scans were undertaken, each with a 10-second exposure to laser.
Moreover, beyond material composition, the bonding arrangements, and the relative
abundance of each element within the LIG matrix are observed through the analysis of X-ray
Photoelectron Spectra.

X-ray Photoelectron Spectroscopy (XPS) was performed using a Kratos Axis Supra
instrument, with monochromatic Al Ka and Al La sources, to analyze the chemical composition
of the LIG substrates. The Al Ka source was running at 150 W and detailed scans were
recorded with 5 eV pass energy. The Al La source was running at 300 W and the respective
detailed scans were recorded with 40 eV pass energy. For data analysis, CasaXPS software
was used.

For electrical characterization, LIG was engraved in 5x5 mm? squares and then silver ink

contacts were placed on the ends of the squares. A multimeter was used for preliminary
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assessments of the sample’s conductance, followed by resistivity measurements using BioRad
HL5500 apparatus at room temperature to determine LIG sheet resistances. All measurements
were taken in triplicate for electrical characterization to ensure precision and reproducibility.
LIG surface wettability was evaluated through contact angle (CA) measurements with
Dataphysics OCA15 plus using the sessile drop method. Briefly, 3 pL of electrolyte (PVA-
H2SO4) droplets were placed on the substrate surface and CAs were measured for 15 minutes,
to assess the spreadability of the droplet. PVA-H,SO, was specifically chosen for the MSCs
work, making it essential to study its contact angle behavior on the substrate. The CA analysis
was performed with embedded software (SCA 20) using Laplace-Young approximation model
with at least three measurements per sample. Data analysis was performed using OriginPro
(2022b Academic, MA, USA). Results are reported as mean + standard deviation from at least
three independent experiments. All figures were also plotted in OriginPro (2022b Academic,
MA, USA).
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4

GREEN LIG-BASED ELECTRODE
OPTIMIZATION

This chapter provides an overview of the developments in the production of green laser-
induced graphene (gLIG) through the direct conversion of various bioderived substrates,
including paper, lignin-enriched paper, and cork. An in-depth investigation and optimization of
the laser parameters tailored to each specific material and a thorough characterization of the
resulting LIG is performed to support its potential application as electrode material, which will
be further explored in Chapter 5 and Chapter 6.

The experimental analysis evaluates LIG structures, elemental composition, and electrical
properties using various techniques, such as Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and Hall effect sheet resistance

measurements, among others.

Some of the results herein were reproduced and adapted from:

o Paper l: Silvestre, S. L., Pinheiro, T., Marques, A. C., Deuermeier, J., Coelho, J., Martins,
R., Pereira, L., & Fortunato, E. (2022). Cork derived laser-induced graphene for
sustainable green electronics. Flexible and Printed Electronics, 7.
DOI:10.1088/2058-8585/ac8e7b

e Paper lI: Silvestre, S. L., Morais, M., Soares, R. R. A., Johnson, Z. T., Benson, E., Ainsley,
E., Pham, V., Claussen, J. C., Gomes, C. L., Martins, R., Fortunato, E., Pereira, L., &
Coelho, J. (2024). Green Fabrication of Stackable Laser-Induced Graphene Micro-
Supercapacitors under Ambient Conditions: Toward the Design of Truly Sustainable

Technological Platforms. Advanced Materials Technologies, 2400261.
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Paper Il (Under preparation): Silvestre, S. L., Morais, M., Silva, R. R. A., Martins, R,

Fortunato, E., Pereira, L., Coelho, J. (2025) Piezoresistive Sensors via Laser-Induced

Graphene on Cork for Energy Harvesting Systems
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4.1 Green LIG: optimization and fabrication

This chapter presents the optimization and fabrication of gLIG electrodes using the direct laser
writing technique on sustainable materials. The laser conversion process to produce gLIG from
various renewable materials has been extensively studied®. Furthermore, this chapter deals
with the investigation and comparison of the conversion process for bioderived substrates,
including paper, lignin-enriched paper, and cork, under different atmospheric conditions (inert
and non-inert) and using different types of laser systems (CO; and fiber lasers). Recognizing
the importance of selecting the most appropriate precursor for each target application, this
research thoroughly investigates the tuning of LIG production from these substrates, thus
providing the flexibility to tune the LIG electrode properties and architecture.

Due to the highly flammable nature of these materials, this chapter explores the application of
a flame-retardant pre-treatment (borax) onto the substrates, with the procedure outlined in
section 3.2.2.2. The purpose of this measure is to protect the substrate from thermal
degradation and to prevent undesirable outcomes, including substrate ablation and the
formation of fragile LIG structures. Similar issues have been previously observed in studies
with other cellulosic substrates’®'%. In addition, borax pre-treatment is a crucial step in the
process, especially when these natural substrates are converted into LIG in a non-inert
atmosphere %. After impregnating the substrates with a flame-retardant to fine-tune the LIG
properties, different laser conditions such as the laser defocus, power, and speed were
investigated, demonstrating the importance of precise laser settings to achieve distinct LIG
properties, which have a direct impact on the performance of various LIG-based

applications'"*174,

4.1.1 Under inert atmosphere (Nitrogen)

Agglomerated cork sheets were used as the substrate for LIG production. This composite
material is made from the agglomeration of cork granules with binding agents, which results in
different size grains being compressed into each other while adhering together. Figure 22
shows the substrate morphology, and as expected, coming from a natural source to a

processed sheet, different dimensions of granules are observed.
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Figure 22. SEM image of the pristine agglomerated cork morphology. Reproduced with permission from
55 CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

Natural cork presents different cork granules randomly oriented, and its cellular structure is
composed of hexagonal and pentagonal structures as confirmed in the SEM micrographs
(Figure 22)'7517¢ 1t can also be observed that the alveoli walls of the agglomerates are ~1.1
pum thick. The characteristic morphology of the cork is of utter importance, as it enables the
production of 3D porous LIG exhibiting high surface area (inside the cork cells and even on
the walls). These properties are highly advantageous for electrochemical applications, as the
increased available surface area allows greater charge storage in the LIG electrodes, thereby
improving energy storage performance.’”’.

Optimization of the cLIG synthesis started with a systematic study of the laser system, by
varying parameters such as power, speed, and focal plane defocus on cork substrate. Two
laser-systems were used: a CO; laser, with a 10.6 um wavelength, which has already been

93178 ‘and a fiber laser, with a 1.06 ym wavelength,

used for LIG conversion on cork substrates
reported for the first time, to the best of the author’s knowledge, for LIG production on cork.
First, the laser was focused on the substrate’s surface at its focal point to identify the conditions
of power and speed that result in a homogeneous LIG formation. As reported in the literature,
higher laser powers increase LIG thickness, and lower laser speeds result in better quality LIG
exhibiting an improved electrical conductivity'”*'®. With these considerations in mind, the laser
conditions applied on the cork substrate were studied and optimized by combining the lowest
speed possible with the highest power for the photothermal conversion to occur.

A complete conversion of a LIG square on the substrate is mandatory to carry out sheet
resistance measurements using four-point probe measurements. For this reason, LIG
conductivity of the uniform patterns was first verified with a multimeter.

The results shown in Figure 23 suggest that laser power cannot be increased too much at
lower scanning speed since it results in undesirable outcomes such as laser ablation, thermal
damage of the surrounding zones of established pattern, and formation of brittle powder LIG.
For lower power and higher scanning speed, no changes were visually identified on the

substrate or LIG formation did not occur on the entire surface of the defined square. This can
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be explained by the low energy density delivered to the substrate unable to induce a
photothermal conversion®®. For this reason, the conditions selected for cLIG formation, under

inert atmosphere, were 2.5 W at 0.05 m s for CO; laser and 5.5 W at 0.02 m s for fiber laser.

Inert atmosphere (Nitrogen)

J CO, laser fiber laser !
(max power: 50 W / max speed 1.27 ms™') (max power: 50 W/ max speed 1.78 ms™')

2 3
(0.04 ms1)(0.05 m s1)(0.06 m s™') (0.02m 7)(0.04 m s1)(0.05 m s')
Speed (%) Speed (%)

 Thermal ablation '3
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H R ! :
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Figure 23. Optimization matrix for LIG formation onto cork by laser irradiation under inert atmosphere, with
representative pictures.

\‘5\ LIG formation

After establishing the proper power and speed conditions for each laser wavelength, a study
on the influence of focal point defocus on LIG synthesis by irradiation of cork substrate was
performed. As reported by Chyan et al.®3, when the laser beam is in a defocused position, the
spot size increases, subsequently laser spots overlap, and a multiple lasing effect can be
achieved'®. The multiple lasing method suggests that in some cases LIG formation occurs by
two steps: conversion of a carbon precursor into amorphous carbon followed by a conversion

to graphene upon subsequent lasing'®'®

. Using the defocusing method, the process is
simplified by only one laser passage, resulting in multiple exposures in the overlapping area®
Thus, the effects of defocusing on the characteristics of LIG were explored in this work.

The structures obtained by defocusing the laser, from 0.76 mm above 1.52 mm below the focal
plane, were characterized through SEM, as shown in Figure 24. Variations in defocusing

distances and laser wavelengths result in clearly different LIG morphologies.
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Figure 24. SEM images of substrate morphology with laser defocus variation. Top images show the
interface lased (left) and agglomerated cork (right) interface. Reproduced with permission from 5. CC BY
4.0 license,_https://creativecommons.org/licenses/by/4.0/.

These results suggest that cork photothermal conversion into cLIG is in good agreement with
the above explanation about the defocusing method. At the focal plane (Z = 0.00 mm) cork
substrates receive a larger amount of energy per unit area, which results in a porous cLIG
broken structure (using CO- laser) and depth powerful engravings (using fiber laser), which
are undesirable results.

By moving the substrate far from the focal plane, in both positive and negative directions of
the Z plane, the laser spot size expands over a larger area. This leads to an overlapping of the
laser spots with a multiple lasing effect, resulting in better quality LIG"82'83,

Regarding the laser wavelength influence, as already reported, infrared lasers mainly result in
photothermal conversion, which means that covalent bond breaking occurs by local high
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temperature induction. Thus, the laser spot size and laser pulse duration influence the LIG
formation®'®*, These outcomes vary using lasers with different wavelengths, in which a higher
resolution laser, as the fiber laser, reflects in a smaller spot size and a shorter pulse duration
than the CO, laser'®. Therefore, LIG morphology obtained with 10.6 ym CO; and 1.06 pm
fiber lasers should be quite different as shown in Figure 23. In samples produced in the fiber
laser a less ablative effect is observed, and better uniformity is achieved, contrarily to the
fragile and powdery cLIG microstructure obtained from the CO. laser. In addition, by
defocusing 1.52 mm below the focal point, it produces less depth of focus, and the initial porous
honeycomb flake structure of cork (Figure 22) prevails even after irradiation (Figure 24). Thus,
conferring the porous cLIG a hexagonal and pentagonal structure with an extensive accessible
surface area for posteriorly electrochemical reactions.

Furthermore, analysis of Raman spectra and sheet resistance measurements as function of

the laser used and defocus of the focal plane were correlated with SEM images on Figure 25.
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Figure 25. (a) Raman spectra and (b) sheet resistances using different laser systems and focal distances.
Reproduced with permission from '%5. CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/.

All Raman spectra obtained (Figure 25) show the three prominent peaks of graphitic materials,
ranging from 1000 to 3000 cm™. Two distinctive first-order peaks are presented at ~1350 cm’
' (D peak) and ~1580 cm™ (G peak), and a second-order 2D peak is presented at ~2700 cm’
', showing the presence of graphitic carbon'®*. The D band can be related to the formation of
defects, vacancies and bent sp? bonds, while the G band results from the first-order inelastic
scattering process being highly sensitive to the number of layers present in the LIG'®°. The 2D
band corresponds to the second-order Raman peak, which results from two photon lattice

vibrational process'®®. When relating the SEM images with Raman spectra and sheet
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resistances, there is a correlation between Raman peaks intensity, the conductivity of the cLIG
and structural morphology obtained. For both lasers, by defocusing substrate from the focal
plane, cLIG samples show a decrease in D peak relative intensity, meaning that fewer defects
are induced during LIG conversion, which is in accordance with previously reported works®*'87,
Hence, by defocusing the distance from the focal plane cLIG conductivity improves significantly
using both lasers. Albeit, for CO- laser defocus below its focal point (i.e. Z= +0.76mm; Z= +1.52
mm), no cLIG formation was observed due to the insufficient energy for photothermal
conversion on cork substrate.

In terms of sheet resistance, for LIG induced by IR (10.6 um), visible (450 nm) and UV lasers
(355 nm) on cork, there are reported values in the range 46-115 ohm sq™" 178187188 The current
study using a fiber laser (1.06 um), for the first time in this type of substrate, has attained an
incredible enhancement in LIG quality with a sheet resistance almost 10 times lower (Rs ~9.86
+ 0.12 ohm sq™"). This significant improvement, as already mentioned, is essentially due to the
combination of the type of laser with different wavelengths used and the laser conditions
applied.

XPS characterization was performed to characterize cork prior laser irradiation and after LIG
conversion by the two different lasers (CO. and fiber), supporting the results above (Figure
26). Figure 26a shows C 1s spectra of cork prior to laser irradiation, with the presence of
characteristic carbon bonds, O-C=0, C=0, C-O and sp®. Figure 26b and Figure 26c¢
corresponds to the C 1s spectrum of the LIG produced under the optimized laser conditions of
the CO- and fiber laser, respectively. After the photothermal conversion of cork to LIG, the
presence of sp? carbon bonds related to graphene structures is observed at 284.14 eV (for
LIG produced by CO, laser) and 283.95 eV (for LIG produced by fiber laser). Although these
results show a predominant sp® peak and a small sp? peak, it is not a representative measure

of the entire LIG as a bulk, due to the high surface sensitivity of XPS.
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Figure 26. High resolution C 1s XPS data. (a) XPS spectra for cork prior laser irradiation and cLIG induction.
(b) C 1s spectra of cork-based LIG produced by CO; laser (using optimized conditions). (c) C 1s spectra of
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cork-based LIG produced by fiber laser (using optimized conditions). Reproduced with permission from
55 CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

Regarding high-resolution spectrum of the C 1s, cLIG produced by both lasers revealed the
presence of graphene structures. Regarding the variability of the XPS spectra and partial
oxidation observed in both samples, a factor to be considered is the influence of the place
where the measurement is performed. For the spectra shown in Figure 27, two X-ray sources
were used: one comparatively sensitive to the surface (Al Ka) and one with about twice the
energy, which allows to extract information from deeper-lying regions of the sample (Al La).

XPS data indicate greater oxidation on the sample surface and the existence of fewer C-O
bonds towards the bulk of the sample. This can be verified by the shape of the C1s peaks
(Figure 27a) and in the quantification table (Figure 27b), comparing the data obtained with the
two X-ray sources. This qualitative comparison confirms that the sp® and oxidized carbon
bonds are mainly located at the surface, and it is shown that in fact the most superficial zones
of the sample are more oxidized, while an inner zone results in a LIG with lower oxygen

content.

Cis

X-ray source
— Al Ka (more surface sensitive)
Al La (less surface sensitive

Intensity (CPS)

202 200 288 286 284 282
Binding energy (eV)

MR ““

19.34 80.66

Figure 27. (a) C 1s spectra of cork-based LIG (produced by fiber laser with optimized conditions) obtained
using different X-ray sources: Al Ka and Al La. (b) Oxygen and carbon quantification (per atomic
percentage) table from detailed scans. Reproduced with permission from 5>, CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

In this study, fiber laser shows its promising application for converting carbon-based materials
into LIG, taking advantage of its interaction with the substrate. The type of cork substrate used
can also influence LIG production, due to its composition, different grain sizes and density.

A summary of the best conditions defined for each laser and resultant LIG properties are

schematically shown in Figure 28. In Figure 28a-b it is visible a significant difference in the LIG

63



Chapter 4. Green LIG-Based Electrode Optimization

morphology produced with different lasers’ wavelengths. LIG induced on cork present
structures similar to porous and powdery honeycomb flakes, as previously described, in which
the LIG thickness was 100 yum and 150 pym for CO, and fiber laser, respectively. It seems that
cLIG produced in the fiber laser is thicker, exhibiting a continuous and uniform layer, with a
less defective appearance compared to the LIG produced by the CO; laser. This can be
supported and confirmed with the Raman spectra and ratios from Figure 28c-d. As already
mentioned, the D peak corresponding essentially to the formation of defects, decreases when
switching from the CO- to the fiber laser.

Therefore, for the remainder of this work, the most promising cLIG was obtained and used
using the fiber laser at 1.52 mm below the focal plane. cLIG quality and the low sheet
resistance makes this material attractive for circuit conductive tracks, electrodes, sensors, or
even full devices. Subsequently, waxed-cork LIG prepared under optimized conditions was
characterized to be used in Chapter 5 to develop a proof-of-concept flexible and sustainable

micro-supercapacitor.

4111 Waxed-cork LIG (w-cLIG) characterization

Adopting the methodology on section 3.2.2.1, a wax-based ink can be absorbed throughout
the entire cork bulk volume when heated, occupying the free spaces between the granules.
Wax being essentially paraffin, is a carbon-based material, and not only served as a binding
element between agglomerated cork granules when pre-treatment was carried out, but also
made possible the w-cLIG production.

This wax-based pre-treatment was performed to tailor hydrophobic properties for the LIG and
substrate surface. To assess the effectiveness of the pre-treatment described in this work, it
was important to characterize the wettability of substrate, before and after wax pre-treatment,
and consequent cLIG.

Based on literature, cork is an impermeable material (macroscopically), presenting in its
composition a hydrophobic substance (suberin)'®'%°_ For this reason, it was already expected
that cork would instantly present low permeability to liquids.

In the first minute, contact angles higher than 110° were obtained on untreated cork, sustaining
the initial hydrophobic characteristic of cork mentioned in literature. However, in Chapter 5
during micro-supercapacitor fabrication, it was observed that over time, electrolyte droplets
were gradually absorbed by the cork. Thus, presenting an intermediate behavior, between a
hydrophobic and hydrophilic character. Also, pre-treated cork showed a hydrophobic behavior,
with contact angles around 136.0 £ 1.8°. After 15 minutes, the sample remains hydrophobic,

with a tendency to gradually lose this character, which means it will stay on the surface longer
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during the electrolyte drying process. This wetting phenomenon could be influenced by the
substrate texture, chemical composition (including adhesive and grain binding agents), grain
size of the agglomerated cork and the type of liquid and volume used.

After cLIG production on untreated cork, the substrate becomes fragile, instantly absorbing the
liquid droplet when it touches its surface (hydrophilic character). This interaction of the
electrolyte with the active zone is not ideal, due to the electrolyte being absorbed by the entire
volume of the substrate, without remaining longer on its surface, and consequently on
engraved electrodes. Also, it overlaps the interdigitated silver contacts area. To develop an
MSC with good performance, the drying process is an important step. A complete contact and
adhesion between electrolyte and electrodes need to be ensured.

cLIG produced on waxed-cork demonstrated contact angles at the first instance around 143.4

+ 1.3° with a gradual and slow decrease over time (Table 2).

Table 2. Contact angles obtained for the different substrates: untreated and pre-treated cork (waxed), and
resultant LIG (cork-LIG and waxed-cork-LIG). Reproduced with permission from's®. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.
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Figure 28 suggests that waxed-cork LIG (w-cLIG) hydrophobicity is mainly due to its structural

10 minutes

morphology. The w-cLIG seems to adopt smaller pores, a sponge-like structure, which means
it will have more contact points when a liquid is placed on top.

Therefore, the uncontrollable electrolyte spreading over the entire surface and substrate
volume is solved without the need for masks or other complex methods. Also, it is guaranteed
that over time as the electrolyte dries, a greater amount of electrolyte is concentrated on the
surface and LIG structure and consequently in greater contact with the active area of the cLIG.
Moreover, it was also verified that using wax pre-treatment does not produce significant
variations in LIG quality compared with the above results, maintaining the characteristic

Raman peaks of graphitic materials. Raman spectra of the waxed-cork LIG have similar
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relative peak intensity as the LIG obtained without any pre-treatment done to the cork. Only a
minimal and almost imperceptible increase is observed in D peak, which means that more
defects occur when using waxed-cork. This observation can be explained by the photothermal
effect on the substrate which, being composed of more residual species from the carbonization
(different types of carbon) has more reactions occurring and subsequently more defects when
irradiated, resulting in a higher surface area, increasing the number of conductive paths, like
a formation of LIG bridges.

For the electrochemical performance of MSC, this means that enhanced surface area will

facilitate electrolyte diffusion in the LIG electrodes area'®''%2,
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Figure 28. (a) Schematic representation of optimized processes conditions, (b) SEM images, (c) Raman
spectra of the resultant LIG, and (d) table with LIG ratios obtained in Raman spectra. Reproduced with
permission from'%5 CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0.

In Figure 29 a brief comparison is presented between sheet resistances of the already
described samples, where the lowest value was attained with waxed-cork LIG produced using
fiber laser, with an Rs of approximately 7.5 ohm sq”. Only a minimal reduction in sheet
resistance was observed using the pre-treatment using fiber laser, which proves that this step
is not relevant for conductivity improvement but an important approach for MSC assembly.

As mentioned above, although the wax treatment was not originally intended to improve the
intrinsic properties of the LIG, it indirectly contributed to maintaining its conductivity and overall
quality, while improving aspects such as the hydrophobicity of the substrate and the adhesion
of the electrolyte to the LIG structure. By applying this wax pre-treatment to cork, the electrolyte
was prevented from being immediately absorbed into the volume of the substrate, ensuring

that it remained confined to the surface of the substrate and consequently to the LIG film. This
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approach facilitated better adhesion of the electrolyte to the surface LIG network during drying,
improving its interaction with the active electrode area. EDS analysis of the different samples
was performed to compare elemental composition present in each one. As expected, all the
LIG samples revealed an increased carbon content compared to agglomerated cork, due to
the graphenization process (Figure 29b). This confirms the effective transformation of the

substrates into LIG, containing a residual amount of oxygen.
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Figure 29. (a) Sheet resistance and (b) EDS analysis of the optimized cLIG produced with CO2 laser, and
cLIG and w-cLIG produced with fiber laser. Reproduced with permission from % CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

The wax pre-treatment on cork resulted in a hydrophobic interaction between a liquid and the
surface of the substrate for prolonged time, solving the uncontrolled spread of liquids.
Furthermore, compared with untreated substrate, only a minimal reduction in sheet resistance
was observed with an Rs of approximately 7.5 ohm sq™', proving that this step is not relevant
for conductivity improvement but an important approach for micro-supercapacitors application,
which will be further explored in the following chapter. Porous w-cLIG with excellent properties

was achieved with greater electrical conductivity and fewer defects.

4.1.2 Under non-inert atmosphere (Ambient)

This part of the thesis aims to study and compare the conversion of three cellulosic substrates:
paper, lignin-enriched paper, and cork.

Recognizing the importance of selecting the most appropriate precursor for each target
application, this research thoroughly investigates the tunning of LIG production from these
substrates, thus providing the flexibility to tune the LIG electrode properties and architecture.

Due to the highly flammable nature of the materials used, the substrates were impregnated
with a borax fire retardant solution prior to laser exposure, followed by a drying process. This

measure is intended to protect the substrate from thermal degradation and prevent undesirable

67



Chapter 4. Green LIG-Based Electrode Optimization

effects such as substrate ablation and the formation of fragile LIG structures. Similar issues
have previously been observed in studies with other cellulosic substrates’® %,
Some reports show that the use of boric acid in substrate pretreatment can lead to a boron

199195 As far as we are concerned, sodium

doping effect during electrode fabrication
tetraborate was not used as a doping agent but rather as a fire retardant to facilitate the
formation of LIG on these highly sensitive substrates. However, it cannot be excluded that
some boron doping may occur in the prepared samples.

In this study, it was not possible to compare the properties of LIG on treated substrates with
those on untreated samples, as untreated samples tend to be destroyed during lasing.
Consequently, the extent and importance of boron to overall energy storage process wasnot
assessed, and further characterization was not pursued. To better investigate the effect of
boron on the samples, a more detailed analysis using X-ray photoelectron spectroscopy would
be valuable in the future. This analysis could help to identify the characteristic peaks of boron
and determine whether it is structurally incorporated into the LIG. Additionally, other
complementary characterizations would be required to better understand whether boron can
be considered a true doping element impairing specific properties to LIG, or whether it merely
acts as an intermediary to facilitate the production process.

After impregnating the substrates with a flame-retardant to fine-tune the LIG properties,
different laser conditions such as the laser defocus, power and speed were investigated,
demonstrating the importance of precise laser settings to achieve distinct LIG electrode
properties that have a direct impact on different LIG applications'"74,

By first optimizing the defocus, a foundation was established for the subsequent adjustments
to power and speed, as the defocus conditions study helped to initiate the optimization process
and minimize potential issues of overheating and substrate damage. Additionally, LIG
electrical conductivity was also preliminarily verified using a multimeter under the laser
conditions that resulted in carbonization (Figure S1).

In Figure 30, a correlation of the defocus distance versus resultant LIG sheet resistance is
demonstrated for all substrates. For instance, adjusting the defocusing distance from its focal
point leads to changes in the energy distribution across the area that undergoes LIG
conversion, which affects the substrate carbonization rate and LIG formation, homogeneity,
thickness, porosity, conductivity, crystallinity, among other factors?>:5%,

On these natural and highly sensitive substrates prone to ablation, such optimization becomes
significantly more challenging and sensitive to variations in laser conditions. To address this,
the defocus adjustment was adopted as the strategy to avoid ablation, considering it has been

reported in several prior studies'%4 5%,
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Therefore, a laser beam position of 2 mm below the focal point was set as the optimum
parameter for all substrates. This setting results in the lowest sheet resistance, as shown in
Figure 30.

—a—BP-LIG

ey SO
/ —=—BLEP-LIG
= /L\Fi:s
Fixed conditions: ;
BP-LIG @ 1200 DPI & 4P13S At \ Subsiets sblaton;
BLEP-LIG @ 1200 DPI & 4P13S \ Optimized defocus distance
of ol @ -2 mm

BC-LIG @ 1200 DPI & 4P6S

-
T

Variation:
Defocus distance

Defocus distance (mm)

(el

/L
50 100 150 200

Sheet resistance (ohm sq)

o

Figure 30. Sheet resistances of all substrates using different laser focal distances. Fixed conditions were
used: 4P13S and 1200 DPI for Borax-Paper and Borax-Lignin-Enriched Paper, and 4P6S and 1200 DPI for
Borax-Cork. P = power, S = speed, i.e., 4P13S is 4% power and 13% speed. Reproduced with permission
from'%. CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

This property has previously been highlighted as one of the most important aspects to improve
when fine-tuning LIG electrode fabrication to meet the electrical conductivity criteria for desired
electronic applications. While it is possible that other defocus adjustments could prevent
ablation under varying power and speed conditions, the quality of the resulting LIG may not
reach the achieved under the optimized parameters explored in this work.

Therefore, the optimized defocus distance was consistently maintained throughout the
subsequent work, proving to be an effective strategy to avoid simultaneous changes in multiple
parameters.

Continuing the evaluation of the LIG from different substrates, the analysis was extended to
assess their morphology and surface topology. Figure 31a shows a comprehensive analysis
of the correlation between variations in power and speed applied during laser irradiation and
the resulting changes in LIG sheet resistance values for all substrates.

This matrix not only shows the sheet resistance values but also discloses the influence of the
laser parameters on the electrical properties of each substrate. The matrix values are
presented in percentage, considering that the maximum power and raster speed of the CO-
laser system are 75 W and 3.05 m s™, respectively.

In addition to the matrix of sheet resistance values, Figure 31b complements the analysis by
featuring top-view and cross-section SEM images of the three different LIG substrates
fabricated under optimal laser settings. The scale was adjusted to match with the sample

dimensions, aiming for a higher resolution in the cross-section images. These images provide
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valuable morphological information regarding the surface topography, layering, and thickness
of the LIG. This morphological information can help correlate the LIG microstructure with its
conductivity.
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Figure 31. (a) Matrix of sheet resistance values for different laser settings (in percentage) and (b) SEM
images of borax-paper, borax-lignin-enriched paper, and borax-cork laser-induced graphene fabricated
using the optimal laser settings corresponding to the lowest sheet resistance. Reproduced with permission
from'®._CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

The observed reduced sheet resistance values, traced along the diagonal of each matrix, are

in accordance with existing literature’®041%°,

For the paper and lignin-enriched paper
substrates, optimal conditions were obtained at a laser power of 4% and a speed of 13% (3 W
@ 0.40 m s7") resulting in sheet resistances of 55.4 + 2.8 ohm sq™' (for paper) and 45.5 + 2.3
ohm sq (for lignin-enriched paper), respectively. Similarly, for the cork substrate, the optimal
LIG electrode formation was achieved at a laser power of 4% and a speed of 6% (3W @ 0.18
m s™'), yielding a sheet resistance of 10.6 + 0.5 ohm sq”. Notably, a higher degree of
graphitization of the substrates with higher lignin content is observed. When comparing paper
and lignin-enriched paper with cork, it becomes apparent that cork exhibits more tolerance and

thermal resistance to laser irradiation, thereby preserving its structural integrity even at lower
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processing speed. This arises from paper substrates being more susceptible to rapid heating
and combustion during laser irradiation due to their lower thermal conductivity (0.05 W mK™)
compared to cork (0.036-0.38 W mk™"). As reported in literature, the thermal conductivity values
are approximately 0.076 W m” K' and 0.045 W m™" K™, for cellulose paper and cork,

respectively ' 19

This fact highlights the importance of the substrate composition and its
inherent characteristics before laser conversion, which are determinants for the successful
formation of conductive LIG. Notably, cork’s sheet resistance values are significantly lower
than those of paper and lignin-enriched paper while maintaining the underlying substrate’s
integrity. The susceptibility of sensitive substrates to ablation, despite flame-retardant pre-

treatment, is a common phenomenon’®1%

. Nonetheless, this issue can be effectively
addressed by applying higher processing speeds, and in this study, a speed two times higher
for paper and lignin-enriched paper than the cork substrate was employed. This approach
minimized the potential ablative effect on these substrates while still enabling the production
of LIG with good electrical properties "2, Sheet resistance can also be influenced by the

morphology of LIG obtained. As evidenced by existing literature®®9:1%°

, it is well-established
that LIG morphological structure can directly affect its electrical conductivity. Therefore, Figure
31b presents surface and cross-sectional views of the LIG samples produced from the different
substrates, that yielded the lowest and optimal sheet resistance values. The images show a
uniformly interconnected and porous LIG network for all substrates, which plays a pivotal role
in the efficient charge transport within its framework. When examining the relationship between
LIG’s thickness and its sheet resistance, thicker LIG derived from cork presents a distinctive
advantage in terms of electrical conductivity compared to LIG derived from paper and lignin-
enriched paper. This characteristic may appear contradictory because thicker films usually
exhibit lower conductivity when compared to thinner layers. Thinner layers offer a higher
density of conductive pathways within the LIG matrix, often leading to improved conductivity .
However, when thicker LIG possesses a well-connected network of conductive pathways, it
can provide an increased abundance of graphene layers and charge carrier pathways.
Consequently, this offers a multitude of routes for charge carriers to move within its structure,
ultimately promoting higher electrical conductivity.

To further understand the properties and potential applications of the fabricated LIG, the
samples were studied by Raman spectroscopy. As depicted in Figure 32, the obtained spectra

suggest the successful formation of LIG on paper, lignin-enriched paper, and cork substrates.
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Figure 32. Raman (a) mapping and (b) spectra of borax-paper (BP), borax-lignin-enriched paper (BLEP), and
borax-cork (BC) LIG. Reproduced with permission from'®, CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

In Figure 32a, Raman mapping provides insights into the structural variations of LIG produced
on these natural substrates along their surface. The l.p/le and o/l ratios were evaluated by
tracking the characteristic graphitic peaks measured at different locations on the samples and
by assessing their intercorrelation. In Figure 32b, the peaks show the formation of LIG in all
samples with characteristic Raman peaks identified. These include peaks D (approximately
1350 cm™), G (approximately 1580 cm™), and 2D (approximately 2700 cm~")?>%°. The color
variations in each mapping result from increased or decreased peak intensity, which provides
valuable information about the material’s composition and quality.

Lower Ip/lg ratios indicate the presence of higher-quality graphene domains with a lower
density of defects in the formed graphitic structures™®. This characteristic is prominently
observed on lignin-enriched paper and cork substrates, where the D peak intensity is notably
reduced. In contrast, when using a pure paper substrate, a prevalence of the D peak over the
G peak is observed, indicative of a higher density of defects, and consequently, lower-quality
LIG. The phenomenon of reduced D peak intensity has been reported for substrates with
higher lignin content, resulting in an increased degree of graphitization. This consistent with
the decreasing trend in sheet resistance, which follows the order: BP-LIG (~55.4 ohm sq™),
BLEP-LIG (~45.5 ohm sq™), and BC-LIG (~10.6 ohm sq")?*®. Upon correlation with SEM
images, borax-cork LIG appears to be thicker than paper-based LIG and exhibits a more
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uniform and interconnected lattice structure. Consequently, cork-based LIG exhibits a lower
sheet resistance than paper-based LIG.

Conversely, the presence of the 2D peak indicates the formation of graphitic material, and the
lan/lG ratios are often used as criteria to identify the number of graphene layers®2°'. Therefore,
the higher intensity of 2D peaks identified in paper-based LIG compared to cork-LIG, along
with higher I2p/lg ratios, is mainly attributed to fewer graphene layers in the material.

To support the results above, XPS characterization was conducted, which showed the distinct
presence of graphene structures®> 8%, Figure 33 shows this confirmation, derived from an
analysis of the high-resolution spectrum of the C 1s in all samples, deconvoluted into five
characteristic peaks: C=C sp?, C-C sp®, C-O, O-C-O and pi-pi* %.
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Figure 33. High resolution C 1s XPS data. XPS spectra of (a) BP, (b) BLEP, and (c) BC-LIG, produced by
CO; laser using optimized conditions, reproduced with permission from'®. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

In Chapter 6, the laser conversion of the cork substrate was performed using the conditions
optimized in the first part of this thesis (11P1S), employing a fiber laser under an inert
atmosphere. However, as part of the continuous improvement of the methodology, cork
samples were treated with borax. The fire retardant eliminated the need for an inert
atmosphere, allowing a more efficient processing. This treatment enabled the cork to be
converted using increased applied power and a higher processing speed. Specifically, using
21% power and a faster process at 2% speed, the sheet resistance of the LIG remained similar,
with a value of = 11 ohm sq™'. Additionally, LIG produced in cork with ZnO precursor solution,
using the same optimized conditions, as described in Chapter 6, the resistance remained

unchanged, demonstrating the robustness of the process.

73



Chapter 4. Green LIG-Based Electrode Optimization

4.2 Summary

The study of LIG formation on bioderived precursors underscores the significant potential of
renewable materials like paper, lignin-enriched paper, and cork for developing sustainable
electronics. To optimize LIG properties, several variables can be adjusted, including using
precursors with different chemical compositions, pre-treatment with fire-retardants, different
laser systems and operating parameters, and the atmosphere during laser scribing. By
adjusting the mentioned variables allows LIG from bioderived materials to match or even
surpass the performance of LIG from traditional polymers.

This work shows that using different laser systems and substrates, under specific conditions,
yield excellent LIG characteristics in terms of morphology, structure, conductivity, and quality.
Cork stands out due to its excellent electrical properties (7.5-10.6 ohm sq™), high lignin content,
and natural porosity. It can be processed in both inert and non-inert atmospheres,
Furthermore, itis an ideal substrate for LIG production for applications requiring a large surface
area electrode, such as energy storage and chemical sensing.

Conversely, cellulosic materials like paper require a combination of additional fire-retardant
treatment, an inert atmosphere, multistep scribing, or extra lignin to convert to LIG due to
cellulose’s poor thermal stability. The high temperatures reached during laser-induced
pyrolysis necessitate these additional steps to improve carbonization.

Overall, the use of bioderived materials offers an eco-friendly alternative and opens new
avenues for advancing green technology. LIG from these sources not only provides
sustainable solutions but also maintains or exceeds the performance of traditional polymers.
Beyond electrical properties, factors such as surface area, electroactive area, pore
dimensions, and wettability are crucial for various LIG applications.

Under inert atmosphere conditions, a simple, eco-friendly, and efficient method for fabricating
LIG electrodes using cork was demonstrated. The LIG structure was induced and controlled
by DLW technique, a one-step, maskless, scalable and cost-effective process. Using a fiber
laser on cork with specific tuned conditions yielded the best LIG characteristics. A systematic
characterization of the LIG induced on untreated agglomerated cork was investigated.
Therefore, using a fiber laser on cork substrate with tuned conditions of 5.5 W, 17.8 mm s™
and a laser distance of 1.52 mm below the focal point, resulted in the best LIG characteristics
in terms of morphology, structure, conductivity, and quality. Wettability tuning was
demonstrated.

Under non-inert atmosphere conditions, the incorporation of fire retardants and systematic
optimization of laser parameters ensured efficient electrode production, preventing combustion

and substrate ablation, with cork exhibiting the lowest sheet resistance (=10.6 + 0.5 ohm sq™)
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compared to paper (=55.4 + 2.8 ohm sq') and lignin-enriched paper (=45.5 + 2.3 ohm sq™).
This is due to inherent material properties such as thermal resistance and lignin content. This

highlights the inherent advantages of bio-derived materials in sustainable electronics.
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GREEN LIG-BASED
SUPERCAPACITORS: FABRICATION AND
CHARACTERIZATION

In this chapter, materials prepared in Chapter 3 and fully optimized in Chapter 4 are employed
with particular focus on their suitability for energy storage applications. The applicability of the
green electrodes was successfully demonstrated through the production of planar and
sandwiched LIG-based micro-supercapacitors. The electrochemical characterization
demonstrated that these electrodes can be implemented as flexible and environmentally
friendly energy storage devices, thus opening a novel route for the development of sustainable
platforms.

Results shown herein were reproduced from:
e Paper I: Silvestre, S. L., Pinheiro, T., Marques, A. C., Deuermeier, J., Coelho, J.,
Martins, R., Pereira, L., & Fortunato, E. (2022). Cork derived laser-induced graphene
for sustainable green electronics. Flexible and Printed Electronics, 7.
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e Paper ll: Silvestre, S. L., Morais, M., Soares, R. R. A, Johnson, Z. T., Benson, E.,
Ainsley, E., Pham, V., Claussen, J. C., Gomes, C. L., Martins, R., Fortunato, E.,
Pereira, L., & Coelho, J. (2024). Green Fabrication of Stackable Laser-Induced
Graphene Micro-Supercapacitors under Ambient Conditions: Toward the Design of
Truly Sustainable Technological Platforms. Advanced Materials Technologies,
2400261.

DOI:10.1002/ADMT.202400261
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Chapter 5. Green LIG-Based Supercapacitors: Fabrication and Characterization

5.1 Introduction

As introduced in Chapter 2, the evolution of electronics is closely tied to electrochemical energy
storage technologies. As society advances, the global demand for environmentally friendly
technology continues to grow. Exploring the integration of LIG into the development of
sustainable platforms presents promising opportunities. To maximize the benefits of these
innovations, it is essential to focus on refining energy storage solutions within these platforms.
Although renewable energy sources, such as sunlight and wind, are becoming increasingly
appealing for power generation, their intermittent nature emphasizes the importance of
effective energy storage systems. These systems are crucial for maintaining a stable energy
supply, while ensuring the efficiency and security of stored energy. Hence, the development
of efficient and reliable energy storage solutions remains a challenge®®.

Traditional power sources, such as lithium-ion batteries (LIBs), are typically designed using
brittle materials, which limits their applicability in flexible electronics. For example, in
conventional LIBs, the electrode active materials are typically coated onto metal current
collectors, primarily aluminum for the positive electrode and copper for the negative. Such
coatings may readily detach from the underlying surface and exhibit limited resilience when
subjected to bending®®. For flexible power sources to be brought to practical applications,
each component must be made from shape-conformable, highly efficient, non-flammable, non-
toxic, and scalable materials that are also cost-effective?®. Additionally, due to the rigid
configuration and intrinsic mechanisms of LIBs, adapting them to flexible architectures is
challenging. Moreover, these systems rely on hazardous electrolytes, which present significant

d?®®. In contrast, MSCs offer distinct

safety risks to the user if not properly encapsulate
advantages for flexible electronics. MSCs can be fabricated on flexible substrates, enabling
them to bend, stretch, and conform to various shapes, making them ideal for integration into
wearable devices, smart textiles, soft robotics, and large-scale flexible electronics®®. As
electronic devices become smaller and more integrated, the ability to produce compact,
efficient energy storage solutions becomes increasingly important. MSCs can be fabricated in
very small sizes while still providing adequate power. Batteries, for instance, tend to lose
electrochemical performance when scaled down to micrometric dimensions. Furthermore,
MSCs offer several advantages over other storage devices, including high power density, rapid
charging and discharging, and long cycle life?*"?%, The possibility of widespread adoption of
green laser-induced graphene electrodes in novel flexible and smart devices could lead to the

further development of self-sustainable platforms.
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Herein, we explore a sustainable production path for eco-friendly technical components,
namely electrodes and conductive tracks. By using for the first time, to the best of the author’s
knowledge, a 1.06 ym wavelength laser to convert cork into LIG, promising results were
achieved by exploring it as an alternative to a COz laser (10.6 ym wavelength), which is the
most used system for LIG preparation. Fiber laser emits radiation near to infrared radiation,
which means it works on the same principle as CO- laser, inducing thermochemical reactions
in the substrate to convert into LIG. However, combining its fast galvo scanning system and
photon energy irradiated with meticulously controlling laser parameters, it allows a tunning of
LIG composition, porosity, and morphology. Considering the fiber laser ultra-short duration
pulses, it also presents high-resolution patterning, lower thermal degradation, and a high
potential for large-scale LIG production. With promising graphitization efficiency in these
natural substrates, a proof of concept was developed, with cLIG-based flat MSC successfully
produced and characterized.

Different gLIG-MSC configurations have been developed in deferent substrates, exhibiting
different ranges of specific capacitance and overall electrochemical performance. Although
LIG production is a straightforward method, it often results in materials with diverse
morphologies and properties, making the comparison between devices and substrates a
cumbersome process®.

This chapter follows the recent discoveries in the development of micro-supercapacitors and
presents a sustainable approach to producing green electrodes for energy storage
applications. Key considerations include the choice of substrate for electrode production and
the selection of laser type and fabrication conditions.

Using a 1.06 ym wavelength fiber laser to convert cork into green laser-induced graphene
under inert atmosphere conditions yielded promising results. This approach also explored the
advantages of utilizing the fiber laser as an alternative to the traditional CO; laser. As a proof
of concept, planar and flexible LIG-based micro-supercapacitors were successfully fabricated
and comprehensively characterized.

Furthermore, this chapter also presents the synthesis of green LIG using a CO; laser under
non-inert atmosphere conditions for integration into sandwich-shaped micro-supercapacitors.
Initially, optimization of the laser writing process was conducted on various substrates
(including paper, lignin-enriched paper, and cork) and under different laser conditions to
enhance electrical conductivity and ensure the production of high-quality LIG. This optimization
was inspected through Raman spectroscopy by mapping and examining the characteristic
graphitic peaks. This research distinguishes itself by exploring sustainable and abundant

substrates while also investigating the contribution of lignin substrates to enhancing LIG
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production. Following this, MSCs were assembled to understand the influence of LIG
properties derived from the different substrates on the electrochemical performance of the
devices.

It also demonstrates a novel capability to interconnect individual sandwich MSC units in both
series and parallel configurations. This distinctive adaptability significantly enhances the
overall capacitance of the system, enabling tailored applications. Moreover, an
environmentally conscious approach was introduced in the energy field by developing green
LIG MSCs.

This work emphasizes the high potential and practical utility of the produced devices,
positioning our work as a pioneering contribution in the realm of LIG-based energy storage

platforms.

5.2 Materials and methods

5.21 Design and fabrication of green MSCs

For the development of MSCs, the procedures outlined in the respective papers (Paper | and
Paper Il) detailed in this thesis were followed. The process begins with substrate preparation,
followed by LIG synthesis, and subsequent MSC fabrication/characterization, as described

below.
5.21.1 Substrates preparation

For in-planar MSCs (Paper |):

For the in-planar MSCs development an extra process (illustrated in Figure 34) was added
prior to LIG synthesis and subsequent MSC fabrication/characterization. Agglomerated cork
sheets with 2 mm thickness were pre-treated with a wax-based ink, as described in section
3.2.2.1.

For sandwich MSCs (Paper ll):

Whatman paper 1, and lignin-enriched paper, and cork substrates were treated with borax, a

flame-retardant agent, before undergoing laser irradiation, as described in section 3.2.2.2.

5.21.2 LIG synthesis and electrode preparation

The LIG synthesis and patterning were conducted as previously described (see Chapter 4).
Two different architectures were designed to fabricate in-planar and sandwiched micro-

supercapacitors, as described below.
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In-planar MSCs electrodes (Paper I):

The detailed optimization study of laser-induced graphene is available in Chapter 4,
corresponding to LIG produced from cork substrates. After all laser parameters optimization,
electrodes were scribed onto waxed-cork substrates using a 50 W PLS6MW Fiber laser (1.06
um Nd:YAG Multi-wavelength Laser Platform, Universal Laser Systems, Vienna, Austria),
under inert atmosphere (Nitrogen), equipped with a 2.0” lens.

A frequency of 100 kHz and a resolution of 1200 dots-per-inch (DPI) were maintained
throughout the LIG production process. After optimizing all laser parameters, the optimal
conditions for fabricating waxed-cork electrodes were obtained at a laser power of 11% and a
speed of 1% (equivalent to 5.5 W @ 0.02 m s™'). Additionally, positioning the laser beam 1.52
mm below the focal point has been set as an optimal parameter.

Six interdigitated electrodes were designed and patterned with fixed dimensions: lines with a
width of 2 mm and a gap of 0.6 mm between them. Additionally, two finger pads were defined

for the negative and positive electrodes.

Sandwich MSCs electrodes (Paper Il):

Detailed LIG optimization study is available in Chapter 4, corresponding to LIG prepared from
paper, lignin-enriched paper, and cork. After all laser parameters optimization, electrodes were
scribed using a 75W Fusion M2 CO- laser (10.6 um wavelength - Epilog Laser, Golden, CO,
USA), under non-inert atmosphere (ambient conditions). A resolution of 1200 dots-per-inch
(DPI) was fixed. After optimizing all laser parameters, the optimal conditions for fabricating
paper and lignin-enriched paper electrodes were obtained at a laser power of 4% and a speed
of 13% (equivalentto 3 W @ 0.40 m s™"). Similarly, for the cork substrate, optimal LIG electrode
formation was achieved at a laser power of 4% and a speed of 6% (equivalentto 3W @ 0.18
m s”'). Additionally, positioning the laser beam 2 mm above the focal point for all substrates
has been set as an optimal parameter. Hexagonal designs were created using CorelDraw and
laser patterned onto the substrates encompassing an area of 1 cm?, using the optimized
conditions. The current collector's conductor pads were coated with silver ink (silver-vinyl CI-
1001, Engineering Materials Systems, OH, USA), then cured for 10 minutes at 90 °C.

5.21.3 Preparation of electrolytes

Electrolytes solutions of potassium sulfate (K,SO,), poly(vinyl alcohol)/sulfuric acid (PVA-
H,SO,) and poly(vinyl alcohol)/phosphoric acid (PVA-H;PO,) were prepared and employed in
the MSCs.
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In the standard procedure, K,SO, (0.5 M) electrolyte was prepared by dissolving K,SO,4(4.35
g, 298 %, CAS 7778-80-5, Carl Roth, Karlsruhe, Germany) in deionized water (50 ml, Millipore)
with stirring. PVA-H,SO, (1M) electrolyte was prepared by dissolving PVA (Paper 1/1 g, 98.0-
98.8% hydrolyzed, My ~ 61000, CAS 9002-89-5, Merck KGaA, Darmstadt, Germany; Paper
[1/1 g, 99+% hydrolyzed, M\, ~ 89000-98000, CAS 341584, Thermo Fisher Scientific, MA, USA)
in deionized water (10 ml, Millipore). Once the PVA was dissolved at 85°C under gentle
agitation, H,SO, acid (Paper 1/0.5 ml, 95.0-97.0%, CAS 7664-93-9, Honeywell GmbH,
Offenbach, Germany; Paper 11/0.5 ml, 95.0-97.0%, CAS 7664-93-9, Thermo Fisher Scientific,
MA, USA) was added and vigorously stirred for 1 hour. For the preparation of PVA-

HsPO, (1M) electrolyte, the PVA was first prepared as previously described (Paper [), and
then the respective acid, H;PO, (0.5 ml, 85.0-90.0 %, CAS 7664-38-2, Honeywell GmbH,

Offenbach, Germany), was added and vigorously stirred for 1 hour.
5.21.4 MSCs Preparation and Assembly

In-planar MSCs (Paper I):

Electrolytes (for detailed formulation, see section 5.2.1.3) were applied to the active area of
the devices using drop-casting method. Following the application of electrolytes, the devices

were left to dry overnight at room temperature.

Sandwich MSCs (Paper ll):
The PVA-H2SO; electrolyte (for detailed formulation, see section 5.2.1.3) was applied to the

active area of the devices. To enhance electrolyte penetration within the LIG matrix, the
devices were subjected to a vacuum environment (approximately -60 mPa) for 10 minutes.
Subsequently, MSCs in a sandwich configuration were assembled by carefully pressing the
electrodes together with the electrolyte layer and a Whatman 1 paper separator in between.
After assembling, the devices were left to dry overnight at room temperature, and then their

electrochemical performance was assessed.
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Figure 34. Schematic representation of the in-planar and sandwich configurations of MSCs used in this
study, adapted from '%51%, CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/.

5.2.2 Electrochemical characterization

The MSCs were connected to a PalmSens 4.0 Potentiostat/Galvanostat workstation
(PalImSens Compact Electrochemical Interfaces, Netherlands) using silver pads under
ambient conditions. Their electrochemical performance was evaluated through cyclic
voltammetry (CV) conducted at various scan rates: from 5 to 500 mV s for the in-planar
MSCs (Paper |), and from 5 to 100 mV s™ for the sandwich MSCs (Paper Il), with a potential
range of 0 to 0.8 V to avoid water decomposition at higher potentials.

Galvanostatic charge-discharge (GCD) tests were performed on a PalmSens 4.0
Potentiostat/Galvanostat workstation (PalmSens Compact Electrochemical Interfaces,
Netherlands) for the in-planar MSCs (Paper I), using current densities from 0.005 to 0.1 mA
cm. For the sandwich MSCs (Paper Il), the tests were conducted using a CH Instruments
Electrochemical Analyzer (CHI7081E model, CH Instruments, Inc., Austin, TX, USA), with
current densities ranging from 0.01 to 0.2 mA cm?. The potential window for both
configurations ranged from 0 to 0.8 V.

Electrochemical impedance spectroscopy (EIS) was carried out on a PalmSens 4.0
Potentiostat (PalmSens Compact Electrochemical Interfaces) using an AC voltage amplitude
of 10 mV at the open circuit condition and a frequency range from 10 mHz to 1 MHz (Paper
).

The areal capacitance (Ca) was determined using Equation S1 and Equation S2 based on CV

and GCD measurements. The volumetric capacitance (Cv) was calculated using Equation S4.
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Additionally, the areal energy density (Ea) and power density (Pa) of the devices were
calculated according to Equation S4 and Equation S5, while the volumetric energy density (Ev)
and power density (Pv) were determined using Equation S6 and Equation S7, respectively.

| 209

These equations were applied following the methods outlined by Béguin et a and Lin et al.

55

For the capacitance retention test, 10000 cycles were obtained from GCD curves at a current
density of 0.05 mA cm™ for the in-planar MSCs (Paper 1), and 5000 cycles were obtained from
GCD curves at a current density of 0.08 mA cm for the sandwich MSCs (Paper Il).

5.2.3 Data analysis
Data analysis was performed using OriginPro (2022b Academic, MA, USA). Results are

reported as mean t standard deviation from at least three independent experiments, and
experimental designs were a completely randomized study. All figures were also plotted in
OriginPro (2022b Academic, MA, USA).

5.3 Results and discussion

5.31 MSCs fabrication

In-planar MSCs (Paper I):

After the optimization process, cLIG (cork-LIG) was used to design interdigitated electrodes
for MSC applications. However, during MSC preparation it was verified a random spreading
when the electrolyte was drop casted onto the MSCs’ active area. Hence, there was no control
in defining the active area where the electrolyte should be deposited nor was it guaranteed
that the electrolyte dried on the substrate surface where the electrodes were engraved.
Consequently, a proper assessment of the device electrochemical properties was not possible.
To circumvent this issue, a wax-based pre-treatment on cork was performed. In the Chapter 4
is described a brief characterization of the LIG induced into waxed-cork substrate.

After this process, MSC electrodes based on w-cLIG were patterned and integrated in flexible
MSCs. A schematic representation of the flexible MSC fabrication process is shown in Figure
35.
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Waxed-cork LIG oé/bstrate & interdigitated electrodes

Substrate

Figure 35. Schematic representation of a planar LIG-MSC fabrication process, from (a) electrode
preparation to (b) electrolyte deposition, adapted with permission from '5°. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

Sandwich MSCs (Paper ll):

The fabrication process for the single-device MSCs is visually illustrated in Figure 36. This
process involved three distinct steps: (a) electrode fabrication via laser-inducing technique,
subsequent (b) deposition of the electrolyte, and the final (c) assembly of the components into
functional MSCs. The solid PVA-H,SO4 electrolyte was carefully deposited onto the LIG
electrodes through a drop-casting technique (Figure 36b). Next, a vacuum process was
employed for 10 minutes. This additional step aimed to promote increased electrolyte
penetration into the LIG structure, enhancing the contact area between the electrolyte and
electrode. A paper separator was used to prevent device short-circuiting problems and retain
the electrolyte within the desired area.

The adoption of the sandwich configuration over the interdigitated one aimed to fulfill the
energy-related targets set forth for systems that require enhanced energy and power density,

efficient electrode-electrolyte interaction, and integration in compact formats.
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Figure 36. Schematic illustration of a single sandwich LIG-MSC fabrication process from (a) electrode
preparation, (b) electrolyte deposition, and (c) device assembly, reproduced with permission from %, CC
BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

For multiple connected LIG electrodes, a single-step patterning approach of multiple
electrodes was initially considered. However, this approach has drawbacks, including limited
independence from each individually fabricated MSC and potential short-circuit issues. An
alternative strategy emerged: patterning distinct electrodes separately to create single MSCs
and then assembling them one by one. This method allows for the integration of the desired
number of MSCs, achieved by gently connecting each unit through their silver pads, as seen
in Figure 37.

This strategy enhances the control over the final energy storage device as it enables individual
replacement of MSC, the addition or removal of units for specific application needs, adaptability
across diverse applications, and reusability. Integration of stacked MSCs offers significant
benefits to the energy storage system, including increased energy and power density,
enhanced total capacitance, improved energy efficiency, and customization flexibility?'%2'".
Consequently, this strategy was subjected to exploration and is depicted in Figure 37, which
presents single MSC and stacked MSCs arrangements arranged in series and parallel
configurations, thereby demonstrating the reliability of the assemblies for compact energy
storage solutions.

The subsequent section presents a comparative analysis of the electrochemical performance
of various configurations and the number of employed MSC units. It highlights the stacked

configuration’s capability to meet diverse energy storage requirements.
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Figure 37. lllustration of single MSC alongside stacked MSCs in both series and parallel arrangements.,
reproduced with permission from '%. CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/.

5.3.2 Electrochemical performance of in-planar and sandwich MSCs

In-planar MSCs (Paper I):

For the electrochemical performance assessment, w-cLIG flexible MSCs were fabricated and
tested using different electrolytes.

Comparison of the correspondent areal and volumetric capacitances in function of scan rate
(from 5 to 500 mV s™"), obtained from CV curves are shown in Figure 38.

Although using the same electrode dimensions for all the MSCs produced, different CV curves
were obtained suggesting different electrolyte-LIG electrodes interaction. By increasing the
scan rates, 'quasi-rectangular' to a 'fish' shape curves are identified for all devices produced,
which is more prominent on w-cLIG MSCs with PVA-H,SO4. This electrolyte is well-known to
remain a viscous gel with an apparent higher water content upon drying, which enhances the
electrochemical performance for graphene based MSCs?'22'3,

Figure 38d-e show the areal and volumetric capacitance calculated using Equation S1 and
Equation S3.

A gradual decrease in MSCs capacitance is observed with the scan rate. This phenomenon
can be explained by the ion diffusion mechanism in the LIG-MSC.

Areal capacitances of 1.35 mF cm™, 0.41 mF cm™, and 0.23 mF cm™ were measured for MSCs
tested with PVA-H,SOs, PVA-H;PO4 and K,SO4, respectively (at a scan rate of 5 mV s™).
Volumetric capacitances of 103.63 mF cm?, 32.06 mF cm?®, and 17.57 mF cm™ were
measured for MSCs tested PVA-H,SO4, PVA-H3PO4 and K>SOy, respectively (at a scan rate
of 5mVs™).
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Figure 38. Electrochemical performance of MSCs fabricated using w-cLIG electrodes. Cyclic
voltammograms measured at different scan rates using (a) PVA-H2SO04, (b) PVA-H3;PO4 and (c) K>SO,
electrolyte. Comparison of the different electrolytes (d) areal and (e) volumetric capacitances in function of
scan rate obtained from CV curves, reproduced with permission from '5°. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

Since the PVA-H>SO4 electrolyte rendered w-cLIG MSC the best electrochemical performance
among the tested electrolytes, further characterization is shown in Figure 39. The GCD curves
of the MSC at different current densities of 0.005, 0.01, 0.02, 0.05 and 0.1 mA cm™ were

measured to determine the electrochemical performance of the device over time (Figure 39b).
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Figure 39. Electrochemical characterization of a w-cLIG MSC using PVA-H.SO, electrolyte. (a) Cyclic
voltammograms measured at different scan rates (in the 5-500 mV s interval). (b) galvanostatic charge and
discharge (GCD) curve of the device with a current density of 0.005, 0.01, 0.02, 0.05 and 0.1 mA cm. (c)
Areal and volumetric capacitances in function of scan rate obtained from CV curves. (d) Capacitance
retention versus cycle number obtained from CGD curves at a current density of 0.05 mA cm™. Insets:
representative GCD curves of the first cyclability for the same MSC, reproduced with permission from 5%,
CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/.

Pseudo symmetrical response curves were observed, which means that its potential changes
linearly with time due to its stable and reversible properties.

In Figure 39c, a gradual decrease in MSCs capacitance is observed with the scan rate, where
the maximum areal capacitance (Ca) reached was 1.35 mF cm™ (with a corresponding Cy of
103.63 mF cm™ for w-cLIG 130 pm thick) at a scan rate of 5 mV s, respectively.

This phenomenon can be explained by the ion diffusion mechanisms in the LIG-MSCs. At
lower scan rates, electrolyte ions have more time to move and to penetrate deeply into the
available pores in the LIG structure, which results in a higher areal capacitance #'*. At higher
scan rates, a loss of efficiency of ions to infiltrate the LIG occurs, leading to a reduction on
capacitance 2'>2"_ Therefore, Figure 39d shows the capacitance retention of the MSCs using
PVA-H2S0Os4, which confirmed device excellent stability after 10 000 cycles at a current density
of 0.05 mA cm™. During the cyclability test, it was observed a slight increase in capacitance
retention with a tendency to stabilize over operation time like already reported®'®. A loss of

MSC capacity is observed mostly due to irreversible electrochemical processes that occur in
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the first phase of the cyclability test, such as electrolyte decomposition, gas or byproduct
formation, and irreversible interactions of electrolyte ions with the electrode surface or their
penetration into porous structures. Over several cycles, the electrodes adapt, and the pores
open within its structure. This enhances the wettability of the electrolyte within the LIG
structure, promoting greater activation of the ionic diffusion paths and electrochemical
reactions. Therefore, throughout the charge and discharge process of the device, a gradual
increase of the capacitance retention is observed. This is not a common electrode behavior,
however it was already observed in other nanomaterials systems 2'%?2°. For this reason, w-
cLIG electrodes exhibit long-term cyclical stability, which proves to be an excellent material
with promising functionality in MSC applications.

To study the flexibility of the device and corresponding electrochemical performance, bending
tests were carried out as presented in Figure 40.

Comparing the flat and bent MSC (with 35 ° angle), an increase in charge-discharge time in
the GCD curve is observed. This behavior can be related with the deformation submitted to its
structure and an opening of the spongy pores, which suggests an enhancing of the charge
storage performance with expansion of the active area ?*'. Also, when the MSC is bent, it
benefits from the infiltration of the electrolyte through longer paths leading to a better charge

carrier distribution.
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Figure 40. The galvanostatic charge and discharge (GCD) curve of (a) flat and (b) bent w-cLIG MSC with a
current density of 0.005, 0.01, 0.02, 0.05 and 0.1 mA cm2. GCD curve comparison of (c) flat and (d) bent w-
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cLIG MSC areal and volumetric capacitance calculated from GCD data, reproduced with permission from
55 CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

In Figure 40c-d, the areal and volumetric capacitances were plotted at different current
densities, calculated from the GCD curves according to Equation S2 and Equation S3.

Flat conformation yields a Ca of 1.43 mF cm™ at 0.1 mA cm™2 (Cy corresponding to 109.62 mF
cm™) and bent MSC resulted on a Ca of 2.20 mF cm™ at 0.1 mA cm™ (Cy corresponding to
169.23 mF cm™®). These values confirm the suggestions above, where it was mentioned that
a bent conformation increases LIG paths and facilitate ionic diffusion, consequently yielding a
better capacitance.

In addition, areal and volumetric energy, and power densities of the flat and bent MSCs were

evaluated, and the Ragone plots are shown in Figure 41.
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Figure 41. Ragone plots of w-cLIG MSCs (a) areal and (b) volumetric energy densities in flat conformation,
and (c) areal and (d) volumetric energy densities in bent conformation, reproduced with permission from
55 CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

Greater areal and volumetric capacitances obtained with the bent MSC reflect in better energy-
power characteristics, which is in accordance with results demonstrated above. Flat w-cLIG
MSC exhibits an Ea of 0.13 yWh cm™ and an Ey of 9.74 yWh cm™ at the current density of
0.1 mA cm™. For the bent conformation, the MSC was able to deliver the highest Ea of 0.20

MWh cm™ and an Ey of 15.04 pWh cm™ at the same current value. The areal power densities
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resulting from flat and bent conformation reached 80 yW cm™ and a corresponding Py of 6154
W cm™ at the same current value.

By focusing this work on the sustainability and simplicity of the processes used, it is shown
that exploring the use of renewable materials to develop electronics can achieve equally good
or even better performances than what is currently found in the literature (Table 3). Similar
works have already reported the conversion of natural carbon substrates into LIG electrodes,
using laser sources ranging from UV to IR wavelengths. Thus, the properties of LIG can be
manipulated according to each target application, achieving tailored electrical, physical,
chemical resistance, and structural properties. However, different substrates can have
limitations in terms of compatibility radiation absorption for specific wavelength lasers. This
work introduces the importance of exploring the application of an alternative laser source
(Fiber) for LIG synthesis in an agglomerated cork, without the need to use doping strategies
or pre-treatments on the substrate. In contrast with that, the properties of the electrodes vary
and, a porous w-cLIG with excellent properties was achieved with greater conductivity and
fewer defects. Also, the optimized laser conditions, the electrodes design/geometry can also
influence LIG properties. Overall, LIG electrodes induced on cork substrates with a fiber laser
have the potential for low-cost MSCs electrodes fabrication compared to previous LIG reports
produced on natural substrates by DLW, with similar electrochemical performances. It is
important to highlight the fact that different lasers used on similar substrates do not always
achieve the same results and therefore, the obtain metrics and consequent comparisons are

not always straightforward.

Table 3. Comparison of planar LIG-based flexible MSCs capacitances from literature, using DLW method
on natural based-substrates, reproduced with permission from 5 CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.
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MSC development on cork substrates is just one example of one possible application for LIG.
It holds a great potential for future technology not only due to the simplicity of optimizing the
electrodes but also due to the intrinsic properties of the substrate itself. Additionally, these
metrics can be translated to other systems, such as transistors, sensors and general circuitry
or conductive paths. Additionally, it is still possible to explore multiple lasing and doping
strategies and other pre-treatments to the cork substrate to obtain better quality LIG, with
enhanced properties adapted to the desired application. With this work, it is shown that LIG is
to be a good candidate for further technological advances in electronics, due to its low sheet

resistance, adaptability, low cost, and simplicity.

Sandwich MSCs (Paper ll):

A comprehensive assessment of the sustainable MSCs was conducted to explore their energy
storage and delivery capabilities. This evaluation involved the examination of cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) analyses performed across all
devices. In Figure 42a-b is observed the presence of leaf-like shaped CV curves for MSCs
derived from borax-paper and borax-lignin-enriched paper. In contrast the borax-cork MSC
(Figure 42c) exhibits a quasi-rectangular shape, which is indicative of the typical electrical
double layer (EDL) capacitive behavior??2,

Figure 42 illustrates the impact of varying scan rates on the diffusion of ions within the
electrode. At lower scan rates, ions have more time to diffuse and penetrate the deeper pores
of the electrode, leading to enhanced areal capacitance. As the scan rate increases from 5 to
100 mV s, the distinct leaf-like shaped CV curves become more pronounced due to
constrained ion diffusion. This is typically observed when the available time for ion diffusion is
reduced at higher scan rates?®”’. The borax-cork MSCs benefit from inherent substrate
characteristics, including greater porosity, increased LIG thickness, and a larger surface
area'®. These attributes contribute to maintaining quasi-rectangular CV curves even at higher
scan rates, highlighting the cork electrode’s capability to withstand more challenging
conditions. This resilience is crucial for applications requiring rapid charge and discharge
cycles.

The GCD graphs demonstrate near-symmetrical triangular curves across all devices, in
accordance with the typical EDL behavior observed in the CV analysis. The observed
asymmetry in the LIG-derived MSCs’ charge and discharge times can be attributed to ion
kinetics within the porous electrode structure. This is influenced by electrochemical reactions
occurring at the electrode-electrolyte interface'. Factors such as porosity, thickness, and the

presence of surface functional groups within the electrode matrix contribute to variations in ion
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25,65

transport rates=>*°. Despite the observed variations, all devices exhibit relatively similar

behavior, suggesting that the overall electrochemical performance remains consistent across
all devices.
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Figure 42. Cyclic voltammograms of (a) borax-paper (BP), (b) borax-lignin-enriched paper (BLEP), and (c)
borax-cork (BC) based LIG MSCs and respectively galvanostatic charge and discharge curves on (d)-(f),
reproduced with permission from'®. CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0.
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Figure 43. (a) Areal capacitance from galvanostatic charge-discharge analysis, reproduced with permission
from %, CC BY 4.0 license,_https://creativecommons.org/licenses/by/4.0/. (b) Ragone plot of all devices
including similar devices from the literature.

Figure 43a presents a summary of the calculated areal capacitance values of all devices as
the current density increases from 0.01 to 0.2 mA cm™, as extracted from the charge-discharge
curves.
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At a current density of 0.01 mA cm™, the highest capacitance (Ca) of 7.34 mF cm™ was
achieved for BP MSC, 9.51 mF cm™for BLEP MSC, and 8.65 mF cm™ for BC MSC.
Table 4 compares the performances of gLIG and polyimide based LIG MSCs, in addition to

the values obtained from this work.

Table 4. Comparison of LIG-based MSCs capacitances from literature, using direct laser writing method'%.

Energy and Power

Electrode Design Laser Electrolyte Capacitance . Ref.
Density
2
LIG/Borax-paper 2 0.73 yWh cm? (BP),
pap (BP) 7.34 mF cm 0.85 pWh cm”
LIG/Borax-lignin- BLEP) 9.51 mF cm™ 2 i
9 Sandwich CO:  PVAHSO, o) (BLEP), iWh em This
enriched paper (BC) 8.65 mF cm™ 0.77 (BC) work
LIG/B K @ 0.01 mA cm™’ N
orax-cor @ 0.01 mA Cm-2

413 mF cm? 1.7 iWh cm™ &
LIG/Natural Cork Sandwich uv PVA-H2SO4 » 55.7 yW cm? 189
@ik s en @ 0.05 mA cm?
2.51 mF cm™2 31.3 lJWh cm? &
LIG/Kraft Lignin Sandwich CO2  PVA-H:SO4 Py 138 pW cm™ 168
@ 0.01 mA cm @ 0.01 mA cm?
-2
In-planar ) 1.43 mF cm? 0.13 uWh cm Zand 155
LIG/Waxed-cork Fiber  PVA-H2SOa » 80 pW cm”
(interdigitated) @ 0.1 mA cm @ 0.1 mA cm?
In-planar 4.6 mF cm LA it e .
LIG/Borax-paper CO2 PVA-H2S04 § & 4.5 ywW cm?
pap (interdigitated) @0.015mA cm® @ 0.01 mA cm?
In-planar 4 mF cm? o
LIG/Polyimide (interdigitated) CO2 PVA-H2S04 @ 0.2 mA cm? i
Sandwich 9 mF cm? -
imi andwic d o
LIG/Polyimide CO2 PVA-H2S04 @ 0.02 mA cm?2

The inclusion criteria considered a range of factors, including electrode designs, laser types,
substrate type, optimized laser conditions, and those with the highest relevance and closest
similarity to the presented study.

The capacitances of the best-performing devices in this work, when compared with those
reported in the literature, suggest reliability in the obtained results. This contributes to a
growing body of knowledge around gLIG as a promising alternative for energy storage devices.
In this part of the work, the sandwich configuration was chosen over the interdigitated, primarily
motivated by the aim to prioritize a larger effective surface area for the electrode-electrolyte
interface, following reports that demonstrated improved capacitance'®

While certain applications may lean towards prioritizing high packing density, often favored by
interdigitated designs, others may prioritize a greater effective surface area, favored by a
sandwich configuration. Nevertheless, exploring the most suitable configuration requires a

careful balance of multiple factors, including electrode thickness, electrolyte used, ion diffusion
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paths, application-specific needs, among others?"???2, These considerations are essential for
optimizing the overall performance and efficiency of the supercapacitor system.

Furthermore, this study aimed to assess the suitability and versatility of renewable materials
in the practical development of micro-supercapacitors. All devices showed relatively similar
electrochemical performances (Figure 43). However, under higher current densities, borax-
cork MSC consistently demonstrated superior performance. This resilient behavior suggests a
notable capacity to sustain performance under increased current densities, making it
particularly intriguing and promising candidate for applications that demand stable
electrochemical performance.

The Ragone plot in Figure 43b confirms the high-energy and high-power density achieved for
all devices and highlights the key differences between planar and sandwich-type SCs in terms
of energy density and power density. At low power densities (0.01 mA cm™), the sandwich-
type SCs demonstrated higher energy densities, reaching 0.73 yWh cm, 0.85 yWh cm?, and
0.77 yWh cm for BP-LIG, BLEP-LIG, and BC-LIG MSCs, respectively, compared to the planar
configuration reported previously. When compared with other studies in literature that also use
paper and cork substrates, the results presented here are in line with reported values. For

|78

instance, Coelho et al.”® reported energy densities of 0.30 yWh cm with a power density of

4.5 yW cm™, and 0.12 yWh cm™ at a significantly higher power density of 255.4 yW cm™.

."5° achieved an energy density of 1.7 uyWh cm?and a power density

Similarly, Imbrogno et a
of 55.7 yW cm at a discharge rate of 0.05 mA cm™. While higher power densities have been
reported, they are often achieved at the cost of reduced energy density. This trade-off between
energy and power density remains a common challenge in optimizing MSC performance. The
results obtained in this work demonstrate a promising energy storage capability while
maintaining a stable power output, which is especially relevant for applications requiring
consistent performance at low current densities.

The superior performance observed in sandwich-type SCs can be attributed to the larger
electrode/electrolyte interface area, which enhances charge storage capacity. In contrast,
planar SCs tend to exhibit lower energy densities at comparable power outputs, likely due to
the limited surface area and increased ion diffusion resistance.

Nevertheless, planar configurations may still be advantageous for applications requiring
simpler MSC assembly process and design. This comparison underscores the energy-power
balance achievable with sandwich-type SCs, particularly when optimized electrode and
substrate materials are employed, as demonstrated in this work.

A stability evaluation was conducted through 5000 cycles of charge-discharge (Figure 44) at
a current density of 0.5 mA (0.08 mA cm™).
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Figure 44. Comparison of the capacitance retention versus cycle number obtained from GCD curves of BP-
LIG, BLEP-LIG, and BC-LIG MSC at a current density of 0.08 mA cm, reproduced with permission from "%,
CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

During the cyclability test of all devices, it was observed that the paper based MSCs
demonstrated slightly better capacitance retention (approximately 85% of initial capacitance)
compared to the cork MSCs (approximately 80% of initial capacitance). This capacitance loss
upon cycling is not ideal, but it is not uncommon. Some residual species resulting from the LIG
processing, non-graphitic carbon, are likely to exhibit irreversible reactions or poorly bound
particles that degrade the capacitance during the first measurement cycles. Other authors also
report that during the charge/discharge cycles of these devices, the observed loss of
capacitance can be attributed to factors such as corrosion of electrode and substrate materials,
decomposition of electrolyte water, and formation of gases in electrode pores, among others.
Nevertheless, it is observed that after 3000 cycles, the MSCs capacitance tends to stabilize
over time as expected, which is consistent with the literature”®'°.

While the observed performance provides valuable insight into the potential applications of
these devices, it is also crucial to also consider material stability and electrode-electrolyte
interaction under demanding conditions over extended cycles. Compared to cork, paper
substrates are typically thinner and more fragile, which may limit their suitability for prolonged
use, particularly when using harsh electrolytes such as standard PVA-H,SO,, leading to
substrate degradation over time. Nevertheless, borax-cork MSCs demonstrate robustness and
longevity, making them more suitable for energy storage applications in real-world scenarios,
despite slightly lower capacitance retention compared to other materials.

The Nyquist plots in Figure 45a provide important insights into the electrochemical
performance of the BP-LIG MSC, BLEP-LIG MSC, and BC-LIG MSC devices. The high-
frequency intercepts on the Z' axis correspond to the equivalent series resistance (ESR), with
values of 222.4 Q, 248.9 Q, and 159.8 Q for BP-LIG MSC, BLEP-LIG MSC, and BC-LIG MSC,
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respectively. The values indicate relatively low internal resistance for this type of devices,
consistent with literature values, as reported by Coelho et al. (~120 Q) and Tariq et al. (~102.2
Q) 78,224

The absence of prominent semicircles in the high-to-mid-frequency region indicates a
negligible charge-transfer resistance (Rct), typical for EDLCs, where the primary working
mechanism relies on the physical separation of charges at the electrode-electrolyte interface,
with no faradaic electron transfer occurring. Any minor contributions to Rct observed may arise
from the presence of functional groups on the LIG surface, such as those introduced during
the LIG process'".

At low frequencies, the plots exhibit nearly vertical trends, which are indicative of efficient
capacitive behavior. Deviations from the ideal vertical line, particularly in BLEP-LIG MSC and
BC-LIG MSC, suggest diffusion limitations within the hydrogel-based PVA-H,SO, electrolyte.
This could be due to restricted ion mobility in the electrolyte or differences in the porosity and
surface properties of the electrodes.

The ESR is a critical parameter as it directly impacts energy losses, charging/discharging
efficiency, voltage fluctuations, and heat accumulation within the devices. Factors contributing
to ESR include the intrinsic conductivity of the electrode materials, the ionic conductivity of the
electrolyte, the electrode configuration (planar or sandwich), the separator, and the quality of
electrical contacts®®.

Although the LIG was not doped, previous studies have demonstrated the presence of
functional groups on its surface, which can be minimized through post-treatment processes
such as nitric acid cleaning®®. Further reductions in ESR could also be achieve by optimizing
the LIG production conditions (e.g., using an inert atmosphere to reduce functional groups)
and improving electrode-electrolyte interface.

The equivalent circuit model shown in Figure 45b provides a framework to analyze these
results. The circuit consists of (i) Rs (series resistance), representing the total internal
resistance, including electrode and electrolyte, (ii) Rct (charge-transfer resistance), that
accounts for resistance at the electrode-electrolyte interface, (iii) Cdl (double-layer
capacitance), describing the charge storage at the electrode surface, and (iv) Zw (Warburg
element), which accounts for ion diffusion. The low ESR and negligible Rct observed for BC-
LIG MSC highlight its efficient charge transport and capacitive performance, making it a
promising candidate for energy storage applications. The importance of a low ESR lies in its
direct impact on power delivery, energy efficiency, and the overall performance of the MSCs,

particularly in applications demanding fast charge-discharge cycles.
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Figure 45. (a) LIG-MSCs Nyquist plots, reproduced with permission from'®. CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. The inset highlights the high-frequency region, providing a
closer view of the impedance response for each device. (b) Equivalent circuit model used to interpret the
electrochemical impedance spectroscopy (EIS) data.

As demonstrated by Syugaev et al., higher ESR values (similar to our work) can be obtained
for MSCs produced with hydrogel electrolytes??’. This was demonstrated by comparing
hydrogel PVA-H.SO;, electrolyte with a liquid electrolyte, showing that inherent properties of
the electrolyte and their interaction with LIG structure can influence EIS measurements. Since
hydrogel electrolytes present noticeably lower ionic conductivity compared to liquid
electrolytes, ion diffusion is hindered, and greater resistance is encountered when penetrating
the LIG pores. Thus, the capacitance decreases in the high-frequency range, manifesting as
resistive behavior in the initial part of the EIS curve. This behavior is primarily attributed to a
high ESR, resulting from factors such as limited conductivity and slower ion transport within
the hydrogel electrolyte. The linear segment observed at lower frequencies reflects diffusion
limitations, which become more pronounced as the frequency decreases. Additionally, the
ESR values can be influenced by the physical configuration of the system, such as the distance
between electrodes in a sandwich assembly, which can be optimized through adjustments in
the design or assembly process. To sum up, the present EIS spectra, are typical of porous
materials, deviating from the ideal case scenario (semi-infinite diffusion condition). As such,
our LIG-MSCs behave like non-ideal capacitors due to non-homogeneities throughout the
structure. One may also consider that the angles of Warburg diffusion can also be influenced
by the different porosity of the samples, leading to different levels of electrolyte

impregnation??7-228,
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Modular assembly characterization— stacked and sandwiched MSCs

To supply energy for practical applications, a single MSC is insufficient to power a system, so
MSCs should be integrated into series or parallel configurations. This is essential to overcome
the inherent limitations of the capacity of a single device.

Figure 46a-c, GCD curves are presented, comparing a single device with two and three-
stacked devices integrated into both series and parallel configurations. These experiments

were conducted at a current density of 0.05 mA cm™,
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Figure 46. Electrochemical performances of single and stacked LIG-MSCs in series and parallel circuits.
Galvanostatic charge and discharge curves comparing a single device to stacked series and parallel
devices at a current density of 0.05 mA cm2 in (a) BP, (b) BLEP, and (c) BC based LIG MSCs, reproduced
with permission from '°¢. CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0].

The GCD curves reveal the expected behavior of EDL capacitors, characterized by a quasi-
triangular shape and a slight iR drop across all devices®”. Nonetheless, these curves show
distinct performances among the different configurations and quantities of stacked devices.

Compared to a single device, the stacked series MSC demonstrates a cumulative voltage,
featuring a 2x higher working voltage window (1.6 V) for two devices and a 3x higher working
voltage window (2.4 V) for three devices, respectively. In contrast, the stacked parallel
configuration exhibits a 2x longer discharge time for two devices and a 3x longer discharge
time for three devices at the same current density. Consequently, this results in an enhanced
overall capacitance achieved by adding MSCs. The extended discharge times emphasize the
potential for increased energy storage capabilities, making parallel configurations favorable for

applications requiring prolonged power delivery at lower voltage?®. Moreover, the basic
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operational characteristics of both series and parallel connections are demonstrated by all
MSCs, reinforcing the adaptability and feasibility of these configurations. Corresponding CV
curves for stacked series and parallel MSCs can be found in the appendix (Figure S2 and
Figure S3).

The versatility of integrating MSCs allows for tailored setups to meet specific application
requirements, optimizing their performance for a diverse range of practical uses in electronic
systems. As an example, and to validate their practicability, three borax-cork MSCs were
stacked in series, highly extending the voltage window from 0.8 V up to 2.4 V. A practical
demonstration (Figure 47) shows that the assembled MSCs were able to successfully power
both a multicolor light-emitting diode (LED) with a typical forward voltage ranging from 2 V to

3.2 V and a humidity/temperature sensor with a forward voltage requirement of 1.5 V.

Figure 47. Humidity/temperature sensor and LED powered by three borax-cork LIG-MSCs in series,
reproduced with permission from '°6. CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.

This demonstration not only proved the capability and simplicity of stacking and connecting
multiple MSCs according to specific voltage requirements but also emphasized their potential
across different applications. The intermittent red, green, and blue (RGB) light-emitting diode
(LED) was powered for approximately 30 seconds, while the humidity and temperature sensors
were powered for roughly 3 minutes. The modular setup allows scalability, enabling the
stacking of additional micro-supercapacitor units for increased energy storage and prolonged
device operation. In principle, there is no limit to the number of micro-supercapacitors that can
be connected in series and parallel. However, this endless energy storage capability would
lead to an unpractical area for the micro-supercapacitors module. In the literature, there are
very interesting ways to pack and fold the single cells and thus obtain a compact module??*°,
For instance, Seol et al., developed an all-printed supercapacitor array with vertical stacking

based on Ag current collectors and a carbon mixture as active material®°. In practical terms,
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the authors showed that a 3x3 array exhibited an areal capacitance of 0.101 F cm™, areal
energy density of 0.081 mWh cm™, and areal power density of 1.21 mW cm™ (voltage window
of 0 to 2.5 V). This type of configuration would be feasible on fixed smart house applications,
but still too bulky for wearable applications. Regarding LIG, the processing area would be
ultimately limited by the laser printing bed. However, considering that LIG can easily be peeled
off from the substrate, foldable LIG based devices do not seem a feasible option unless proper
encapsulation is used. In this case, micro-supercapacitors are usually designed by stacking
individual devices or by just engraving the devices on the same substrate, as it has been shown
on this thesis’®?*°. As such, for the time being, LIG based supercapacitors hold promises for
energy-efficient, self-sustainable systems, particularly in low-power, low-resource, and remote
sensing applications aiming at voltage windows of ~ 3.5 V. However, the field of
supercapacitors consistently focuses on research and challenges to improve energy efficiency,
capacitance, flexibility, and stability. For the devices under study, their maximum potential was
already attained by optimizing the lasing conditions. Nevertheless, the field of supercapacitors
remains committed to research and challenges aimed at enhancing energy efficiency,
capacitance, flexibility, and stability. In the case of the devices under study, the maximum
potential was already attained by optimizing the lasing conditions. Nevertheless, the
electrochemical performance of the micro-supercapacitors can be enhanced by investigating
the impact of alternative electrolytes. Polymer gel electrolytes, typically based on polyvinyl
alcohol (PVA), are the most reported systems, allowing for maximum voltage windows of 2.0
V2*In contrast, non-aqueous electrodes based on ionic liquids enable voltage windows up to
3.5 V, which significantly enhances the energy density?®2. Furthermore, the parameter in
question can also be enhanced through the introduction of foreign species, such as boron, into
the LIG®*2* For instance, Yuan et al. designed a fluorine and boron-doped LIG
supercapacitor, which delivered an areal-specific capacitance of 49.81 mF cm™, representing
a 23-fold increase over the MSC from commercial polyimide (Pl)-based LIG**. The addition of
metal oxides has also been demonstrated to enhance MSC energy density. Abreu et al.
employed a two-step process, whereby chromatography paper was first soaked in a solution
of manganese tetraborate acetate, prior to the subsequent laser treatment. During the laser
treatment, the paper fibers underwent a conversion process into LIG, while the precursor was
simultaneously reduced onto manganese oxide. This resulted in a notable enhancement in
capacitance, attributed to the pseudo-capacitive effect of the metal oxide'®®. Dos Santos Klem
employed LIG on paper as viable electrodes for manganese oxide deposition'"’. By optimizing
the deposition times, it was possible to obtain "sandwich" micro-supercapacitors with specific

capacitances reaching as high as 90 mF.cm™. Finally, LIG can also be optimized by multi-
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lasing approaches which increase the film's electrical conductivity. All the aforementioned LIG
tailoring, results in an optimization of the capacitances, and as such, energy density. Higher
energy densities will open the possibilities for new applications and reduce the size and/or
number of devices on the modules. As such there are several venues to explore regarding the

presented MSC optimization aiming at applications beyond IoT sensing.

5.4 Conclusions

5.4.1 In-planar MSCs (Paper )

This work has successfully demonstrated a simple, eco-friendly, and efficient path for the
fabrication of LIG electrodes using a renewable substrate as cork. The LIG structure was
induced and controlled by a direct laser writing technique, a one-step, maskless, scalable and
cost-effective process. A systematic characterization of the LIG induced on untreated
agglomerated cork was investigated. Therefore, using a fiber laser on cork substrate with tuned
conditions of 5.5 W, 17.8 mm s and a laser distance of 1.52 mm below the focal point, resulted
in the best LIG characteristics in terms of morphology, structure, conductivity, and quality.
Additionally, for a MSC proof-of-concept, a pre-treatment with wax-based ink on cork led to a
controlled deposition of electrolyte on the substrate, without the need for mechanical masks
and complex processes. Thus, waxed-cork LIG electrodes were produced using the optimized
conditions already established with untreated cork substrate, and showed great characteristics
for MSC fabrication with an excellent sheet resistance of approximately 7.5 ohm sq'. The
device was compared with other reports and showed an areal capacitance of 1.34 mF cm™ at
5mV s™ and 1.43 mF cm™? at 1 mA cm™. Furthermore, the w-cLIG MSC exhibited an energy
density of 0.13 pWh cm™ at a current density of 0.1 mA cm, with the power density reaching
80 uW cm?, demonstrating a favorable balance between energy and power performance.
Finally, the electrochemical performance of the w-cLIG electrodes is shown to render a great
performance to fulfill the requirements for flexible energy storage devices to multiple other
applications, which may hold great interest in future improvements. It was proved that it is
possible to join sustainable materials and low-cost techniques for LIG electrodes production,

representing a mandatory step for a clean and green future in self-sustainable electronics.

5.4.2 Sandwich MSCs (Paper Il)

In summary, micro-supercapacitors were fabricated using green LIG electrodes were
successfully fabricated on abundant, renewable, and non-toxic substrates, such as paper,

lignin-enriched paper, and cork. The laser parameters were systematically optimized for each
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substrate, and a flame-retardant was incorporated to ensure efficient electrode production
while preventing combustion and substrate ablation. Cork exhibited the lowest sheet
resistance (~10.6 ohm sq™"), followed by lignin-enriched paper (~45.5 ohm sq™') and paper
(~55.4 ohm sq™"). This can be attributed to inherent material characteristics such as thermal
resistance and lignin content.

The sustainable and stackable sandwich micro-supercapacitors demonstrated capacitance
values of 7-10 mF cm, which is consistent with prior research. At lower power densities (0.01
mA cm?), the sandwiched-type SCs exhibited higher energy densities 0.73 pWh cm?, 0.85
UWh cm?, and 0.77 pWh cm? for BP-LIG, BLEP-LIG, and BC-LIG MSCs, respectively,
outperforming the planar configuration reported previously. This improvement highlights the
effectiveness of the sandwich architecture in enhancing energy storage capabilities at low
power densities.

The integration of these green LIG-based energy storage devices in various configurations
offers potential for multifunctional platforms in renewable energy and off-grid technology. The
study found out that cork is the preferred substrate material due to its natural resilience and
durability, making it well-suited for prolonged operational periods in demanding conditions.
Practical demonstrations, such as powering an LED and a humidity/temperature sensor with
a series of three cork-based MSC units, demonstrate the feasibility of this approach.

This methodology offers simplified and cost-effective means to achieve comparable or superior
performance in electronic devices. It has the potential to further improve in laser graphitization
efficiency, electrode geometries, and electrochemical properties, contributing to a more

sustainable and technologically advanced future.
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EXPLORING FURTHER SUSTAINABLE
APPLICATIONS THROUGH
GREEN LIG-BASED SOLUTIONS

This chapter examines the development of promising applications for green LIG, with a
particular emphasis on the adaptation of piezoresistive sensors for energy harvesting. Each
component is optimized independently, and their integration is demonstrated to validate the
performance of a self-sustaining system. The objective of this chapter is to demonstrate the
efficacy and dependability of the discrete devices developed in this thesis, thereby

substantiating their viability for practical applications.

Results shown herein were reproduced from:

e Paper lll (Under preparation): Silvestre, S. L., Morais, M., Silva, R. R. A., Martins,
R., Fortunato, E., Pereira, L., Coelho, J. (2025) Piezoresistive Sensors via Laser-

Induced Graphene on Cork for Energy Harvesting Systems
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Chapter 6. Exploring Further Sustainable Applications Through Green LIG-Based Solutions

6.1 Introduction

LIG is a material with considerable potential for applications beyond those demonstrated in
this thesis thus far. Indeed, the creation of a sustainable, flexible and modular platform is futile
if only a single set of components can be manufactured. In this context, LIG demonstrates
remarkable versatility. In addition to being a relatively low-cost, simple, and scalable process,
LIG has opened a multitude of possibilities for a vast array of applications beyond micro
supercapacitors, such as electrochemical sensors, water purification and desalination,
catalysis and electrocatalysis, biomedical applications, electromagnetic interference (EMI)
shielding, superhydrophobic and antibacterial coatings, actuators and soft robotics,
photovoltaics and solar cells, among others?722%_ This trend reflects the rapid advancements
in electronics over recent years, which have resulted in an increased demand for devices that
are not only high-performing but also sustainable and environmentally friendly?*®. In this
context, LIG stand out as one of the most promising carbon-based materials. It should be
noted, however, that the majority of LIG-based components utilized polyimide (Pl or Kapton)
as a substrate, which is not regarded as a sustainable option. In this work, cork—a natural,
renewable, and biodegradable material and in - line with the MSC work — is used as the
substrate for the development of both piezoresistive sensors and triboelectric nanogenerators.
Piezoresistivity is the phenomenon where a material’s electrical resistivity changes when
subjected to mechanical strain®. This property has been extensively explored due to its broad
applicability in cutting-edge sensing technologies.

Piezoresistive sensors have attracted significant attention in fields such as healthcare (e.g.,
monitoring heart rate, pulse, and plantar pressure), environmental monitoring (e.g., detecting
temperature, sensing gases, and monitoring pressure and humidity levels), functional clothing,
electronic skins, quality control monitoring, robotics (e.g., for tactile perception, gesture-driven
manipulation, sound recognition, proximity detection, and spatial orientation), among
others''®%%_ Their versatility makes them a key component in numerous loT applications,
offering innovative solutions for quality control, automation, and beyond.

LIG-based sensors have demonstrated exceptional sensitivity and reliability, due to their
unique properties, including high surface area and excellent electrical conductivity. The
porous, multi-layered structure of LIG plays a key role in boosting its piezoresistive efficiency,
making it highly responsive to mechanical forces like stretching, bending, and compression.
When subjected to strain, the structure of graphene deforms, inducing changes in its electrical
resistance. These shifts are directly tied to the movement of charge carriers within the material.

By quantifying the changes in resistance, LIG-based sensors can accurately detect and
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quantify the level of strain applied, offering a precise and dependable way to monitor
mechanical deformations’"?%®,

The use of LIG on cork for piezoresistive sensing offers a unique blend of flexibility and
sensitivity, enabling the sensor to effectively respond to mechanical deformations while
preserving its structural integrity as already observed in previous reports’”°.

Integrating these technologies into larger infrastructures, such as smart houses and smart
cities applications, highlights their importance in addressing the growing demand for
sustainable, low-power electronic systems.*239:240

Since current piezoresistive sensors are still predominantly powered by external batteries,
extensive research has been conducted on triboelectric nanogenerators (TENGs) as self-
powered sensors and alternative power sources for electronic devices®*'

TENGs present a promising avenue for energy harvesting in everyday activities, such as
walking, vehicle movement, or wind interactions with urban infrastructure, among others.
Through the triboelectric effect, friction or contact between materials with differing electron
affinities generates an electric charge. Therefore, by converting mechanical energy into usable
power, TENGs offer an innovative solution for powering low-energy devices and can be
integrated with piezoresistive sensors and micro-supercapacitors (MSCs), enabling both
sensing and energy harvesting functions within a single system'?*2*2_ Although this system is
relatively straightforward, it could represent a significant step toward realizing a simple, flexible
self-powered LIG-based sensing platform developed on the same substrate. LIG-based
TENGs enhanced performance can be attributed to the increased charge density on the
dielectric surface, resulting from the lower barrier height for charge transfer and reduced
interfacial contact impedance compared to traditional metal electrodes'?*?*3, This makes LIG
a highly efficient and sustainable choice for future sensor technology.

The integration of these technologies onto a flexible substrate, such as cork, paves the way
for a multifunctional, lightweight platform that is both eco-friendly and capable of sustainable
energy generation. Cork's natural flexibility, insulating properties, and durability make it an
ideal substrate for these applications. LIG’s high electrical conductivity and surface area,
combined with cork’s ability to withstand repeated mechanical deformations, create a
compelling platform for developing next-generation, sustainable electronics®. Moreover,
Cork’s compatibility with LIG enhances this effect, offering an efficient method for energy
generation that aligns with global trends toward green technologies and circular

economies® 1%,
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A system like this is not only capable of monitoring mechanical deformations but can also
harvest mechanical energy for powering small electronics, sensors, and potentially larger
systems within smart cities.

This chapter covers the fabrication process of both piezoresistive and triboelectric devices.
Detailed analysis of the electrical and mechanical performance of these systems is provided,
highlighting the challenges and solutions encountered throughout the research. The potential
for scaling these devices for broader applications is also discussed, with an emphasis on their
eco-friendly nature and suitability for large-scale production. In conclusion, this chapter aims
to demonstrate the potential of LIG-based devices on cork for advancing sustainable
electronics beyond micro-supercapacitors. The work presented in this chapter not only
provides insight into the technical aspects of these devices but also underscores the broader
implications for integrating green electronics into future infrastructure, paving the way for

smarter, more sustainable cities and portable electronics.

6.2 Materials and methods

6.2.1 Design and fabrication of electrodes for piezoresistive sensors and
triboelectric nanogenerators
Device development begins with substrate preparation, followed by electrode fabrication, and

then device fabrication/characterization as described below.

(i) LIG electrode synthesis via direct laser writing

The synthesis and patterning of LIG were carried out using the DLW technique as previously
described in Chapter 4. Cork substrates were first treated with a boron-based flame-retardant
chemical treatment, as described in section 3.2.2.2., to prepare them for LIG production.

The electrodes were fabricated on borax-cork substrates using a 50 W PLS6MW Fiber laser
(1.06 ym Nd:YAG Multi-wavelength Laser Platform, Universal Laser Systems, Vienna,
Austria), in ambient conditions. A 2.0” lens was used for precise focusing during laser scribing.
Throughout the LIG production process, a frequency of 100 kHz and a resolution of 1000 PPIs
were maintained. After optimizing the laser settings, the optimal fabrication conditions for
borax-cork LIG electrodes were determined to be a laser power of 21% and a speed of 2%
(equivalent to 10.5 W @ 0.04 m s™"). Additionally, positioning the laser beam 2 mm below the
focal point was identified as an optimal parameter for achieving high-quality LIG formation.
Recognizing that electrode geometry plays a crucial role in improving sensor performance,

three distinct electrode designs - snake, honeycomb and square (all with an area of 0.6 cm?) -
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were tested to determine the optimal pattern for sensing capabilities. Among these, the square
design was found to provide the best response to external stimuli and was therefore selected
for further development.

To further expand the potential of these electrodes for energy harvesting applications,
particularly as triboelectric nanogenerators (TENGs), an in-situ formation of LIG/ZnO
composite was fabricated. This was achieved by irradiating cork substrates pre-treated with a
ZnO precursor solution, forming ZnO nanostructures within the LIG during laser processing.
The LIG/ZnO electrodes were fabricated under the same optimized conditions as the standard

LIG on borax-cork, using the square design.

(i) Fabrication of commercial graphene ink electrodes via screen printing

For comparison, screen-printed square graphene electrodes (with an area of 0.6 cm?) were
fabricated on cork substrates for use as piezoresistive sensors. The electrodes were printed
using a polyester screen mold with the following conditions: mesh model, 120-34; mesh count,
305 meshl/inch; aperture, 45 pm; thread diameter, 34 um; opening, 30.5% and a fabric
thickness of 52-57 um. A 10 wt.% exfoliated graphene ink in water (Sigma-Aldrich, USA) was
used. After printing, the ink was dried on a hot plate at 100 °C for 15 minutes in air. The surface
of the substrate and printed layers were examined using scanning electron microscopy (SEM)
with a Hitachi Regulus 8220 (Mito, Japan), equipped with an energy-dispersive X-ray
spectroscopy (EDS) detector, to assess the homogeneity of the printed layer and its substrate

coverage.

6.2.2 Preparation process of green LIG-based piezoresistive sensor and
screen-printed graphene piezoresistive sensor
Piezoresistive Sensors and Screen-Printed Graphene Piezoresistive Sensors. The fabrication
process of piezoresistive sensors based on LIG and screen-printed graphene ink electrodes
is illustrated in Figure 50a and Figure 50b, respectively. To ensure the mechanical durability
and long-term V. functionality of the electrodes, BC-LIG samples were encapsulated with
Leukoplasti Fixomull medical-grade polyurethane tape, referred to as BC-LIG-Flix. These
encapsulated sensors were compared with bare BC-LIG sensors, providing protection from
environmental degradation while maintaining flexibility and mechanical stability. Additionally,
encapsulating the sensors improves the electrical output of TENG, as the polyurethane tape
acts as a dielectric material capable of accumulating electrical charges, thereby increasing the
surface charge density and the electric potential. This will be discussed further in the following
sections. Moreover, all the piezoresistive sensors produced demonstrated excellent

robustness, withstanding bending and pressing without losing functionality.
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6.2.3 Preparation process of green LIG-based TENG

The TENG device was assembled using a single-electrode configuration, as observed in
Figure 50a. The LIG electrode (1x1 cm?) developed on a cork substrate was used as a single
electrode of the TENG. The ZnO nanostructures within the LIG network, along with the thin
polyurethane tape used to encapsulate the electrodes, serve as a dielectric material, acting as
the tribo-negative layer when compared to the counterpart, i.e., wood (tribo-positive layer). In
the initial state, before the contact of the tribo-pairs, there is no electric output due to the
minimal electrical charge at the interfaces. When the wood counterpart comes into contact with
the TENG, electrons are transferred to the polyurethane surface, which acquires a negative
charge, while the wood surface gains a positive charge. As the applied force on the TENG is
released, the tribo-pairs begin to separate, increasing the potential difference and driving a
flow of electrons toward the ground through the resistive load. The current drops to zero once
the force is fully released and reverses direction when compressive forces bring the tribo-

layers back together, generating an alternating current in the output component.

6.2.4 Characterization methods

6.2.4.1 Electrical characterization of piezoresistive sensors

The electrical and mechanical properties of the piezoresistive sensors were preliminary
measured by a Keysight Agilent 4155C parameter analyzer, with a constant applied voltage of
0.5 V. The devices were compressed using a custom-built flexible and stress machine
controlled by an Arduino, which allowed control of the applied stress, bending deflection, and

bending frequency (Figure 48).

Stepper motor

.\F

Sample holder ~ Stepper motor driver Arduino Microcontroller

Figure 48. Photograph of the flexible and stress machine. The source Arduino code developed to run the
machine is present in Appendix A.3.

Copper tape was used for electrical connections. The signal generated by external stimuli was

monitored in real-time to measure the change in resistance of the device. This setup ensured
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accurate and reliable measurements of the sensor’'s response to mechanical deformation,
enabling detailed characterization of the device’s behavior under various conditions.

For the keyboard application, a more practical approach was implemented. A microcontroller
board was used to interrogate each sensor in a voltage divider configuration with a
potentiometer. This configuration enabled the use of the microcontroller’s internal analog-to-
digital converted (ADC) to accurately capture changes in resistance in response to touch
inputs. The keyboard itself was fabricated using the same process as the individual sensors

but arranged in a 3x3 array grid, simulating a functional input device.

6.2.4.2 Electrical characterization of triboelectric nanogenerators

The open-circuit voltage and short-circuit current of the TENGs were measured by applying a
controlled vertical mechanical stimulus using a custom-built pneumatic actuator load machine
(Figure 49).

Since mechanical-to-electrical conversion is highly dependent on the type and intensity of
mechanical stimuli, the electrical output varies accordingly. To effectively study and compare
the performance of different devices, the pneumatic actuated load machine was used to
precisely control the magnitude and frequency of the applied force, allowing for the
establishment of a clear relationship between input intensity and output of the triboelectric

devices.

Pneumatic electro valve
/

Arduino Microcontroller

Cylinder actuator

Sample holder

Figure 49. Photograph of the pneumatic actuator machine. The source Arduino code developed to run the
machine is present in Appendix A.3.

The open-circuit voltage (Voc) of LIG-based TENGs (1 cm?) was measured under mechanical
loads ranging from 20 to 100 N, in 10 N increments at 2 Hz, using a pneumatic actuator. The
pressure sensor's sensitivity to Voc was determined from the slope of linear regression in both

low (15-35 kPa) and medium-to-high (>35 kPa) pressure ranges applied on the TENG surface.
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Copper tape was used for electrical connections, and data were recorded with a Tektronix
TBS1000C oscilloscope at a sampling rate of 625 samples per second.

To evaluate the stability of LIG-based nanogenerators, Vo was monitored over 10,000 cycles
at 100 N and 2 Hz for devices with a dielectric layer. Charge transfer stability was assessed
by comparing the short-circuit current (Isc) at 100 N and 2 Hz during the 1st and 100th cycles.
The energy storage capability of the best-performing TENG was investigated by connecting
the device to commercial capacitors with capacitances of 0.47 and 4.7 yF. The total stored
charge was calculated by integrating the area under the capacitors' charging curve.
Additionally, a COMSOL Multiphysics simulation was performed to verify the surface potential

differences of the nanogenerators, with the simulation parameters provided in Table 5.

Table 5. Parameters utilized in COMSOL simulation.

Parameters Value

Thickness of polyurethane (mm) 0.150
Relative permittivity of active layer 2.5

Relative permittivity of air 1

Thickness of electrode (LIG) (mm) 0.2
Width of polyurethane layer (mm) 100
Length of polyurethane layer (mm) 100
Gap distance between dielectric layers (mm) 04

Surface charge density of active layer (Cm2) 1x107

6.2.5 Data analysis
Data analysis was performed using OriginPro (2022b Academic, MA, USA). Results are

reported as mean t standard deviation from at least three independent experiments, and
experimental designs were a completely randomized study. All figures were also plotted in
OriginPro (2022b Academic, MA, USA).

6.3 Results and discussion

6.3.1 Design and fabrication of LIG-based sensors and nanogenerators

In order to further explore the potential applications of green LIG, two distinct devices were

developed as part of this research project: a piezoresistive sensor and a triboelectric
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nanogenerator. The initial objective was to develop high-performance electrodes for
piezoresistive sensors. However, given the overarching goal of this thesis to enhance the
versatility of LIG for self-sustaining systems, and with energy storage devices already
established, it became evident that these electrodes could be extended for use in a triboelectric
application with a view to energy harvesting. As such, for the piezoresistive sensors, it was
crucial to produce electrodes with high electrical conductivity to efficiently transmit electrical
signals with minimal resistance losses. This was essential for the accurate detection of

170245 In the context of a

resistance changes in response to mechanical deformation
triboelectric nanogenerator, the device was designed to maximize charge collection and
transfer, thereby optimizing the conversion of mechanical energy into electrical energy.
Additionally, since these devices are designed to be flexible, it is essential for the electrodes
to withstand mechanical stresses such as compression and bending without degradation''12,
To meet these requirements, two distinct approaches were employed in the fabrication of the
electrodes:
(i) Direct laser writing technique:
As described in previous chapters, this technique was used to produce green LIG electrodes
directly onto borax-cork substrates. The DLW method offers precise patterning capabilities,
enabling the production of conductive LIG structures with inherent flexibility and mechanical
robustness. Furthermore, this technique was used to produce an in-situ LIG/ZnO composite,
as shown in Figure 50a. By incorporating a ZnO precursor solution into the cork prior laser
irradiation (Figure S4d), it was possible to convert the substrate itself along with the ZnO
precursor solution, and by using a single-step approach it was possible to form ZnO
nanostructures within the LIG matrix (Figure S4e). Following the demonstration of LIG’s
excellent and tunable conductive properties enabled by LIG synthesis, a flexible, stretchable
polyurethane tape was used as an encapsulation layer to enhance durability and flexibility.
(i) Screen-printing technique:

In this approach, a commercially available graphene ink was used to screen-print electrodes
onto cork substrates (Figure 50b). Screen printing is a well-established, scalable, and cost-
effective technique suitable for mass production and offers the advantage of simplicity in
fabrication. The inclusion of the screen-printing method alongside DLW was intended to enable
a direct comparison between the performance of LIG-based electrodes and screen-printed
graphene electrodes. Both fabrication methods are recognized for being eco-friendly and cost-
effective, aligning with sustainable manufacturing practices and reducing environmental

impact.
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Figure 50. Schematic diagram of electrode preparation via (a) direct laser writing of LIG from borax-cork
substrate and in-situ formation of the LIG/ZnO from the same substrate, and (b) screen printing of
commercial graphene ink onto a cork substrate.

6.3.2 Performance evaluation of electrode designs

The sensing mechanism of a piezoresistive sensor relies on the material’s piezoresistive effect,
which is defined as the change in resistance relative to applied pressure or bending — an
essential factor in evaluating sensor performance?”. Given that sensor design plays a crucial
role in determining how mechanical stress is distributed and converted into changes in
electrical resistance, three LIG-based piezoresistive sensor geometries were explored: (A)
snake, (B) honeycomb, and (C) square patterns, as illustrated in Figure 51a.

The piezoresistive response of these designs was assessed through three-point pressure and
bending tests, with the setups and working principles illustrated in Figure 51b and Figure 51c,
respectively. During the measurements, the sensors were subjected to periodic cycles of
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loading and unloading, including both compression (Figure 51b) and bending tests (Figure
51c) while their resistance was continuously monitored. A custom-built flexible and stress
machine (Figure 48) was used to simulate a finger touch, allowing for a qualitative assessment
of each design’s response to small mechanical deformations. The goal was to preliminarily

identify the design that exhibited the greatest resistance variation in response to external

stimuli.
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Figure 51. (a) Three distinct geometries tested for piezoresistive sensing, each with an area of 0.6 cm?. (b)
Schematic illustration of the pressure testing mechanism, and (c) bending test setup applied to the
sensors. (d) Real-time monitoring of soft touch pressure responses for different BC-LIG-Flix electrode
designs. (e) Real-time monitoring of bending deflections responses for different BC-LIG-Flix electrode
designs.

All sensors showed an increase in relative resistances (AR/R = (R-Ro)/R) under applied
pressure, with a more pronounced response observed at higher bending deflections.
Additionally, the sensor’s response over time aligns with previous reports on cork-LIG-based

sensors, showing a non-linear hysteretic behavior'”°. This behavior is not intrinsic to the sensor
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itself but is largely influenced by the mechanical properties of the cork substrate. Cork's unique
structure, characterized by its elasticity and near-zero Poisson’s ratio, contributes to this non-
linear response, allowing for high flexibility and durability but also leading to some hysteresis
during mechanical loading and unloading®'"°. Comparing the sensor’'s geometry, the square
design demonstrated the highest relative resistance variation to applied pressure. This
increased sensitivity can be attributed to several factors. First, the square design likely
distributes mechanical stress more evenly across the sensor’s surface, enhancing the
piezoresistive effect and resulting in a more substantial change in resistance. Moreover, its
larger contact area ensures that more material is directly impacted by the applied stress, which
in turn contributes to a greater overall resistance change under pressure. In contrast, the
honeycomb and snake design do not distribute strain as uniformly due to their geometry, which
can lead to lower overall sensitivity. While these designs are preferred for LIG-based flexible
applications, they absorb strain without inducing as large a change in resistance. For this

reason, the square design was chosen for the fabrication of the other developed devices.

6.3.2.1 Comparing LIG-based piezoresistive sensor with a commercial graphene ink

screen-printed piezoresistive sensor

The performance of the LIG-based piezoresistive sensors was compared to that of a
commercially available screen-printed piezoresistive sensor using graphene ink. As observed
in Figure 52, the LIG-based sensor demonstrated superior electrical performance over the
screen-printed G-ink sensor. When comparing the two devices, the suggestion is that porous
structure of LIG provides a greater surface area compared to G-ink electrodes, resulting in a

stronger response to mechanical deformations such as pressure and bending.
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Figure 52. Comparison of BC-LIG-Flix sensor versus screen-printed G-ink sensor during (a) real-time
monitoring of pressure responses and (b) real-time monitoring of bending deflection responses.

This is particularly important in applications requiring high precision, where detecting subtle
changes in external stimuli is critical. In contrast, the screen-printed G-ink sensors, while
functional, typically feature a 2D structure with less surface area, limiting their overall
sensitivity. Moreover, the LIG fabrication process allows for more flexible and customizable
sensor designs, enabling the creation of intricate patterns that optimize strain distribution and
conductivity. On the other hand, the screen-printing process is more constrained by the
limitations of the ink and cork substrate, which may not provide the same level of performance
under varying mechanical conditions. Overall, the LIG-based piezoresistive sensor
outperformed the screen-printed graphene ink sensor by showing enhanced electrical
response to applied pressure and bending, greater mechanical robustness, and a simpler,
maskless fabrication process.

As shown in Figure 53, the BC-LIG-Flix piezoresistive sensors demonstrated a clear distinction
in relative resistance between soft, medium, and hard touches for faster tapping (Figure 53a)
and slower tapping (Figure 53c).

The increase in resistance with increased touch intensity suggests that the sensor is highly
sensitive to changes in pressure, making it suitable for applications requiring fine pressure
detection. In Figure 53b the variation of resistance with changing touch frequency shows that
the sensor maintains stable performance over time and suggests that the sensor can reliably
detect both slow and rapid mechanical stimuli, a key feature for applications in dynamic

environments.
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Figure 53. (a) Real-time monitoring of BC-LIG-Flix sensor response for faster tapping under different
pressures. (b) Variation of resistance over time showcasing changes in touch pressure and frequency. (c)
Real-time monitoring of BC-LIG-Flix sensor response for slower tapping under different pressures.

6.3.2.2 Practical application

The integration of piezoresistive sensors into grid matrix configurations demonstrates
significant potential for various smart applications. In this study, to showcase the practical use
of LIG-based piezoresistive sensors, an eco-keyboard was fabricated on a cork sheet in the
form of a 3x3 sensor array.

Each key press applies simultaneous pressure and bending to the sensor through outerward
motion in the empty space of the wooden separator, resulting in measurable resistance

changes. These resistances changes are detected and processed by an Arduino
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microcontroller. In Figure 54c is shown the real-time resistance variation of the LIG-based
flexible sensors when different keys are pressed. The rising edge of each pulse corresponds
to the touch of a specific key.

This practical demonstration confirmed that the assembled piezoresistive sensors effectively
detected and responded to external stimuli, validating their functionality for smart device
applications.

The versatility of these sensors for real-world applications highlights their potential integration
into low-cost, flexible, and scalable electronics. The 3x3 grid, used in this case for a keyboard
interface, illustrates how these sensors can be seamlessly integrated into interactive, touch-
sensitive systems. This expands their application potential beyond wearable electronics to
human-machine interfaces. Furthermore, the flexibility and scalability of these sensors make
them ideal for use in smart home technologies, large interactive surfaces, and broader smart
interface applications.
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Figure 54. (a) Schematic of the eco-keyboard made from BC-LIG-Flix, showing the front of the cork sheet
and the back panel with an engraved LIG 3x3 sensor array. (b) Schematic of the keyboard assembly. (c)
Practical demonstration of the piezoresistive keyboard with corresponding signal output.

6.3.3 Enhanced LIG functionality with ZnO nanostructures

While the LIG-based piezoresistive sensors previously described can detect pressure and
bending, this part of the work introduces ZnO nanostructures into the 3D porous LIG to
enhance their mechanical response against pressure loading (Figure 55a) and bending (Figure
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55b). The introduction of ZnO provides a dielectric material capable that can accumulate
electrical charges, which boosts surface charge density and increases the electrical potential
for LIG-based TENGs application.

When compared to the BC-LIG-Flix sensor, the electrodes with incorporated ZnO shows a

larger increase in relative resistances, as observed in Figure 55.
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Figure 55. Comparison of BC-LIG-Flix versus BC-LIG/ZnO-Flix sensors during (a) real-time monitoring of
pressure responses and (b) real-time monitoring of bending deflection responses.

The incorporation of ZnO is particularly interesting for triboelectric nanogenerators due to its
unique properties. ZnO’s high piezoelectric coefficient makes it ideal for improving electrical
properties of sensors by increasing their sensitivity to mechanical deformation. Additionally,
ZnO nanostructures offer a high surface area and exceptional charge-trapping capabilities,
making them ideal for triboelectric nanogenerators. Their ability to generate surface charges
through friction or contact significantly improves energy harvesting efficiency. The combination
of LIG’s conductivity and flexibility with ZnO’s piezoelectric and triboelectric properties results
in electrodes that are well-suited for flexible, high-performance sensing and energy harvesting

devices.

6.3.4 Performance evaluation of a green LIG-based TENG

For this application, the printed sample was not tested due to their low response to external
stimuli. Only the LIG-based devices were retained for the energy harvesting application.

The operational principle of LIG-based TENGs is illustrated in Figure 56a. Initially, both
surfaces carry minimal electrical charges, leading to an almost negligible electric potential
difference. Upon contact with the active surface of the TENG, the counter material (wood)

induces charge separation due to differences in electronic affinity and Coulomb forces. For
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instance, polyurethane attracts electrons from the wood, acquiring a negative charge, while
the wood becomes positively charged (Figure 56a,i). As the separation process begins (Figure
564ai,ii), an electrical potential imbalance develops due to previous charge transfer between the
surfaces, driving electron flow from the ground through an external circuit until equilibrium is
reached (Figure 56a,iii). Subsequently, mechanical triggering causes the surfaces to approach
each other again, leading to electron movement in the opposite direction to restore electrical

potential equilibrium (Figure 56a,iv), producing an alternating current?4¢247,
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Figure 56. lllustration of the TENG working principle with a LIG electrode derived from cork in single
electrode mode: (a,i) contact, (a,ii) detaching, (a,iii) detached, and (a,iv) pressing. Electric potential
distribution from COMSOL simulations between the polyurethane layer with a BC-LIG (b), BC-LIG-Flix (c),
and BC-LIG/ZnO-Flix (d) as the active layer.

A COMSOL Multiphysics simulation was performed to validate the surface potential difference
between the nanogenerator devices (Figure 56b-d). The LIG used as the active layer exhibited
the lowest electric potential, followed by BC-LIG-Flix, and BC-LIG/ZnO-Flix. Two main factors
contribute to the higher electric potential difference observed in the BC-LIG/ZnO-Flix
nanogenerators: (i) dielectric and piezoelectric contribution and (ii) Schottky junctions. In the
first case, ZnO exhibits a high dielectric constant, enhancing charge buildup capacity, while its
piezoelectric effect significantly increases the electric potential difference, especially under
mechanical stress. The second factor involves the formation of a depletion layer, where

electron depletion develops a region with fewer free carriers, and the Schottky barrier prevents
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electron flow until the electrons gain sufficient energy to overcome it, thereby further increasing

the potential difference.
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Figure 57. (a) Average V.. of BC-LIG, BC-LIG-Flix, and BC-LIG/ZnO-Flix nanogenerators across 15-50 kPa,
with corresponding pressure sensor sensitivities. (b) Open-circuit voltage (Voc) peaks of BC-LIG, BC-LIG-
Flix, and BC-LIG/ZnO-Flix nanogenerators under a 50 kPa drive. (c) Voc peaks of the BC-LIG/ZnO-Flix
nanogenerator under 20, 30, 40, and 50 kPa trigger. (d) Average short-circuit current (/sc) of BC-LIG, BC-
LIG-Flix, and BC-LIG/ZnO-Flix nanogenerators at the 1st and 100th cycles under 50 kPa, (e) and their
corresponding peak values. (f) Charging of 0.47 and 4.7 pyF capacitors by the BC-LIG/ZnO-Flix
nanogenerators, along with the total charge stored. (g) Long-lasting stability of the for BC-LIG-Flix (h) and
BC-LIG/ZnO-Flix nanogenerators over 10,000 cycles at 50 kPa. (i) Schematic illustration of the LIG-based
TENG integrated with a rectifier circuit for capacitor charging.

To identify the optimal performance of TENGs as pressure sensors, sensitivity was evaluated
in the 15-50 kPa range, with a focus on the low-pressure range (15-35 kPa) (Figure 57a).
Although BC-LIG-Flix generated a higher initial Vo, incorporating ZnO resulted in a more
consistent stepwise V. increase, achieving the highest sensitivity (0.38 mV Pa™). This is likely
due to ZnO's piezoelectric properties, which exhibit a positive correlation between mechanical

tension and V248249,
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Table 6 presents the pressure sensor parameters, e.g., sensitivity and R?, for each TENG. The
higher initial Vo of BC-LIG-Flix (2.5 V) compared to BC-LIG/ZnO-Flix (0.9 V) nanogenerators
may be attributed to the greater contact area between the electrode and dielectric material
(polyurethane), as ZnO growth reduces this interface area, compromising the electrical
potential difference at low pressure. Wang et al.?*® demonstrated that an increased effective
contact area between the electrode and dielectric material is crucial for achieving high TENG
efficiency.

As pressure increases, the piezoelectric effect of BC-LIG/ZnO-Flix becomes more significant,
contributing more to the Vi increase than the triboelectric effect alone, as seen in BC-LIG-Flix
nanogenerator. While the low-pressure sensitivity of LIG-based TENGs (0.01 mV Pa™) is likely
due to different charge transfer mechanisms, where surface charge accumulation, as observed
in dielectric materials, is reduced, limiting the electrical potential difference. At 50 kPa, Vo
increases sequentially from BC-LIG to BC-LIG-Flix and BC-LIG-/ZnO-Flix nanogenerators,
reaching 0.33, 7.61, and 10.95 V, respectively (Figure 57b). The reproducibility of BC-
LIG/ZnO-Flix V.. peaks as pressure increases from 20 to 50 kPa at 2 Hz is also confirmed in

Figure 57c.

Table 6. Pressure sensor parameters of triboelectric nanogenerators (TENGs) devices.

Device Pressure region Sensitivity (mV Pa) R2aq;
BC-LIG/ZnO-Flix 0.376 0.981
BC-LIG-Flix Low pressure (15-35 kPa) 0.152 0.990
BC-LIG 0.011 0.620

~ BC-LIG/IZnO-Fix 0089 0.909
BC-LIG-Flix Medium-to-high pressure (235 kPa) 0.082 0.869
BC-LIG 0.028 0.303

Additionally, /sc further corroborates the increasing electrical output efficiency in order of BC-
LIG, BC-LIG-Flix, and BC-LIG/ZnO-Flix, resulting in 0.16, 0.55, and 0.63 pA, respectively
(Figure 57d). Moreover, the devices appear to exhibit mechanical sensitivity for long-term
applications, as indicated by the significant decrease in /lsc after 100 cycles. Despite this /s
instability, the final /sc stabilizes near the value observed for LIG nanogenerators (0.09 uA),
which can be related to the electrode integrity. While the reproducibility of /sc peaks for each

nanogenerator is also confirmed in Figure 57e.
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To expand the application of optimized TENGS, e.g., powering small electronics, the efficiency
in charging 0.47 and 4.7 yF capacitors was demonstrated, reaching Vpeak in 23 and 30
seconds, respectively (Figure 57f). A schematic illustration of the LIG-based TENG integrated
with a rectifier circuit for capacitor charging is demonstrated in Figure 57i. The total charge
stored after charging these capacitors by mechanical triggering was 1.8 and 25.4 uC,
confirming the potential of this technology for green energy harvesting. Moreover, to further
evaluate the best-developed TENG, we assessed its mechanical stability in terms of V. over
10,000 cycles. The BC-LIG-Flix TENG showed higher V. instability (Figure 57g-h), with a 92%
reduction in V., compared to a 60% reduction in the BC-LIG/ZnO-Flix TENG (Figure 57h).
This difference suggests that the BC-LIG/ZnO-Flix system has contributed to increase the
structural stability and electrode integrity, since BC-LIG-Flix typically degrade over long
mechanical cycles, and/or ZnO provides the higher piezoelectric performance under high
mechanical pressure.

Despite the improvement caused by the in-situ ZnO growth in the BC-LIG electrode, the
developed self-powered pressure sensor still shows considerable structural instability for long-
term applications, particularly when considering the accuracy of pressure measurements over
extended use. However, given the sustainable materials used in fabrication, this self-powered
pressure sensor is well-suited for single-use applications. Although it could be a more
sustainable option, its manufacuring significantly reduce carbon footprint and greenhouse
gas emissions. Additionally, the simple fabrication process and ease of scalable production

further highlight the commercial viability of this sustainable self-powered pressure sensor.

6.3 Conclusions

In conclusion, this work presents a sustainable approach to the development of LIG-based
piezoresistive sensors and triboelectric nanogenerators (TENGs) using renewable materials.
The piezoresistive BC-LIG-Flix devices exhibited significant potential for various sensing
applications, such as integration into keyboard grids. A key innovation in this research was the
incorporation of a ZnO precursor solution onto the substrate prior to laser irradiation, which
enabled a novel single-step, in-situ process to enhance the functionality of LIG. The addition
of ZnO nanostructures led to a more stable and sensitive voltage output, attributed to the
piezoelectric properties of ZnO. This development expanded the application of green LIG
electrodes beyond traditional uses, demonstrating their viability for energy harvesting in
triboelectric nanogenerators. While the structural instability of LIG due to its intrinsic porosity
remains a challenge for long-term applications, the TENGs developed in this work are

particularly well-suited for single-use scenarios, where sustainability and low environmental
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impact are critical. This emphasizes the need for future research to address the long-term
mechanical stability of LIG-based devices, which could lead to their integration into smart
infrastructures and more durable, continuous-use applications. Despite these challenges, the
simplicity of the fabrication process and the scalability of production make these sustainable
devices promising candidates for industrial applications. Nevertheless, more optimization is
required to unlock the true potential of these devices. For instance, it should be assessed the
optimal mass loading of ZnO and phase that maximizes the sensors properties. Even if these
devices were developed as a starting point for applications beyond energy storage, very
promising results were already obtained. The BC-LIG/ZnO-Flix TENG developed in this study
exhibited exceptional sensitivity, achieving 0.38 mV Pa™ at low pressure levels (15 kPa-35
kPa), and 0.286 mV Pa™ at medium-to-high pressure (235 kPa). Additionally, to expand the
broader applicability of these optimized TENGs, their efficiency in powering small electronics
was tested by charging 0.47 and 4.7 yF capacitors, reaching peak voltages in approximately
23 and 30 seconds, respectively. These sensors also demonstrated effective energy
harvesting capabilities, supporting their potential for sustainable and scalable green energy
solutions. This further showcases the potential of LIG-based TENGs as a versatile solution for
low-power, portable electronics, especially in the context of smart cities and Internet of Things
(loT) devices.

Overall, the findings of this work underscore the promise of using sustainable, cost-effective
materials for the future development of sensing and energy harvesting technologies. By
advancing the understanding and functionality of LIG-based systems, this research paves the
way for environmentally friendly solutions in next-generation electronics, contributing to a

greener, more sustainable technological future.
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CONCLUSIONS AND FUTURE
PERSPECTIVES

This chapter presents the key conclusions drawn from this research and outlines future

perspectives for further development in this area.

7.1 Conclusions

The recent developments in manufacturing processes have led to a shift in focus from the
complex and costly conventional methods of graphene fabrication to more environmentally
sustainable approaches. This dissertation aimed to reduce the environmental footprint of
electrode fabrication and to provide support for the development of sustainable technology. In
this context, LIG has emerged as a material of particular interest due to its graphitic properties
and straightforward production method. Substantial efforts have been made to expand the
scope of LIG production, especially in synthesizing green LIG to promote a greener
manufacturing practice by converting bioderived materials into valuable resources. This thesis
explored various bioderived materials, particularly lignocellulosic and cellulosic substrates, for
the development of green electronics. Paper, lignin-enriched paper, and cork were selected
as precursors due for their environmental friendliness and capacity to produce high-quality
LIG. Throughout this work, it was noted that selecting the appropriate precursor for specific
applications is challenging due to numerous factors. Raw materials often offer limited
customization, making it difficult to achieve consistent and repeatable electrical properties in
LIG production. In contrast, by-products can be engineered to achieve the desired form factor,
enhancing LIG production, performance, and applicability. First, using a CO> commercial laser
system, optimal conditions were established for producing high-quality LIG on these substrates
under both inert and non-inert atmospheres. Moreover, LIG production was achieved using

different wavelength radiation. Notably, a 1.06 ym wavelength fiber laser successfully

131



Chapter 7. Conclusions and Future Perspectives

produced porous 3D LIG on agglomerated cork substrates for the first-time, achieving low
sheet resistance (7.5-10 ohm sq'), making it suitable for various applications.

These materials demonstrated the ability to produce LIG with properties comparable to, and
in some cases superior to, synthetic LIG from commercial polymeric substrates. Notably,
higher lignin content in the precursor resulted in a better conversion process and enhanced
LIG quality. Cork's high recyclability potential makes it strategically important, particularly for
Portugal, the world's leading cork producer. Pre-treatment with fire retardant was necessary
for paper substrates or when working in non-inert atmospheres, due to the low thermal stability
of cellulose compounds at the high temperatures during laser irradiation.

Bioderived LIG’s high electrical conductivity and eco-friendly production method make these
materials interesting for future technological applications. LIG-based electrodes offer high
reproducibility, low-cost, and flexible design, easily adapting to various geometries and
architectures to meet the evolving needs of the technology. While these devices may not meet
the stringent requirements of high-end electronics, they are ideal for fast patterning and
devices fabrication. This thesis also marks a turning point on LIG fundamental studies. It is
clear that for LIG production Raman and XPS are tools enough for the characterization of the
obtained materials. However, as substrates and applications become more complex further
characterization is necessary. For instance, besides the analysis of C1s spectra, other orbitals
need to be studied, namely the O1s spectra. As fire retardants and other species are used to
maximize the LIG capabilities and substrates more fundamental and chemical analysis is
required in order to understand the roles of the said species on LIG performance. As such, for
further works these considerations should be taken with extreme care.

At device level, given the current global energy scenario, developing more efficient energy
storage devices is essential. Micro-supercapacitors, with their fast charge-discharge
capabilities and long cycling life, are particularly appealing. Chapter 5 focused on producing
micro-supercapacitors using different LIG electrodes materials, electrodes geometries,
electrolytes, and configurations.

While the observed performance of these MSC provides valuable insights, it is crucial to
consider material stability and electrode-electrolyte interaction under demanding conditions
over extended cycles. Cork MSCs demonstrated robustness and longevity, making them more
suitable for real-world energy storage applications despite slightly lower capacitance retention
compared to other materials. The electrochemical properties of cork for MSCs are promising,
showing increased capacitance and long-term resistance compared to paper substrates.
These LIG-based devices offer versatility, with adjustable voltage output through stacked and

sandwich MSCs configurations, suitable for various large-scale applications. This study
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demonstrates the feasibility of creating high-quality energy storage devices based on
biodegradable materials. Implementing these electrodes in energy storage devices highlights
LIG’s potential in innovative, green, and self-sustaining platforms.

Eco-friendly, self-powered pressure sensors were developed on Chapter 6 using the DLW
technique, showing great potential for applications beyond energy storage. The integration of
ZnO into the LIG network enhanced the sensors' sensitivity and mechanical stability,
particularly under higher pressures. These sensors also demonstrated effective energy
harvesting capabilities, supporting their potential for sustainable and scalable green energy
solutions.

Overall, the strategies proposed present a promising approach for the future of green flexible

electronics, off-grid applications, and smart houses.

7.2 Outlook and future perspectives for green LIG — based
devices

Throughout this thesis, it has been shown the development of a set of LIG based devices.
While the applications of these emerging green LIG technologies are currently limited to the
academic level, mainly because they have not yet reached the maturity of other graphene
technologies and do not meet the stringent standards required for high-end electronics, there
is significant potential for future development. As we have already seen with MSCs, there is
much room for improvement in terms of device performance and potential applications. In
addition, as LIG technologies are based on sustainable, biodegradable or recyclable
substrates, they may become a viable option for some green electronics applications. LIG as
a processing technique is also regarded as a virtually “zero waste” generation method. As
such, the life cycle assessment (LCA) of LIG products should indicate a small environmental
impact of through every phase of their life. However, for LIG, or graphene production in
general, there is needed more accurate data for a proper life cycle assessment. Cossuta et
al®°, presented a comparative LCA of different graphene production routes: electrochemical
exfoliation of graphite. chemical oxidation of graphite with chemical or thermal reduction and
chemical vapor deposition (CVD). Life Cycle Assessment (LCA) models were developed for
each production method with the objective of quantifying the impacts on a "cradle-to-gate"
basis, including activities from raw material extraction and processing to graphene
manufacture. The findings of this study indicate that the material route with the least
environmental impact is chemical oxidation, followed by thermal reduction, at both laboratory

and industrial scales. To the best of my knowledge, no such studies have been conducted for
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LIG. However, given that there is no need for the extraction of raw materials, sustainable
substrates can be employed, and virtually no waste is generated, the environmental impact of
LIG should be minimal. At the end of the device's life cycle, it can be readily incinerated, or the
LIG can be recovered for further utilization, as the substrates can be recycled or safely
disposed of. Regarding the issues of biocompatibility and toxicity, LIG has not been identified
as a substance that is harmful. Consequently, it can be safely employed in medical
applications, and an inadvertent release into the environment does not present a hazard.
Although bioderived materials offer several advantages, they also face challenges such as
poor reproducibility and incomplete characterization in some studies. In contrast, synthetic
precursors, with their easily tunable atomic structure and morphology, often provide better
performance but at higher costs and with less sustainable processes. Additionally, many of the
substrates found in the literature and used in this work are by-products or waste materials from
other processes and therefore lack the optimisation found in commercial products. In this
respect, artificial intelligence could be very useful in identifying suitable substrates and how to
process and characterize LIG more quickly and in a standardized manner. For example, LIG
characterisation and optimization currently involves investigating different combinations of
power, speed and laser defocus for each new substrate. This can be a cumbersome and time-
consuming process, where Al could help identify the best conditions for laser processing and
device optimization. The existence of optimized devices based on LIG can open opportunities
for other device designs, fabrication, and commercialization. New devices usually face
difficulties in entering the market due to general mistrust and lack of product testing.

Notwithstanding these shortcomings, the utilization of LIG is encouraging due to the minimal
expense of the requisite precursor materials and the advantages of upcycling materials within
a circular economy. As a technology still in its infancy, the potential of LIG remains largely
underexplored. Bioderived LIG has the potential to play a significant role in the future of green
electronic devices, thanks to its biodegradability, which opens the door to applications in edible
and transient electronics. Furthermore, its intrinsic flexibility and expeditious production render
it an appealing option for a multitude of applications. While LIG-based devices will not entirely
supplant conventional technologies, they will undoubtedly assume a prominent role in domains
where cost and ease of manufacture outweigh the importance of high-quality performance.
Overall, the incorporation of bioderived materials in electronic applications aligns well with

sustainability objectives and presents promising avenues for future research.
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Figure S1. Optimization matrix for LIG formation onto paper, lignin-enriched paper, and cork by laser
irradiation, using different laser systems and different atmospheres, with representative pictures.
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Figure S2. Cyclic Voltammetry curves of a single device and devices connected in series and parallel
obtained at 30 mV s in (a) borax-paper (BP), (b) borax-lignin-enriched paper (BLEP), and (c) borax-cork
(BC) based LIG MSCs, reproduced with permission from % CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.
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Figure S3. Cyclic voltammetry curves of a single device and devices connected in series and parallel
obtained at 30 mV s in (a) borax-paper (BP), (b) borax-lignin-enriched paper (BLEP), and (c) borax-cork
(BC) based LIG MSCs, and corresponding (d)-(f) galvanostatic charge and discharge curves obtained at
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0.05 mA cm? reproduced with permission from ' CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/.

Figure S4. SEM images of (a) cork, (b) borax-cork (BC), (c) BC-LIG, (d) BC with ZnO precursor, and (e) BC-
LIG/ZnO.
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A.2 Supplementary equations

1

Ch=——
AT OXAXAV x5

X J(V)dV

Equation S1. Equation used for calculating the areal capacitance (Ca), based on cyclic voltammetry (CV)
measurements.

The areal capacitance, Ca, based on CV measurements, was calculated according to Equation
S1, where A denotes the total active area of the electrodes (with 1.84 cm? for the in-planar
devices produced in paper | and 1 cm? for the sandwich devices produced in paper II), AV
represents the potential window (in V), s is the scan rate (in V s™') and [(V)dV is the integrated

area of CV curve.

I x At I
%zAxszAx@g

Equation S2. Equation used for calculating the areal capacitance (Ca), based on the charge-discharge
(GCD) measurements.

The areal capacitance, Ca, based on the charge-discharge profiles, was calculated according
to Equation S2. Here [/ represents the applied current (in A), At is the discharge in time (in s),
and A denotes the active area of the MSC. In this equation, AV = V,- V4, where V:is the
potential at the beginning of discharge, post the internal resistance (IR) potential drop, while

V; stands for the potential at the end of discharge. Alternatively, the equation can also be

expressed as ;d_v where dV/dt represents the slope of galvanostatic discharge curves.

()

Cy = =2
V7™ a

Equation S3. Equation used for calculating the volumetric capacitance (Cv).

The volumetric capacitance, Cy, was calculated based on Equation S3, where d represents

the thickness of active materials used (in ym).

_ 1Ca X AV?
AT 2 3600

Equation S4. Equation used for calculating the areal energy (Ea) density.

P Ea 3600
==X
AT At
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Equation S5. Equation used for calculating the areal power (Pa) density.

The areal energy, Ea, and power, Pa, densities of the devices were calculated, according to
Equation S4 and Equation S5, respectively, where 3600 is the conversion factor transforming
Watt-seconds (Ws) into Watt-hours (Wh).

. _ 1Cy X AV?
V72 3600

Equation S6. Equation used for calculating the volumetric energy (Ev) density.

P Ev 3600
=—X
VT AL

Equation S7. Equation used for calculating the volumetric power (Py) density.

The volumetric energy, Ev, and power, Py, densities of the devices were calculated, according
to Equation S6 and Equation S7, respectively, where 3600 is the conversion factor

transforming Watt-seconds (Ws) into Watt-hours (Wh).
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A.3 Source Arduino code used to program Flexible and

Stress Machine

#define DIR_PIN 3
#define STEP_PIN 2
#define ENABLE_SM 7

setup() {
pinMode(DIR_PIN, OUTPUT);
pinMode (STEP_PIN, OUTPUT);
pinMode (ENABLE_SM, OUTPUT);

loop(){
cycles = 500;
rps = 1.5;
stopDelay = 5;

for( i=0; i< cycles; i++) {
rotateDeg(360, 1/rps);

delay(stopDelayx 1000);
}

digitalWrite(ENABLE_SM, HIGH);
while(1) { }

rotateDeg ( deg, speed){
dir = (deg > @) ? HIGH : LOW;
digitalWrite(DIR_PIN, dir);

steps = abs(deg) * (1 / 0.225);
usDelay = speed * 312.5;

for( i=0; i< steps; i++){
digitalWrite(STEP_PIN, HIGH);
delayMicroseconds (usDelay) ;

digitalWrite(STEP_PIN, LOW);
delayMicroseconds (usDelay) ;
}
}
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A.4 Source Arduino code used to program Pneumatic
Force Actuator Machine (PFAM)

dataPin = 10;
setup() {
pinMode(dataPin, OUTPUT);
}

loop() {

1750;
750;
250;
83;

a
]
©
d

digitalWrite(dataPin, HIGH);
delay(250);
digitalWrite(dataPin, LOW);
delay(b);

}
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