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Thesis Abstract

The fabrication of laser-induced graphene (LIG) via direct laser writing has emerged as a rapid,
cost-effective, and versatile method for producing 3D graphitic materials. This technique
enables precise control over porous structures, making it highly suitable for applications in
electrochemical sensing, energy storage, and energy harvesting. Since its discovery in 2014,
LIG fabrication has evolved into a significant research area. This thesis explores the
development of LIG, investigating the materials used, their essential properties, and standard
characterization techniques. The exceptional properties of LIG, such as its large surface area,
high conductivity and tuneable porosity, make it an ideal candidate for electrochemical sensors,
supercapacitors, and triboelectric nanogenerators (TENG). Particular emphasis is placed on
optimizing fabrication parameters to enhance these properties and identifying sustainable
precursor materials for LIG production. Among various carbon precursors, cork and chitosan-
biopolymer derived from shrimp shells-emerge as a promising alternative to petroleum-based
synthetic polymers due to their biodegradability, renewability, and reduced environmental
impact. This thesis presents a detailed study on LIG synthesis strategies using traditional
polyimide, cork and chitosan substrates to determine their efficiency as precursors for
graphitization and patterning. Initially, efforts are focused on optimizing LIG synthesis and
laser processing techniques on polyimide for electrochemical sensor applications. Next,
strategies for fabricating flexible, “green” LIG architectures are explored. These architectures
are further demonstrated in energy storage devices and triboelectric nanogenerators for
sustainable energy harvesting. Overall, the laser processing strategies developed in this work
highlight cork and chitosan as efficient and sustainable precursors for green-LIG synthesis. The
presented approaches emphasize the potential of LIG as a versatile material for electrochemical
and energy applications, paving the way for environmentally friendly and cost-effective

graphene-based technologies.
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Chapter 1: Introduction

1.1 2D and 3D Graphene

Graphene is a 2D carbon material, first discovered by Geim and Novoselov et al.['l in 2004 and
is characterised by a honeycomb lattice structure formed by a single-layer of sp*-hybridised
carbon atoms (figure 1.1). This hybridisation is responsible for graphene’s exceptional
properties such as electrical conductivity related to overlapping © bonds in the z-axis,”” high
surface area (2630 m?/g),*! mechanical strength (42 N/m), and Young’s modulus (~1 TPa),
related to in plane o bonds, and thermal conductivity (5 kW/mK at room temperature
compared to copper (0.4 kW/mK) and carbon nanotubes (3 kW/mK).®) Such exceptional
properties make graphene an invaluable material for catalysis,'®! sensors,”! ¥l biotechnology,™!

environmental remediation'?! and energy storage applications.!!} [12]

Figure 1.1 Schematic representation of 2D graphene

Graphene was first isolated via mechanical exfoliation of graphite,!! but over time the extensive
study of this material has resulted in a plethora of different methods being used for its
fabrication, such as liquid-phase exfoliation,!'¥) pulsed laser deposition (PLD)!'* and chemical
vapour deposition (CVD).'5] However, these methods often present some important
limitations. For example, CVD allows the growth of large areas of graphene, but it has little
control on defects and poses challenges on the removal of the graphene sheet from the

substrate;[16] on the other hand, mechanical exfoliation is effective in isolating graphene sheet
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of high quality, but it is very time consuming and allows the production of only small amounts
of graphene.l'”! Moreover, the scalability of these techniques at an industrial level still poses
challenges in terms of cost-effectiveness, quality control, and environmental impact due to the
high temperature and harsh chemicals used.!'8 In addition, when incorporated in real world

devices, 2D graphene layers tend to lose their unique properties.

Recently, the possibility to fabricate 3D graphene structures from connected 2D layers has
emerged as a valid alternative to overcome the limitations of 2D graphene while maintaining
its flexibility and mechanical stability.['?} '] 3D graphene architectures have been widely
produced since 2009 from hydrothermal/chemical reduction of graphene oxide (GO),[?%- 124
laser casting!®*! 261 and 3D printing,*” as well as through CVD.?#} 121 The large variety of
created architectures has considerably broadened the applications of graphene in energy storage
(batteries and supercapacitors), environmental protection, biomedical applications, among

others.[3"

1.2 Emergence of Direct Laser Writing (DLW) for production of
Laser-Induced Graphene (LIG)

In the quest to find scalable and cost-effective fabrication solutions, the research community is
investigating alternative techniques featuring low embodied energy fabrication processes and
high throughput. In 2014, the group of Tour ef al. has developed a direct laser writing (DLW)
technique for fabrication of graphene-like carbon materials on flexible polyimide films.B!
DLW converts polyimide into highly conductive and porous graphitic carbon patterns called
laser induced graphene (LIG) by laser scribing under ambient and mild conditions (low laser
power <5 W).B1: 32 The method is inherently environmentally friendly as the DLW transforms

only the required areas of the substrate, avoiding the unnecessary conversion of material or

wasteful production.!3!
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In the first study reporting this technique, a commercial polyimide (PI) tape (also known as
Kapton tape) was irradiated using an infrared CO; laser with 10.6 um wavelength and pulse
duration of ~14 us.B! During laser exposure, the irradiated area is subjected to localised high
pressure (>3 GPa) and high temperature (>2500°C) that causes the breaking of C-O, C=0 and
C-N bonds in the polyimide and conversion from their original hybridisation to sp>-rich
chemical structures, through aromatisation and condensation processes, essentially causing the

formation of graphene-like structures.**

Pulse duration Laser Power
Pulse energy Scan speed
Pulse number Number of scans
Pulse frequency
uv Visible IR
Uuv
Photochemical Photothermal
200-400 nm 10.6 pm
O O O T Ot O VO O O O oo e [ O DO OO O s ]
350nm 400nm 450nm 500nm 550nm 600nm 650nm 700nm 750nm 800nm
Curing — = = BioMedical - Tamgeting Machine Viision +— Traffic Applications _. ., Photo Dynamic _, __Solar Cell
‘ IIIumii'saﬁm Iliunii'laﬁnn | Therapy hsl:‘ledinﬂ
UVLED Arrays LED lluminators Laser Modules Linescan luminators ::Egﬁt'x Laser Diodes Hﬂm

Figure 1.2 Laser parameters and LIG formation mechanism

Depending on the laser wavelength, the formation mechanism of LIG can be either (i)
photothermal-dominated polymer pyrolysis (when the laser wavelength is >390nm) or (ii)
combined photothermal and photochemical polymer pyrolysis (figure 1.2).*4 Photochemical
effects depend on the wavelength of laser radiation and the mechanism of their interaction with
the bonds of the specific material and excitation of electronic states by incident photons with
adequate energy to cause bond cleavage and isomerisation. Photothermal effects are associated
to the set of laser operational parameters (power, dwell time/depth etc.) and occur as result to

laser exposure and are subject to bond breaking and rearrangements or in some cases, complete
ablation.!
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During this process, the extreme local conditions of pressure and temperature cause the

recombination of oxygen and nitrogen, with formation of gas pockets that result in formation

of a 3D structured materials with highly porous.*®) By tuning the laser setting, it is possible to

regulate the pore size and to tune surface morphology of the LIG making this material appealing

for a range of applications from catalysis to energy storage applications.l*s% [*7] Since the

discovery of this technique, different laser sources have been investigated for LIG fabrication

on different substrate materials, each with their specific advantages and disadvantages:

COz, lasers are the most widely used engraving machine for production of LIG on PI and
other polymeric materials, particularly due to the laser wavelength ranging from 9 to 11
um that interacts strongly with the C-C bond. However, the main disadvantage is the
relatively low spatial resolution, with the smallest spot size around 60-120 pm.[”]
Nd:YAG lasers (operating wavelength of 1.06 um) have been used to fabricate LIG with
sheet resistance of ~40 Q/sq.*?! However, their wavelength is poorly absorbed by carbon
structures, and the laser has also poorer beam quality compared to other laser sources, and
low energy efficiency.””!

Semiconductor diode lasers, with wavelengths of 405 and 450 nm have been also widely
investigated for LIG fabrication. Compared to the other types of lasers, their main
advantages are their higher spatial resolution of about 6-12 um, high absorption on carbon
structures, and very low cost.[*7}- 381

Fiber laser, a family of pulsed laser with ultra-short pulses (picoseconds, femtoseconds)
and high quantum efficiency of about 94%. Among them, the femtosecond laser with
wavelengths ranging between 1020-1070 nm have attracted interest for the conversion of
carbon materials into LIG** Their main advantages are a minimal photothermal ablation

and high spatial resolution, however their use for LIG production is still very limited due

to their high cost.l*”]
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e The possibility to form LIG from different substrates, initially fossil fuel derived polymers,
and later from natural materials will be discussed more in detail later in this chapter and
will be the object of the experimental work presented in Chapters 2, 3 and 4.

Among the polymers, those with high content of imide groups or aromatic units like the

aforementioned PI, but also polyetherimide (PEI) can be converted to LIG, whereas polymers

such as non-aromatic hydrocarbon simply degrade at high temperatures without converting into

LIG.B! B Moreover, a theoretical work from Green’s group found out that polyether ether

ketone (PEEK), similarly to PEI, converts in LIG with high surface area.[**! Their simulation

also revealed that polycarbonate (PC) generates LIG with molecular structure characterised by
many five- and seven-membered rings. Polybenzimidazole (PBM), however, was found to be

the best LIG candidate thanks to the absence of oxygen in the polymer chain.l*7 ¥

Figure 1.3 Examples of patterns obtained with DLW technique on Polyimide (PI)

In summary, the DLW technique has the great advantage of versatility of design, since virtually
any pattern shape can be created (figure 1.3). The direct patterning of the substrate allows to
convert a minimal amount of material, avoiding waste surplus, and does not require chemical
precursors nor masks. The fabrication conditions are mild, with laser patterning being

performed at room temperature and ambient conditions. The laser equipment is low cost, since
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inexpensive hobbyist lasers can be used to perform DLW, and the technique is suitable for roll-
to-roll scale up to wafer scale and above. Moreover, the LIG obtained from this technique has
relatively low sheet resistance (< 50 €/sq) and high porosity that makes them suitable for
electrochemical applications.

1.3 LIG Physical property characterisation

Many factors determine the quality of the LIG and its suitability for electrochemical
applications: the bonding structure, chemical structure and crystallinity, the hydrophobicity,
the morphology with presence of defects and pores, the electrical properties. To assess them,

several morphological, physical and chemical techniques are used.

1.3.1 LIG surface morphology

The morphology of LIG is usually assessed via Scanning Electron Microscopy (SEM)
technique. Examples of the typical LIG SEM micrograph are represented in figure 1.4. The
thickness of the LIG film formed can be accessed via cross-section imaging (figure 1.4a). The
surface is characterised by a highly porous structure and 3D that formed from the explosion of
trapped gas pockets during the DLW process (figure 1.4b). Qualitative information on the pore
size can be obtained by high magnification SEM images, while a quantitative and more accurate
information can be obtained via Brunauer-Emmett-Teller (BET) analysis. Another interesting
feature visible in the SEM micrographs is the presence of depressions and elevations like
valleys and peaks, which are formed during the DLW of the substrate by the raster movements
of the laser. As mentioned previously, it is possible to tune the surface morphology of the LIG
by changing the laser irradiation condition.

The transmission electron microscope (TEM) image shows LIG structures with nanoscale
wrinkles and rippled surface (figure 1.4c). The high-resolution TEM (HRTEM) image also
shows the LIG layers contain plenty of graphene edges providing higher active surface area

accessible for improved electrochemical performances (Inset of figure 1.4c). An example of
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LIG fibers, consisting of bundles of conical fiber structures with an average diameter of
approximately 50—70 nm and a typical length of around 100-200 pm, is shown in figure 1.4d.
This LIG morphology is notably different from that shown in figure 1.4b, exhibiting a more

fibrous and elongated structure.

Figure 1.4 SEM micrographs of (a) Cross-sectional LIG on PI substrate with both sides scribed with
laser to form graphene, (b) LIG films showing a porous 3D network, (¢) TEM image of a LIG thin film
showing nanosized wrinkles and ripples (Inset is a HRTEM image of a LIG nanosheet showing
numerous graphene), ¢) fibrous LIG surface. Panels a) b) and ¢) adapted from [40]. Copyright 2015,
ACS Publishing Group; panel 31 d) adapted from [41] Copyright 2020, ACS Publishing Group.

1.3.2 LIG sheet resistance

The Transmission Line Measurement (TML) technique can be used to determine the sheet
resistance (Rsy, measured in €/sq.) of LIG materials. TLM structures characterized by a
specific aspect ratio are examined for resistance measurements across different lengths, L;. The
track resistance for a segment of material situated between two probes is connected to L;

through the following equation: Ri= Rcr + (Rsu % Lij)/W
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where R; is the track resistance, Rcr is contact resistance, Rsy is sample’s sheet resistance, and
W is the track width. By taking multiple measurements it’s possible to create a plot of R; versus
L; that can be used to determine Rsy and Rer via linear regression.

For LIG materials, the sheet resistance Rsu varies in a wide range, from less than 15 €/sq. to
above than 100 Q/sq.!» ¥ This is due to the different laser conditions and substrate material
used for the LIG fabrication. For the majority of LIG applications, a low value of Rsy is

required.

1.3.3 LIG chemical characterisation

The surface chemical characteristic can be investigated via X-Ray photoelectron spectroscopy
(XPS), a particularly powerful tool for surface analysis thanks to its surface sensitivity (ca. 10
nm), its ability to differentiate the chemical environment, and the possibility to perform
quantitative analysis of the surface chemical composition.[*’! The kinetic energy of the photo-
excited electrons that escape the sample surface as consequence of the X-ray bombardment
provides information on the binding energy and allows the identification of the element and of
its bonding state. For the characterisation of LIG, the regions of interest are the Cls and Ols.
In the case of doped LIG, regions relative to the dopant elements may be of interest too, such
as Nls and Bls in the case of doping with Nitrogen and Boron respectively, two common

dopants used in LIG.
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Figure 1.5 Example of typical Cls deconvoluted spectra. Reproduced from [38].
Copyright 2015, IOP Publishing Ltd.

An example of the typical C1s peak spectrum is shown in figure 1.5.4*) As shown in the figure,
the Cls peak can be deconvoluted into several contributions, obtaining information regarding
the orbital hybridization of C atoms and their bond: C=C sp?, C-C sp®, C-OH, and C=0. It is
also possible to assign additional peaks, such as an extra pi-pi transition peak and a COOH
peak.[*]

The binding energy of the C-C sp® peak is 284.5 eV, while the C-C sp® peak is at around 285
eV.[46- 47l Functional groups like C-OH, C=0 and COOH show positive shifts of about 1.5, 2.5

48] Tn the case of LIG materials, the successful

and 4 eV respectively in the binding energy.
conversion of the substrate into a graphitic material is represented by a high content of sp* C-
C, and its ratio compared to other C contributions gives information about the quality of the
DLW. The Auger spectra can be also used to discriminate the nature of the sp® bonding and
thus determine if the material presents more similarity to graphite or graphene. The D parameter
obtained from the KLL Auger spectrum represents the difference between the maximum and
minimum of the first derivative of the C KLL spectrum.[*! More specifically, the typical D

values for graphene are 13.5 — 15 eV, while graphite shows a typical value of about 21 eV.

The Ols peak gives information on the oxygen content of the LIG sample, an important
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parameter when investigating the chemical reactivity, electrochemical activity and
hydrophilicity.
Another important tool for the chemical characterisation, specifically for determine the overall

quality of the graphene, the number of layers, disorder and defects is the Raman

[51], [52

spectroscopy. I Figure 1.6 shows a comparison between the pristine single layer graphene

spectrum and the multilayer disordered graphene.l!]
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Figure 1.6 Comparison of Raman spectra of pristine single layer (top) and disordered multilayer

(bottom) graphene. Reproduced from [51]. Copyright 2013, Nature Publishing Group.

Single layer bare graphene Raman spectra (figure 1.6 top) present two characteristic peaks: the
G band, generated by the high frequency E2g phonon, is always located in the range of 1500 —
1630 cm™ .53 The 2D band, due to breathing modes of the graphene ring, is still present despite
the absence of D peak. This has been associated to the conservation of momentum by two
phonons with opposite wave vectors.’!! By comparison, the Raman spectrum of disordered
multilayer graphene (figure 1.6 bottom) shows an intense D peak usually located at about 1355
cm’! that is associated with the presence of defects in the graphene structure. When comparing

graphene-like materials, the degree of disorder can be determined by calculating the intensity
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ratio of D to G peak (Ip/Ig), where Ig, is related to modes of sp? atoms while Ipis related to six-
membered rings.l*> The Ip/Ig ratio correlated to the G band position can be used to discriminate
between crystalline and amorphous carbon species (figure 1.7).

Graphlte Nanocrystallite ~ Amorphous Tatrahedral sp3
Q < & graphite carbon carbon

Ip /I ratio
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1

Figure 1.7 Correlation between Ip/I ratio and G band position. Reproduced from [42].

Copyright 2013, John Wiley and Sons.

In particular, Ip/Ig = 0 is associated to pristine crystalline graphite. As disorder increases, the
Ip/IG ratio will initially increase too. However, further increases of disorder will cause the nano-
crystallite graphite to become more distorted and smaller, and its aromatic ring might open
eventually turning into amorphous carbon, causing Ip to decrease compared to Ig, and the Ip/Ig

ratio to decrease as well.l>* In graphene materials, the 2D peak gives additional information
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useful to clarify the crystallinity content of the material. The Iop/Ic ratio is used to give a
measure on the layered nature of produced graphitic structures and usually increases with the

increase in laser operation coordinates.

1.3.4 Electrochemical characterisation

The LIG’s exploded highly porous surface also rich in defects is particularly suitable for
electrochemical applications. In fact, the presence of five- and seven-membered carbon rings
and oxygen functional groups enhances the catalytic activity of the material by exposing edge
defects. These sites, characterized by sp® hybridization and functional groups such as carboxyl
and ether groups, are more reactive than the basal plane of graphene. The high density of edge
defects correlates with fast electrochemical reaction kinetics, making LIG a promising material
for sensing and energy applications. For what concerns the electrochemical sensing, LIG is
usually used in a three-electrode configuration, whereby LIG is used as working and counter
electrode, in combination with Ag/AgCl reference electrode. For energy storage applications,
LIG is used as electrode material in combination with an electrolyte solution. Both applications
will be discussed more in detail later in this thesis.
The techniques used for electrochemical characterisation are the following:
e Cyclic voltammetry (CV) is a potential sweep technique where the working electrode
potential is varied linearly in a potential range between two values (switching potentials).
e Differential Pulse Voltammetry (DPV) is an electrochemical technique in which small
potential pulses are superimposed onto a linear potential ramp. The method measures the
difference in current before and after each pulse, producing a peak-shaped waveform. This
enhances sensitivity and enables better discrimination of analytes with similar oxidation

potentials.>4!
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Square Wave Voltammetry (SWYV) is a staircase voltammetric technique that applies a
symmetric square-wave pulse over a staircase potential waveform. This method minimizes
non-faradaic contributions and offers higher sensitivity compared to DPV.[5%]
Chronopotentiometry (CP) is a galvanostatic technique where a constant continuous
current is applied to the working electrode and the subsequent potential change between
working and counter electrode is recorded over time. It is widely used for
electrodeposition, material characterization, and reaction kinetics analysis. In CP
measurements, a constant current is switched on at time t, and off at t;, while the time-
dependent potential response is recorded. The response curve typically exhibits key
features such as transition time and discharge time, which provide insights into ion
transport and concentration dynamics in the electrode/membrane interface. The limiting
current density is identified where the apparent resistance reaches a maximum due to co-
ion depletion. ¢!

Electrochemical Impedance Spectroscopy (EIS) involves perturbing an electrochemical
system that is already at a steady state or at equilibrium by applying a sinusoidal AC
voltage or current across a broad frequency range. The system's response, in the form of a
corresponding sinusoidal current or voltage, is then recorded. Since the electrochemical
system is assumed to be linear and time-invariant meaning its output remains
proportionally related to the input without changing over time- EIS functions as a transfer
function technique. It characterizes the relationship between the applied AC signal and the

resulting system response across various frequencies.®”]

To perform a qualitative analysis of the behaviour of an electrode CV is the most suited

technique, while other voltametric or amperometric methods are more suited for quantitative

analysis. This is due to the inherent limitations in the precision of peak current measurements

obtained from CV, superimposed to a background charging current, resulting in uncertainties
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during correction. Electrochemical techniques such as chronoamperometry, EIS, DPV, SWV
etc. are frequently employed, with the latter two methods offering the advantage of being
unaffected by charging phenomena.®!

The electrode-solution interface is where the heterogeneous electrochemical reaction take
place. The reaction rate is an important parameter in electrochemistry and depends on both the
kinetics of electron transfer at the surface and the mass transfer of analyte towards the electrode.
When convection is absent, the only contributions to mass transfer come from migration
(molecule’s movement as consequence of a potential gradient) and diffusion (molecule’s
movement as consequence of a concentration gradient). To simplify the electrochemical
reaction, it is possible to use a supporting electrolyte composed of an excess concentration of
non-electroactive ions. This will eliminate the potential gradient, so that the mass-transfer
mechanism is dominated by diffusion.®!

The kinetics associated with electron transfer at electrode surfaces are represented by the
universal heterogeneous electron transfer (HET) rate constant, denoted as ko (cm s™). In the
context of reversible electrochemical reactions, a potential difference, AEp, of 59/n mV is
observed at 25 °C, where n represents the number of electrons participating in the charge
transfer process.>®! This AEp value is typically observed during cyclic voltammetry (CV) of
LIG electrodes, characterized by high ko values at low scan rates (v). However, as v increases
significantly, the rates of electron transfer begin to compete with the rate of the varying
potential.>®! This results in a positive shift in the peak position for oxidation and a negative
shift in the peak position for reduction, causing an overall increase in AEp. The region in which
electrode reactions are classified as quasi-reversible (200 mV > AEp > 60 mV) is particularly
valuable for examining the kinetics of these reactions. This analysis is facilitated by the

Nicholson method,®! which correlates AEp and v to k° through dimensionless parameter V'

LI’1<°()

nnFDov
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where Do and Dr are the diffusion coefficients of the oxidised and reduced analyte forms
respectively, a is charge transfer coefficient, R is the universal gas constant, T is temperature
in °Kelvin, F is the Faraday’s constant and » is number electrons transferred in the redox

reaction. ¥ is derived from AEpby the equation,*”!

_ (—0.6288 +0.0021nAEp)
(1-0.017nAEp)

Conducting a characterization of a standard redox couple, such as [Fe(CN)s]*"*

, provides a
framework for comparing the electrochemical performance of various LIG electrodes alongside
other electrode materials. In the context of a diffusion-controlled reversible reaction, the

relationship between the peak current (Ip) in cyclic voltammetry (CV) and the varying potential

scan rate (v) is described by the Randles-Sevcik equation!®!-[62];

FvD
Ip = 0.4463 nFAC ("}T’;)W

where 4 denotes the electrochemically active area of the working electrode in square
centimetres (cm?), C is the bulk concentration of the redox species (mol/cm?), with all other
symbols retaining their previous definitions.

The primary conclusion drawn from this equation is that the current response (Ip) is directly
proportional to the square root of scan rate (v'2). This linear relationship provides clear
evidence of the reversible nature of electrode reactions, consistent with theoretical predictions.
Furthermore, the equation facilitates the determination of electroactive area of the working
electrode. The unique microstructural features of LIG enable the analyte to interact with a
broader surface area than the 2D area of the electrode. By analysing the impedance profile
provides insights into the interactions between the analyte and the intricate peaked, valleyed,

and porous architecture.
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1.3.5 Electric Double-Layer Capacitance (EDLC)

According to the Electric Double-Layer Capacitance (EDLC) mechanism, energy is stored
electrostatically through a non-faradic charge separation at the electrode—electrolyte interface.
In an EDLC, ions in the electrolyte accumulate on the surfaces of active carbon electrodes of
opposite polarity, forming an electric double layer (EDL) when the capacitor is charged.
Positive and negative charges accumulate on opposite electrodes across a separator, as

illustrated in figure 1.8.

Electrolyte

Bo055506¢

11 ]

Current Collector

+++I¢'

Carbon Electrode —I Stern Layer

Separator

Figure 1.8 Schematic illustration of charge separation between oppositely charged electrodes through

electric double layer capacitance (EDLC) mechanism. Adapted from [63]. Copyright 2024, Elesevier.

Stern Model of Electrical Double Layer

The Stern model,'®* proposed in 1924, combined the Helmholtz and Gouy—Chapman models,
to describe the interfacial charging phenomena. This model refines earlier EDL theories by
combining the compact layer (Helmholtz) concept!®> with the diffuse layer (Gouy—Chapman)

description!®®, while recognizing finite size of ions and their hydration shells. According to

Stern:
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¢ Jons have nonzero radius, so their centres cannot approach the electrode closer than
the hydrated radius.
e Some ions can be temporarily adsorbed to the surface by electrostatic or van der
Waals interactions, overcoming thermal motion.
In more advanced treatments, specific adsorption via covalent, coordination, or hydrogen
bonding is also considered. In the Stern model, the EDL is divided by a Stern plane
(approximately one hydrated-ion radius away from the electrode) into two regions:
e Stern (Compact) Layer
This layer (sometimes called the Helmholtz layer) contains ions and solvent molecules
closely bound to the electrode surface. The potential drop across it is nearly linear,
behaving like a parallel-plate capacitor. It is bounded by the Inner Helmholtz Plane (IHP)
(for specifically adsorbed species) and Outer Helmholtz Plane (OHP) (for solvated ions).
o Diffuse (Gouy—Chapman) Layer
Beyond the Stern plane lies the diffuse zone, where ions are mobile and distributed
following the Boltzmann distribution. Here the potential decays exponentially into the
bulk electrolyte. The characteristic screening length is the Debye length.

Mathematically, the total EDL capacitance Cg;is expressed as a series combination:

1 _1 1
Ca Cy Cp

where Cyis the compact (Helmholtz) layer capacitance, and Cpis the diffuse (Gouy—Chapman)
capacitance. At high ionic strength, Cpbecomes large (diffuse layer is thin), and Cy4;approaches
Cy. At low ionic strength, the diffuse contribution becomes significant.

In supercapacitors, energy storage primarily arises from charge separation within the EDL as
described by the Stern model. This model helps explain how ion concentration, dielectric
properties, and surface potential influence overall capacitance. Porous electrodes such as

activated carbon or graphene,'¢”! with high surface areas and tunable surface chemistry, enhance
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the EDL capacitance.[®! As this charge storage mechanism is non faradaic in nature and does
not involve electron transfer or redox reactions at electrode surface, the electrode materials and
their structure remain unaltered over time providing extended cycle life and fast charge—
discharge kinetics. The capacitive behavior of EDLCs is commonly characterized by cyclic
voltammetry (CV) and galvanostatic charge—discharge (GCD). Experimentally, non-ideal
capacitive behaviour observed in electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry is often modelled using equivalent circuits containing constant phase elements

(CPEs) to account for surface roughness and structural heterogeneity.

Limitations of the Stern Model
Although the Stern model significantly improves upon earlier Helmholtz and Gouy—Chapman
models, it has certain limitations:
e [t does not fully account for specific ion adsorption via covalent or coordination
interactions.
o It neglects solvent reorganization near the electrode interface.

e [t oversimplifies finite ion size and confinement effects in nanoporous electrodes.

1.3.6 Non-faradaic (charging or capacitive) currents

In voltametric experiments, the total measured current consists of two components:

e Faradaic currents: Originating from charge transfer during redox reactions, and
e Non-faradaic currents: Arising from electrical double layer (EDL) at the electrode—

electrolyte interface during charging and discharging of the electrochemical system.

When the electrode potential is varied during a scan, ions in the electrolyte rearrange near the
electrode surface to maintain charge balance. This redistribution generates a time-dependent
charging current even in the absence of any electrochemical reaction. Such current reflects

electrostatic charge storage within the EDL rather than any chemical transformation at the
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electrode. The charging current (i) is directly proportional to both the double-layer capacitance

(C4) and the scan rate (dV /dt),’®) and is expressed as:

¢ dv
le = Lal dt
Thus, the faster the potential is swept, the greater the charging current observed. This

relationship is frequently used to estimate C;;by measuring i.at different scan rates.

In cyclic voltammetry (CV), charging currents appear as rectangular or triangular
background currents in the absence of redox peaks. This shape is characteristic of purely
capacitive behaviour, such as that observed in electric double-layer capacitors (EDLCs),
where current reverses instantaneously with the change in scan direction due to rapid

charging and discharging of the EDL.
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Figure 1.9: (a) Idealized cyclic voltammogram (CV), (b) Galvanostatic charge-discharge (GCD)
illustrating charging currents in a purely capacitive system. Adapted from [69]. Copyright 2018, ACS

Publications.

The cyclic voltammetry (CV) plot exhibits a rectangular-shaped current—potential (i—V) curve
(Figure 1.9a), while the corresponding galvanostatic charge—discharge (GCD) profile displays
a triangular chrono-potentiometric (V—t) curve (Figure 1.9b). These shapes are characteristic
features of electric double-layer capacitive (EDLC) behaviour. During the forward potential

sweep, current flows as the electrical double layer (EDL) charges, resulting in a nearly constant
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current plateau. Upon reversal of the potential, the current polarity inverts symmetrically,
representing the discharge of the EDL. The absence of redox peaks confirms a non-faradaic
process, in which energy storage occurs purely through electrostatic charge separation at the
electrode—electrolyte interface. In the GCD curve, a small voltage (IR) drop is typically
observed at the start of the discharge process, attributed to the equivalent series resistance
(ESR) of the system. This ESR originates from the solution resistance and the interfacial
resistance at the electrode—electrolyte boundary, both of which influence the overall power

performance of the supercapacitor.[’"’

1.3.7 Equivalent Circuit Models

The electrochemical behaviour of the electrode—electrolyte interface can be represented by
electrical equivalent circuit models (ECMs), which describe the interfacial charging
processes—particularly in systems dominated by non-faradaic (capacitive) behaviour. These
models are essential for interpreting data obtained from Electrochemical Impedance
Spectroscopy (EIS) and for understanding charge transfer resistance, ion transport, and double-
layer formation at the interface.l”! The two most commonly used ECMs to fit EIS data for non-
faradaic interfaces, such as in Electric Double-Layer Capacitors (EDLCs), are the R—C model
and the R-CPE model.
R-C Equivalent Circuit Model
In its simplest form, the electrode—electrolyte interface can be modeled as a resistor (R) and a
capacitor (C) connected in series or parallel.

e The solution resistance (R) represents the combined resistance of the electrolyte,

separator, wiring, and electrode material. It accounts for all frequency-independent

ohmic losses within the system.
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e The double-layer capacitance (Cai) represents the ability of the electrical double layer
(EDL) at the interface to store charge electrostatically. In the ideal case, this capacitor
models a perfect, purely capacitive charge—discharge process.

In a non-faradaic system, such as an EDLC, no charge transfer occurs across the electrode—
electrolyte interface. The R—C model effectively captures the electrostatic behavior of such
systems. In EIS, the Nyquist plot typically exhibits a near-vertical line at low frequencies,

characteristic of ideal capacitive behaviour. The impedance of a simple R—C circuit is given

1
by: Z(w) =R + ot

where w is the angular frequency and j = v—1.

R—-CPE Equivalent Circuit Model

In practical systems, the electrode—electrolyte interface rarely behaves as a perfect capacitor
due to surface roughness, porosity, inhomogeneous current distribution, and non-uniform ion
adsorption. To account for this non-ideal capacitive behavior, the capacitor in the R—C model
is replaced by a Constant Phase Element (CPE).l?]

The impedance of a CPE is expressed as:
p 1
CPE =~ 77,1
QUw)"

where:

Q is the CPE constant (with units of F-s™1),

n is the phase factor (0 <n< 1), indicating deviation from ideal capacitive behavior.
When n =1, the CPE behaves like a pure capacitor; when n=0, it behaves like a pure resistor.
Intermediate values of n represent distributed or fractal interfaces, typical of porous or
heterogeneous electrodes commonly used in supercapacitors. The R—CPE model is thus widely
used in EIS fitting to represent non-faradaic interfacial charging processes exhibiting

frequency-dependent capacitance.
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Figure 1.10 Equivalent circuit models for non-faradaic electrode—electrolyte interfaces.
(a) R—C model, representing solution resistance (R;) in series with double-layer capacitance (Ca).
(b) R-CPE model, where the ideal capacitor is replaced by a constant phase element (CPE) to account

for surface roughness and non-uniform charge distribution.

Non-Faradaic Systems and EIS

These models are widely applied in EIS fitting to interpret the capacitive behaviour of electric
double-layer capacitors (EDLCs) and other non-faradaic electrochemical systems. In non-
faradaic systems, such as EDLCs, charge storage occurs solely via electrostatic accumulation
of ions within the EDL, with no electron transfer or redox reaction taking place. Equivalent
circuit models such as R—-C and R—CPE accurately describe the frequency-dependent
impedance associated with this process.!*8 Since non-faradaic interfaces do not involve charge
transfer (redox reactions), they do not include the parallel (Charge Transfer Resistance) or the
Warburg element (Zw) typically found in the Randles circuit, which is used for faradaic (redox-
active) systems. In a typical EIS analysis:

e The high-frequency region corresponds to the solution resistance (Rj).

e The mid-to-low frequency region reflects double-layer charging, represented by Ca

(ideal case) or CPE (non-ideal case).
e A near-vertical line in the Nyquist plot signifies ideal capacitive behaviour, whereas a

tilted line indicates non-ideal or distributed capacitance due to electrode heterogeneity.
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1.4 LIG electrochemical properties

LIG has emerged as a particularly advantageous electrode material, due to its adjustable surface
properties, high surface area and density of defects. To establish the suitability of LIG for
electrochemical applications, its performance has been assessed using standard redox
mediators. The as-fabricated LIG, without any surface modifications, has shown rapid electron
transfer kinetics for a range of reactions. The electron transfer kinetics of the ferri/ferrocyanide

reaction ([Fe(CN)s]>"*) or the hexa-amine-ruthenium reaction ([Ru(NH3)s]>"**

) have been
utilized for LIG electrode characterization, given their well-documented and reversible one-
electron transfer nature. Nayak et al., in their pioneering study on LIG-based electrochemical
sensors fabricated via DLW of PI using a CO: laser, evaluated the heterogeneous electron
transfer (HET) rate constant (ko) for both inner-sphere and outer-sphere redox mediators.[”’!
For [Fe(CN)s]* and [Ru(NHs)s]**, the HET rate constants were determined to be 0.1150 cm-s™
and 0.0868 cm-s™', respectively-significantly higher than those reported for similar carbon-
based electrodes. This enhancement was attributed to the binder-free 3D porous structure of
LIG, which provides an abundance of edge-plane sites. Furthermore, the anchoring of Pt

nanoparticles on LIG further improved ko to 0.2823 cm-s™ and 0.2312 cm-'s™ for inner- and

outer-sphere redox mediators, respectively, due to their additional catalytic contribution.!”*!

Interestingly, Burke et al. [*3 reported that LIG produced from inexpensive diode laser (450nm)
showed promising sensing capabilities that are comparable with LIG electrodes fabricated with
CO:; laser engravers and with other carbon allotropes.!”?! In their study, the authors employed a
three-electrode system, with LIG as the working electrode, a Pt wire as the counter electrode,
and Ag/AgCl as the reference electrode (figure 1.11). They observed a minimum peak potential
difference (AEp) of 74.5 mV for the [Ru(NH3)s]*”** redox mediator, which is lower than the

average AEp value of 85.6 mV reported for pristine LIG fabricated using a CO> laser.

35



0.25

a) —=—[Fe(CN),J* b) 10
—e—[Ru(NH,).J”
__ 0.204 —_
2 i
o —
2 0.154 €
w g
=5 mVis
= 5 — 10 m\iis
0.10- (8] 5. —20mVis
— 50 m\Vis
— 100 mVis
- 200 mVis
0.05 . . . . . A04— r r : T
20 40 60 80 100 120 06 04 02 00 02 04
i i entia vs
Dwell time (ms/pix Potential Ag/AgCl
3
cl dl 1.2
24 1.0 iﬂ
- — 0.84-,,
Ny 2 o6]
— 00 0.1 02 ﬂ_l 04 08
- 0 ‘E 0.4 Potential (V)
5 € 02
= 5
=5 © 0.04
= -2~ -0.2-
i) 0.4
T T v T T T T T T ‘05 T T T T T T
01 00 01 0.2 03 04 05 01 02 03 04 05 06
Potential (V) vs Ag/AgCI Potential (V) vs Ag/AgCl

Figure 1.11 Electrochemical characterisation of LIG electrochemical sensors. a) AE, for 5 mM

[Ru(NH3)6]*"*" and [Fe(CN)s]*"* electrolytes; b) CV of LIG electrodes at different scan rates using
[Ru(NH;3)6]*73" electrolyte (inset: oxidation peak currents vs. square root of potential scan rates); ¢) CV
of LIG electrodes at different scan rates using [Fe(CN)s]*"* electrolyte; d) CV of benzocaine (0.5 mM)
at LIG working electrode (inset: SWV response of the same). Reproduced from [38]. Copyright 2020,
ACS Publications.

This result aligns with the 74.5 mV average AEp value recorded for Hybrid LIG/Pt electrodes
in previous studies.!”* Similarly, for the [Fe(CN)s]*"* redox system, they found a AE, value of
85.6 mV, which closely matches the literature-reported average value for pristine LIG
electrodes.l”3! The average HET rate constant (ko) value for [Ru(NH3)s]**" electrolyte was
0.0146 £ 2.08 cm/s, which was comparable to other sp? carbon materials, such as graphene on
a copper electrode ((15 + 2) x 107 cm/s) and Q-graphene (18 x 107 cm/s) reported in

»[75

literature.[*» 73] The authors also found favourable electron transfer (ET) kinetic compared to

those of single layered graphene (1.1 x 1073 cm/s), quasi-graphene (1.6 x 107> cm/s), and
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graphite-based electrodes (edge plane pyrolytic graphite EPPG = 8.8 x 10~ c¢m/s and basal
plane pyrolytic graphite BPPG = 38 x 1073 cm/s)."8) The uniqueness of this result originates
from the nature of the [Ru(NH3)s]*>"3" electrolyte as an outer-sphere redox mediator, which is
insensitive to the electrode surface structure and the presence of oxygen-containing species.
Instead, its electron transfer process is primarily influenced by the density of electronic states
(DOS) at the electrode. As a result, the reversible redox reaction on the LIG electrode is
primarily enabled by the increased density of electronic states (DOS) at the graphene edges,
which are more reactive than the basal planes. This enhanced DOS, combined with the highly
porous 3D structure at edge sites, facilitates faster electron transfer kinetics, improving the

overall electrochemical performance.*®]

1*7* electrolyte, that is sensitive to both the

Using an inner-sphere redox mediator, [Fe(CN)s
electrode surface structure and oxygen content, the average heterogeneous electron transfer
(HET) rate constant (ko) was determined to be (13 + 1) x 1073 cm-s™. This value is comparable

to HET rate constants reported for CVD-grown graphene (CVD-Gr) and Q-graphene.[”3}- [74]

1.5 LIG electrochemical sensors from visible lasers

Following the establishment of LIG suitability for electrochemical applications, many authors
have reported its use for sensing. In a pioneering work from Vaughan et al.’”!, LIG electrodes
fabricated with visible laser were used to detect and differentiate different biomarkers such as
dopamine (DA), ascorbic acid (AA) and uric acid (UA) in solution. To this end, a mixture
solution of DA (1 mM), AA (1 mM), and UA (1 mM) in 0.1 M phosphate buffer saline (PBS)

was investigated via CV and DPV (figure 1.12).
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Figure 1.12 a) CV and b) DPV of 1 mM DA, 1 mM AA, and I mM UA in 0.1 M PBS; ¢) DPV response
of DA at different concentrations in 0.1 M PBS in presence of 1 mM AA (inset: concentration vs current

response for DA with same setup). Reproduced from [67]. Copyright 2020, ACS Publications.

As shown in figure 1.12a, the CV scan performed on the mixture of the three biomarkers at 100
mV/s scan rate presented well-defined oxidation peaks at 0.218 V (corresponding to DA), 0.044
V (corresponding to AA), and 0.389 V (corresponding to UA). The good separation of these
oxidation peaks reflected the capacity of LIG electrodes for the selective analysis of separate
species, superior to screen printed electrodes. Good peak separation was also observed for the
DPV analysis of the same system (figure 1.12b), further confirming the possibility to easily
identify concomitant species. The observed peak potential separation values were smaller than
those reported for graphene-based electrodes and were comparable to those of graphitic carbon
electrodes with enhanced catalytic properties. These improvements have been previously

achieved through post-deposition of Pt or PEDOT on the surface of LIG materials synthesized
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via CO2 DLW of P13} 781 This high selectivity observed in the LIG graphitic carbon electrode
material was attributed to a synergistic effect of improved electron transfer linked to its porous
structure, increased catalytic activity influenced by its abundance of edge planes and functional
groups available on LIG surface, and extensive 3D porous structure to facilitate the accessibility
of molecules. DPV of dopamine (DA) at different concentrations ranging from 5 to 100 uM
shows prominent responses while maintaining a constant concentration of 1 mM ascorbic acid
(figure 1.12c). In this case it was observed an increase in the oxidation peak current at 0.172
V, associated to the increase in dopamine (DA) concentration, while conversely oxidation peak
at —0.44 V, related to ascorbic acid (AA), showed minimal variation in current response. This,
once again, highlighted the electrode's strong ability to differentiate between potentially
interfering species. Moreover, it is important to note that in this reported work the LIG electrode
was fabricated using inexpensive and low-power blue lasers (450 nm) typically employed by
hobbyists, and they were utilized without any subsequent enhancement processes obtaining
results that were comparable with those reported in literature for electrodes produced with
expensive and high-power CO> laser engravers as well as post-fabrication enhancements like
Pt or PEDOT deposition to improve their electrocatalytic properties.[> 8! Additionally,
compared to earlier reported electrodes fabricated through 405 nm laser treatment, the

electrodes Eoghan et al. reported |77}

still exhibited greater sensitivity for dopamine (DA) and
enhanced distinguishing capabilities from mixtures of DA, AA and UA. These results are

particularly important, as they pave the way to the possibility to develop highly sensitive LIG

electrode for biosensing application at a relatively low-cost and with low footprint impact.
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1.6 Direct Laser Writing for Green LIG (gLIG) Production

Recently, there has been increased interested in using substrate materials beyond PI to produce
LIG. Particularly, significant advancements have been reported in the fabrication of green LIG
(gLIG) materials from renewable, eco-friendly bio-based carbon sources. This innovation has
enabled the development of sustainable materials and their use into electronic devices, offering
solutions to the increasingly concerning issue of electronic waste (e-waste) cause by disposal
of electronics.””) Various natural substrate materials such as coconut husks, wood and barks
(cork), as well as paper and cloth have been proposed as precursors for green DLW, due to their

s.18% These use

abundance, renewability and opportunities for upcycling of wate from biomas
natural bio-sources can be classified in different categories, depending on their composition:
e Cellulose, an extremely abundant carbohydrate polymer that is the main component of plant

(793 811 This aliphatic compound can be further processed to fabricate paper and

cells” walls.

cotton textiles.®!! Its structure in composed of B-1, 4-linked glucose monomers with

approximately equal quantity of elemental carbon and oxygen in its functional groups. These
monomers form complex structures such fibrils and fibres through hydrogen bonding
between oxygen containing functional groups both at intra and intermolecular levels.[””]

o Lignocellulose materials originate from natural raw materials such as wood, cork, and
leaves and are characterised by the presence of aromatic chemical structures, which facilitate
conversion and aromatisation.””* 321 For example, lignin is an amorphous, branched
aromatic polymer, rich in benzene rings bound to various functional groups. Its structure
consists of three distinct aromatic ring substitution patterns: guaiacyl, p-hydroxyphenyl, and
syringyl monomers.!”?!

e Chitosan, a bio-product of chitin deacetylation. Its structure is a copolymer of D-

glucosamine and N-acetyl-D-glucosamine in different percentages that depend on the degree

of deacetylation. Moreover, the presence of positive ionic charge on chitosan makes it
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possible to bind it to negatively charged substances.[®¥ Chitosan can be sourced from
exoskeletons of crustaceans, crabs and shrimps, whose high porosity, biodegradability, non-
toxicity and biocompatibility have already made it the ideal candidate for bioengineering
applications.[®* [¥3] Chitosan-based films have already shown compatibility with screen
printing techniques, with a Young’s modulus of 151 kPa, good electrochemical response

and biocompatibility suitable for wearable sensing applications. !

1.6.1 Direct Laser Writing for gLLIG production from bio-sources

The formation mechanism of gLIG from bio-sources via DLW technique follows similar
principles of those presented earlier in this chapter for the conversion of synthetic polymers:
graphitization takes place through photo-thermal and/or photochemical mechanisms, leading
to the transformation of surface carbon atoms from sp® to sp? hybridization. The specific
chemical reactions involved in DLW process are largely influenced by the composition of
substrate materials based on aromatic or aliphatic monomer units. Additionally, the choice of
laser system and its operational parameters play a crucial role in governing this conversion
process, particularly by affecting bond cleavage, molecular rearrangement, and the efficiency

of synthesizing the graphitic carbon structures characteristic of gLIG. (figure 1.13).["!
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In the context of gLIG synthesis, the interplay of photochemical and thermochemical
mechanisms promotes the bonds breaking and rearrangement within chemical structure of
natural organic polymers. The possibility of certain bonds being degraded and cleaved through
photochemical processes is influenced by the chemical composition of substrate materials and
the characteristics of the selected laser source causing depolymerization of the polymeric

(71 The incident laser pulse

structure and the cleavage of unwanted carbon-oxygen bonds.
radiation produces phonons within the substrate material, which possess quantized vibrational
energies that can break weaker bonds leading to micro-ablation along with the release of
volatile gaseous materials that become ionized, creating a plasma discharge that is marked by
bright flashes on the surface irradiated material.’”} 8] This plasma plume acts as a protective

barrier, limiting further laser penetration while simultaneously generating intense localized

temperatures. These extreme conditions promote carbonization and graphitization by
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facilitating the rearrangement of cleaved carbon bonds through aromatization and condensation
processes. As a result, sp? carbon-rich lattice domains characteristic of gLIG are synthesized.!"’!
According to Chyan et al.,®” any carbon-based material capable of producing amorphous
carbon can be converted into gLIG. In their work, they implemented a two-steps DLW process
where the first step resulted in formation of amorphous carbon, and the second step induced its
conversion in laser induced graphene. When applying the two-steps DLW process to natural
substrates, they found out that the fabrication of gLIG from wood required an inert atmosphere
to mitigate the risk of ablation, resulting in the production of high-quality LIG with a sheet
resistance as low as 10 /sq. Their findings indicated that a higher lignin concentration in the
wood contributed to improved LIG quality, highlighting the critical role of cross-linked
aromatic structures in the precursor.®”) Another study by Ye et al.® highlighted the benefits
of lignin in comparison to cellulose and hemicellulose, pointing out that the aliphatic
components of cellulose are more susceptible to rapid decomposition during laser treatment

than those of lignin (figure 1.13c).

As mentioned previously in this chapter, the quality of gLIG is influenced by both the laser
parameters employed in its production and the specific type of substrate used. The latter can be
divided into two primary categories: (i) natural raw materials, such as wood, leaf, bark etc. and
(ii) derived from natural raw materials as processed by-products, such as lignin and cellulose.
The processed by-products can be engineered into various forms, including lignin-rich
polymers and composites, exhibiting diverse mechanical properties such as grammage (g/m?),
porosity, pore size, flexibility, and transparency. Furthermore, these polymeric precursors can
be functionalized with additional chemicals to formulate specialized inks and bio-composites,
expanding their potential applications. Additionally, alternative sources, including agricultural
husks and food waste, have demonstrated potential as effective materials for gLIG production,

leading to the creation of high-performance electronic devices (figure 1.13d, €).!*”!
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1.6.2 Green Laser Iinduced Graphene (gLIG) from Cork

gLIG can be obtained from cork, a naturally occurring and renewable material harvested every
9 to 12 years from the bark of Quercus suber L. tree. Unlike wood, cork contains lower levels
of cellulose and hemicellulose but is rich in lignin (18%), an aromatic biopolymer, suberin
(40%) and wax, having both aliphatic and aromatic characteristics.”® On a microscopic scale,
cork exhibits a honeycomb-like structure composed of hollow cells arranged in pentagonal and
hexagonal patterns, with cell walls rich in suberin and lignin, making it highly water-resistant
(figure 1.14). This combination of a high surface area, hollow structure, and unique chemical
composition gives cork remarkable properties such as being lightweight, fire-resistant, low-
density, highly compressible, and possessing low thermal conductivity, leading to its
widespread use in applications like bottle stoppers, seals, acoustic insulation, and even as

thermal insulation and vibration-damping material in spacecraft.
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Figure 1.14 (a) Image of Cork wood cultivation, (b) SEM image of LIG on Cork substrate, Chemical

structure of (¢) cellulose, (d) lignin and (e) suberin !

Recent advancements in direct laser writing (DLW) techniques have led to the possibility of
generating gLIG from cork. Similarly to the process observed for the conversion of polyimide
to LIG, a highly localized and point-specific laser treatment at elevated temperatures and
pressures induces carbonization, transforming the cork surface into LIG, which is characterized
by typical Raman spectroscopic peaks of graphene-like materials, with Ip/Ig ratios > 0.6, In/I
ratios close to 1, and low sheet resistances (< 100 Q sq).[°?+[°3] The resulting LIG also features

a three-dimensional, porous structure with a high surface area and a high density of defects,

45



making it suitable for applications in electrochemical sensing and energy harvesting/storage
technologies. The conversion mechanism of m-ring-containing natural polymers in cork into
graphitic structures is proposed to be driven by the absorption of photon energy from the laser,
which transforms into high pressure and temperature, causing localized explosions that induce
carbonization. This process occurs at high speeds, limiting the availability of environmental
oxygen and moisture, thereby preventing full oxidation into gaseous products such as CO: or
NOx and avoiding complete ablation. However, trace amounts of oxygen in the environment
lead to a limited degree of oxidation, producing gaseous by-products that contribute to the
observed porous structure of the LIG. Thus, the production of gLIG from cork not only offers
a sustainable approach to synthesizing conductive carbon materials but also aligns with the
growing emphasis on eco-friendly technologies, highlighting its potential for advanced

applications in energy storage and sensor technologies.

1.6.3 gLIG from Chitosan

In 2019, global crustacean production exceeded 16 million metric tonnes, generating

(4] This waste primarily

substantial waste as approximately 60% of crustaceans are inedible
consists of chitin, the second most abundant natural polysaccharide after cellulose, which is a
key structural component of crustaceans' exoskeletons and is valued for its biocompatibility
and biodegradability.>! Chitin can be converted into chitosan through enzymatic or chemical

s.°%l Due to its

deacetylation, enhancing its solubility and expanding its potential application
non-toxicity, biodegradability, and biocompatibility, chitosan is extensively utilized in
biotechnology, including implants, drug delivery systems, as well as in cosmetics, food

[°7] The valorisation of crustacean waste into chitosan not

packaging, and dietary supplements.
only mitigates waste accumulation but also aligns with the United Nations Sustainable

Development Goals (SDGs) by advocating utilization of sustainable resources and waste

management.[*”]
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Figure 1.15 Chitosan gLIG biosensor fabrication: a) schematic process of chitosan biofilm synthesis,
b) Image of biofilm, ¢) 3-steps DLW process on biofilm. d) Image of a 3-electrode design written on
biofilm e) Raman spectra of LIG at different steps. Reproduced from [98], Copyright 2023, Elsevier.

Recently, biopolymers such as chitosan have emerged as alternative to ligno-cellulosic
precursors for the fabrication of gLIG. These materials are important as they offer an alternative
to address the lack of transparency and limited mechanical stability/flexibility of ligno-
cellulosic materials. Recently, DLW methodologies have been implemented to successfully
graphitise chitosan, opening the way to the use of biopolymers for gLIG production.
Specifically, three-steps DLW processes were used to ensure the formation of gLIG, as reported
by Larrigy et al. (figure 1.15).°) The first step involved raster-patterning a rectangular area on
the chitosan substrate using a 10.6 um CO: laser, which proved to be essential. Chitosan films
contain interstitial networks of water molecules that are transiently linked via hydrogen bonds
to the polysaccharide backbone. While these interactions impart flexibility and stretchability to
the biopolymer film, they also inhibit graphitization in a single-step process. Therefore, the
initial laser treatment was necessary to locally desorb water and reduce hydrogen-bonded

interactions between the chitosan side groups and interstitial water molecules, thereby
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facilitating the subsequent graphitization process. The second step used a 450 nm laser, which
further diminished the water content in the film and caused a significant, despite incomplete
carbonisation. During this step, electrode patterns were written on the chitosan film and showed
a 3D micro/nanoporous morphology with amorphous characteristics. The third step was a
repetition of step 1 using again the 10.6 um CO; laser, causing significantly higher levels of

graphitization and increased nano-structuring of the hierarchical porous surface.’!

1.7 gLIG applications

The interest of the scientific community towards gLIG has increased in the past few years, with

several publications focusing on the integration of gLIG in applications such as electronic

[101]

circuit,'%  electrocatalysts, supercapacitors,®! strain sensors,”®! and solar steam

102

generation'%? as shown in figure 1.16
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Figure 1.16 Scheme of gL.IG production: a) bio-sources, b) applications. Reproduced from [79].
Copyright 2022, AIP Publishing,

Energy storage is among the most promising application of gLIG. Supercapacitors are devices
capable to store electrical energy in the electrical double layer that forms between electrolyte

solution and electronic conductor (electrodes) and have attracted interest for their applications

48



as memory protection in electronic circuitry, and their potential as energy storage in portable

89]

electronic devices.!

Figure 1.17 SEM characterisation of gL.IG formation on cotton (left) LIG/MnOx and (right)
magnified image showing the uniform coating with MnOx nanoparticles. Readapted from [103].

Copyright 2022, Elsevier.

Longsheng et al. investigated the fabrication of supercapacitors using gl.IG obtained from
DLW of cotton cloth.l'%! Initially, the cotton was pre-carbonised by subjecting it to
temperatures 300 °C for 2 h, causing the conversion of cellulose into amorphous carbon, and
then coated with a Mn ion hydrogel ink. The cloth was then irradiated with CO; laser, producing
a gLIG doped with MnOx nanoparticles (figure 1.17). The authors suggest that the Mn-coated
cotton cloth absorbed and accumulated heat during the lasing process, causing the oxidation of
Mn ions and promoting the formation of MnOx nanoparticles, which adhered uniformly on the
surface of the amorphous carbon. Their interaction with the incident laser radiation generated
a photothermal effect, responsible of the graphitization and formation of gLIG. The
supercapacitors electrodes obtained from this procedure showed promising areal capacitance

of 54.97 mF/cm?, and areal energy density of 7.63 pWh/cm?.
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Figure 1.18 Fallen leaves gLIG electrodes used to power: a) LED, b) table clock; c) gL.IG electrode
on fallen leave showing good flexibility. Readapted from [82], Copyright 2021, John Wiley and Sons.

The fabrication of supercapacitors from natural raw materials was investigated, as mentioned
before by using fallen leaves as carbon-source for DLW processes. In their pioneering work,
Le et al. demonstrated that it is possible to write electrode patterns directly onto fallen leaves.[®?
Nageia fleuryi leaves were chosen for their thickness (~330 pwm), high lignin content (~39.3%),
and excellent mechanical flexibility, making them suitable for laser-induced graphene (LIG)
fabrication. The leaves were first collected and cleaned using ethanol-wetted tissues to remove
surface debris and contaminants. They were then flattened between two metal plates and dried

in an oven at 100°C for 2 hours to remove residual moisture and enhance their stability.

For the direct laser writing (DLW) process, a femtosecond laser was employed with parameters
of 346 nm wavelength, 255 fs pulse duration, and a repetition rate of 201.5 kHz, operating in
raster mode. This approach resulted in the formation of graphene-like laser-induced graphene
(gLIG) electrodes with a low sheet resistance of 23.3 Q sq'. The electrodes exhibited excellent
capacitive performance, with an areal capacitance of 34.68 mF/cm? at 5 mV/s and remarkable
capacitance retention (~99%) after 50,000 charge/discharge cycles. To demonstrate the
feasibility of these electrodes in green electronics, the fabricated fallen-leaf electrodes were
successfully used to power LEDs and table clocks, showcasing their potential for sustainable

energy storage applications (figure 1.18).8%!
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Laser-Induced Graphene (LIG) has emerged as a highly versatile material, capable of being
tailored for a wide range of applications. Its properties such as porosity, conductivity, and
surface chemistry can be finely tuned by adjusting laser parameters, doping materials and the
choice of precursor substrate. This adaptability makes LIG suitable for applications spanning
sensors, energy storage, harvesting as well as flexible electronics. The field continues to grow
rapidly, driven by innovations in laser technologies, the development of novel and eco-friendly
precursor materials, and the increasing demand for sustainable, high-performance materials in
next-generation devices.

This thesis focuses on developing low-cost, sustainable electrochemical devices for sensing,
energy storage, and harvesting. Using a low-power laser system, Laser-Induced Graphene
(LIG) was fabricated from synthetic polyimide, cork, and chitosan-based bio-composite
substrates. These materials were characterized and evaluated for their electrochemical
performance.

Chapter 2 details the fabrication of Ag nanoparticle-functionalized LIG electrodes on
polyimide for Electrochemical Surface-Enhanced Raman Spectroscopy (EC-SERS). These
sensors enabled rapid, sensitive detection of analytes like 4-ABT, melamine, and difloxacin
without pre-treatment, highlighting their potential in food and environmental monitoring.
Chapter 3 explores cork-derived LIG for supercapacitors. The material showed high surface
area, good conductivity, and mechanical flexibility, making it suitable for eco-friendly,
wearable energy storage devices.

Chapter 4 presents supercapacitors and triboelectric nanogenerators (TENGs) made from LIG
on chitosan-lignin-boric acid composite films via a one-step process. The devices demonstrated
good capacitance, stability, and energy output, showcasing the promise of biodegradable

materials for green energy applications.
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Chapter 2:  Silver nanoparticles — laser induced
graphene (Ag NPs — LIG) hybrid electrodes for sensitive
electrochemical-surface enhanced Raman spectroscopy

(EC-SERS) detection

2.1 Abstract

This paper presents a novel approach for the fabrication of low cost Electrochemical-Surface
Enhanced Raman Scattering (EC-SERS) sensing platforms. Laser Induced Graphene (LIG)
electrodes were readily fabricated by direct laser writing of polyimide tapes and functionalized
with silver nanoparticles (Ag NPs) to obtain hybrid Ag NPs — LIG electrodes suitable for EC-
SERS analysis. Detection was achieved by coup- ling a handheld potentiostat with a Raman
spectrograph, enabling measurement of SERS spectra of target analytes generated during
voltage sweeps in the 0.0 to —1.0 V interval range. The sensing capabilities of the fabricated
system were first tested with model molecule 4-aminobenzenethiol (4-ABT). Following
sensitive detection of 4-ABT, EC-SERS analysis of food contaminant melamine in milk and
antibiotic difloxacin hydrochloride (DIF) in river water was demonstrated, achieving sensitive
detection of both analytes without pre-treatment steps. The easiness of fabrication, versatility
of design, rapid analysis time and potential miniaturization of the system make Ag NPs — LIG
electrodes suitable for a large range of in situ applications in the field of food monitoring and

for environmental analysis.
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2.2 Introduction

In the last three decades, Surface Enhanced Raman Scattering (SERS) has been employed for
the detection of a wide range of analytes for a plethora of applications, including environ-

(121 agri-food,*! chemical and warfare detection,™ food

mental and health/wellbeing monitoring,
safety,! forensic analysis,[®! art conservation!”) and general point-of-care analysis.!®! The
versatility of SERS is due to its sensitive fingerprinting detection, based on the enhancement
of Raman signals (up to a factor of 108—1012), generated by the close proximity of an analyte
to plasmonic nanoparticles. This phenomenon has been investigated in depth and it has now
been mainly attributed to the formation of large localized surface plasmons resulting in
enhanced electromagnetic fields.”! Along with this electromagnetic (EM) enhancement,
chemical enhancement processes (CE) also come into play, leading to the large observed
enhancement factors.['” The combination of high sensitivity, fingerprinting capabilities and
recent technological advances in instrumental miniaturization, gives SERS opportunities for
fast analysis time, non-destructive and in situ analysis, with minimum pre-treatment steps.[!!:!2]
In parallel, electrochemical analysis is also an attractive and versatile technique suitable for

S.[13’14

fast, low cost and in situ detection of a wide range of analyte IRecently, direct laser writing

methods have been used to fabricate Laser Induced Graphene (LIG) electrodes for

[15-20

electrochemical sensing and biosensing. I As well as versatility of design and low cost, LIG

electrode materials displayed enhanced sensitivity com- pared to other carbon-based materials
and screen printed electrodes, associated to their high surface area and high defect density.[!-**]
Furthermore, SERS platforms obtained by the combination of graphene-like materials and
plasmonic nano-particles have been shown to improve Raman enhancement effects through
mechanical stability and reproducibility factors, leading to low concentration molecular

[23-25

detections. I'In this context, the combination of electrochemical and SERS techniques (EC-

SERS) in a single platform is very attractive to widen the range of the capabilities of the
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individual techniques and to increase selectivity and sensitivity of ana- lysis. In EC-SERS
measurements the SERS spectra of selected analytes adsorbed on SERS-active electrodes are
recorded while controlling the electrode polarization in an electro- chemical cell.l*’) The
changes occurring at the metal surface during the sweeping process can enhance the analyte’s
SERS response by promoting increased chemical enhancement contribution through electrode
voltage induced variation of the metal’s Fermi level or through analyte re-orientation induced
by potential changes.!*”l Moreover, enhanced electrostatic inter- actions or desorption of
interfering matrix species at negative potentials can also occur, leading to control of adsorption
and redox states of the analytes and leading to improved performance compared to SERS
analysis alone. Recently, EC-SERS has been successfully applied to the detection of
herbicides,*®! chemotherapy drugs,*”) melamine,*” cannabinoids®!! and seized drugs.*?! Low
cost and disposable commercial screen printed electrodes (SPEs) modified with Ag
nanoparticles (Ag NPs) were used in combination with portable electrochemical and
spectroscopic instrumentation, thus making the analysis amenable to point-of-need analysis.
The same approach was also used by Eisnor et al. in the field of cultural heritage diagnostics

33 In a recent

for the identification of polyphenolic components in natural lake pigments.
development, monitoring of biomarkers was achieved with EC-SERS fabric-based plasmonic
sensors, suggesting that such platforms could become suitable also for patient point-of-care

applications.*¥

In this work, novel LIG electrodes of different morphologies were readily fabricated by direct
laser writing of polyimide tapes using low-cost hobbyist lasers. A concentrated solution of Ag
NPs was dropped on the LIG surfaces to obtain hybrid Ag NPs—LIG electrodes suitable for EC-
SERS analysis. The hybrid electrodes showed sensitive SERS responses for model molecule 4-
ABT and target analytes melamine and difloxacin hydrochloride in milk and river water,

respectively. EC-SERS measurements of target analytes in relevant matrices allowed sensitive
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detection without any need of pre-treatment steps. Taking in consideration the low cost of
production, the versatility in electrode design geometry and the inherent flexibility of the
developed sensing platforms, these electrodes could be implemented for many point-of-care
and point-of need applications across multiple sectors from health to food and environmental

monitoring.

2.3 Experimental section

2.3.1 Materials

Polyimide tape with thickness of 80 um was purchased from Radionics and used without further
treatment. Silver nitrate (AgNO3, >99.0%), sodium citrate (C¢HsNazO7.2H>0, >99.0%), 4-
aminobenzenethiol (CsH7NS >97.0%), melamine (C3HsNes, 99%), difloxacin hydrochloride
(C21H19F2N30-3HCI, >98.0%), acetonitrile (C2H3N, >99.9%), acetone, isopropanol, ethanol,
sodium fluoride (NaF, 99%), phosphate buffered saline (PBS, pH 7.4) were purchased from
Sigma Aldrich and used without further purification. All solutions were prepared using de-

ionized (DI) Milli-Q water (resistivity 18.2 MQ cm).

2.3.2 Electrode Fabrication

LIG electrodes were fabricated using three different lasers: a Colemeter DK-8 Pro-5 Square
Haste Edition equipped with a diode laser at 405 nm and 500 mW laser power, a KKmoon
Compact Automatic Desktop Laser Engraving Machine equipped with a 3 W power laser with
illumination wavelength of 450 nm; a 10.6 pm universal Laser System 4.75, 30 W maximum
average power. Electrode structures were designed in Microsoft PowerPoint and transferred to
the laser engraving software. Laser writing occurred by raster scanning of the laser beam on
the polyimide substrates. The following conditions were used to write LIG structures: 405 nm

laser, power 500 mW, dwelling time 40 ms; 450 nm laser, power 30% (0.9 W), contrast ratio
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160%, depth of engraving 30%; 10.6 um laser, power 12.5% (3.75 W), scan speed 12%.
Conductive silver paint (Radionics) was used to electrically contact the electrodes to the

potentiostat.
2.3.3 Ag NPs synthesis

Ag NPs were synthesized following the classic Lee-Meisel method.[*>! Specifically, 45 mg
AgNO;3 was dissolved in 250 mL of H>O and added to a 1 L of H2O in a conical flask equipped
with a reflux condenser. The mixture was brought to boiling by a heating mantle for 1 hour.
Next, 5 mL of 1% citrate solution was added to the reaction solution. The solution was kept
boiling under vigorous mechanical stirring for 1 hour and was then slowly cooled to room
temperature. Next, 1000 pL of the prepared Ag NP solution was centrifuged for 10 min at
10,000 rpm, the supernatant was removed and the solid residue re-dispersed into 25 uL of DI

water.
2.3.4 Hybrid Ag NPs — LIG electrode fabrication

LIG electrodes were modified by dropping 50-120 pL of concentrated Ag NP solution on the
LIG working electrodes. The hybrid electrodes were left to dry in air and washed with DI water

prior use to remove unbound NPs.

2.3.5 Characterization

Morphological characterization was performed by a cold- cathode field-emission Scanning
Electron Microscope (SEM, FEI Quanta 650) operating at 30 kV acceleration voltage. Surface
wettability was measured by a Data physics OCA 20 Wetting angle system in air at ambient
temperature by drop- ping distilled water droplets (1 mm diameter) on the surfaces. The average
contact angle value was acquired by measuring at six different positions per sample. Raman
investigation was performed with Horiba-XPlora Plus equipped with 532 nm (70 mW power)
and 785 nm (60 mW power) lasers. Spectra were acquired at a laser power of 1% and 10 s
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acquisition time. Cyclic voltammetry (CV) electrochemical measurements were performed

with a CHI760 bipotentiostat.

2.3.6 EC-SERS measurements

EC-SERS analysis was carried out by combining the SERS readout from the benchtop Raman
spectrograph with the EC readout from a handheld mini potentiostat (Palmsens-Sensit Smart)
connected either to an android tablet or to a cell phone for data acquisition and display. In order
to perform EC-SERS measurements, a teflon custom made cell was designed and fabricated by
3D printing. Before EC-SERS measurements analyte solutions were dropped on the work
electrodes and left to dry. Then, chronoamperometric (CA) electrochemical measurements
were performed by systematically decreasing the potential between 0 V and —1.0 V vs. Ag/
AgCl paste in 100 mV steps. Simultaneously, SERS spectra were recorded at each potential

step with 785 nm laser illumination and power between 0.25% and 25%.

2.4 Results and Discussion

Scheme 3.1 shows a diagram of the EC-SERS electrode fabrication and the instrumental setup
used to record spectra. Photographs of electrodes and instrumentation setup are also included.
First LIG electrodes were fabricated by direct laser writing of polyimide with a range of
hobbyist lasers with illumination wavelengths 10.6 um, 450 nm and 405 nm (Scheme 2.1a). A
three-electrode system was designed whereby LIG was used as working electrode (WE) and
counter electrode (CE) and an Ag/AgCl paste modified LIG was used as reference electrode
(RE). The surface of the LIG working electrodes were then modified with Ag NPs (Scheme
2.1b). Following deposition of the analyte, the hybrid Ag NPs — LIG electrode was incorporated
in a custom-built electrochemical cell in presence of an electrolyte (Scheme 2.1¢). EC-SERS
spectra were recorded with a bench top Raman system (785 nm excitation wavelength) coupled

with a handheld potentiostat (Scheme 2.1d).
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b)

LIG fabrication
d)

—9

Analyte deposition/
Cell encapsulation

EC-SERS Setup

Scheme 2.1 Schematic illustration and photographs of (a) LIG three electrode system fabricated by
direct laser writing of polyimide; (b) modification of LIG WE surface with Ag NPs; (c) deposition of

analyte and custom-made cell encapsulation; (d) EC-SERS measurement setup.

Figure 2.1 shows SEM images of LIG structures obtained by direct laser writing of polyimide
using lasers of different wave- lengths. LIG structures obtained with 405 nm laser (figure 2.1a)
showed smooth surface with some particulate likely arising from the laser burning process. The
dwell time of the 405 nm laser was kept low on purpose, in order to maintain the surface
topography of the resulting LIG material smooth and flat, with the intention to promote
homogeneous distribution of Ag NPs on the LIG electrode surface. Figure 2.1b shows a
representative SEM image of a LIG structure obtained by writing with 450 nm laser. In contrast
with the smooth surface previously obtained at 405 nm, the features obtained at 450 nm
displayed the typical 3D, highly porous and rich in defect/edge planes LIG structure,
characterised by “exploded” features associated with outgassing generated by laser-assisted
local high temperature, high pressure process.*®! A similar morphology was observed in the

LIG structures obtained by 10.6 um laser writing (figure 2.1c), which displayed a high density
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of defects and high surface area, in agreement with the morphology already reported for other

COs laser written features on polyimide.*”]

405 nm

LIG

Ag NPs-LIG

Figure 2.1 SEM images of LIG structures obtained by laser irradiation of polyimide at (a) 405 nm;
(b) 450 nm; (c) 10.6 pm. SEM images of (d) 405 nm LIG; (e) 450 nm LIG; (f) 10.6 pum LIG structures

after Ag NPs deposition.

Figure 2.1d—f show SEM images of LIG structures written with the three lasers following Ag
NP deposition. For this electrode modification, a drop of concentrated Ag NP solution (average
particle size ~50 nm) was deposited on the LIG surface and left to evaporate at room
temperature. The hybrid structure of Ag NPs modified LIG written with 405 nm laser displayed
accumulation of NPs in the grooves formed by the laser writing process, whereas the top LIG
surface remained largely unmodified (figure 2.1d). In contrast, for LIG structures fabricated
with 450 nm laser, Ag NPs preferentially attached to the top of the edge planes, whereas most
of the plane walls remained virtually unmodified (figure 2.1e). The Ag NPs — LIG 10.6 um
structure showed the most uniform nano-particle coverage, as evident from the SEM image

showing uniform coverage of the LIG planes (figure 2.1f).
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Figure 2.2 (a) Raman spectra of LIG structures obtained with different lasers; (b) Raman spectra of 4-
ABT powder and 4-ABT deposited on 450 nm LIG in absence of Ag NPs; (c) SERS spectra of 4-ABT
obtained on Ag NPs — LIG substrates. SERS spectra of decreasing concentration 4-ABT solutions
recorded on (d) Ag NPs — LIG 405 nm, (¢) Ag NPs — LIG 450 nm; (f) Ag NPs — LIG 10.6 um. All
spectra were recorded with 532 nm laser excitation wavelength, laser power 0.7 mW, 10 s integration

time.

Figure 2.2a shows the Raman spectra of LIG materials obtained with the three laser
illuminations. The structure written at 405 nm (black line) only displayed two broad bands at
1343 and 1579 cm! corresponding the D and G vibrations typical of amorphous carbon
materials.!*3] This corresponds with incomplete LIG formation, as evidenced by the smooth
morphology of the carbonaceous material formed under the above writing conditions (see
figure 2.1a). In contrast, LIG materials obtained with visible and CO; illumination (figure 2.2a
red and blue lines) displayed sharp and well-defined D (1342 cm™), G (1572 cm™!) and 2D
(2680 cm™!) bands, typical of crystalline graphene-like materials and very much in line with
the characteristic bands obtained for other reported LIG materials on polyimide. The contact
angle of the three LIG structures were 87°, 138° and 145°, respectively. Investigation of the

SERS capabilities of fabricated hybrid Ag NPs — LIG structures was carried out using 4-ABT
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as model molecule. Figure 2.2b reports Raman spectra of 4-ABT powder displaying sharp
bands at 1006, 1084, 1174, 1492 and 1590 cm !, in agreement with literature data.l*”] Figure
2.2b also shows a spectrum of 4-ABT (1 x 107® M) deposited on a LIG-450 nm surface in
absence of Ag NPs. The spectrum dis- played only LIG peaks and absence of any SERS effect.
Figure 2.2¢c shows spectra of 4-ABT (1 x 10°° M) obtained from Ag NPs — LIG structures
written with the different lasers. All spectra dis- played the typical SERS features of 4-ABT,
characterized by 1075 (a1), 1146 (b2), 1188 (a1), 1388 (bz), 1436 (b2) and 1578 (b2) cm ™! peaks.
The SERS bands at 1146 (bz), 1388 (b2), 1436 (bz) and 1578 (b2) cm ™! were assigned to the
fundamental benzene ring vibrations.[*") The concomitant shift of a; peaks and the appearance
of by in plane, out of phase vibrational modes peaks was ascribed to the interaction between the
4-ABT and the Ag NPs, resulting from a metal-molecule charge transfer and has been identified
as clear proof of the occurrence of a chemical enhanced process related to SERS effect.[3%4"]
The enhancement of b, modes (peaks assigned at 1146, 1388, 1436 and 1578 cm) has also
been reported to be indicative of a 4-ABT orientation perpendicular to the Ag NPs.[*! Figure
2.2d—f report the SERS capabilities of the three Ag NPs — LIG substrates exposed to solutions
of 4-ABT of decreasing concentrations. Using the Ag NPs — LIG 405 nm substrate
concentrations as low as 1 x 10 M were detected, whereas 1 x 107 M and 1 x 107> M were
reached for Ag NPs — LIG 450 nm and Ag NPs — LIG 10.6 um, respectively.

Even though Ag NPs — LIG 10.6 um gave the strongest SERS effect with 4-ABT, EC-SERS
characterization was carried out with Ag NPs — LIG 450 nm substrates, as they provided more

reproducible SERS results.

71



a) b)
%~ _ 160
-1.0V
A2y § 140
O8N e ~
g o7V ?_ 120
; 100
S_ 06V AW ATA :
g < g0,
B |esv £ 60/
@ =
o |-0av ) 40
c |oav NN A ﬁ
= |o2v AN A r 20
0.1V 0
oCP -— b
T T T T T T T & 20
800 900 1000 1100 1200 1300 1400 1500 1600 40 08 -06 04 -02 00
Raman shift (cm™) E /V vs Ag/AgCI
<) d)
a 25 Melamine powder Melamine SERS
c .
D —
; 2.0 S
= <
8 1.5 1 >
- ‘0 2x104M
1.0 e A
£ 1 —T
£ 0.5, £ P 2x10°M
£ L axieTw
- 0-0- T T T T T T T T T T
300 600 900 1200 1500 1800 600 800 1000 1200 1400 1600 1800
Raman shift (cm™) Raman shift (cm™)

Figure 2.3 (a) EC-SERS spectra of 1 x 10> M 4-ABT recorded on 450 nm Ag NP-LIG electrode in 0.1
M NaF; (b) potential dependence of 4-ABT SERS intensity band at 1142 cm™!. Red line is the fitting
curve of the data. (¢) Raman spectrum of melamine powder; (d) SERS spectrum of melamine solutions
of different concentrations (PBS) deposited on Ag NPs — LIG 450 nm substrate. All spectra were

recorded with at 785 nm excitation, 10 s acquisition time and 0.15 mW laser power.

Figure 2.3a shows the EC-SERS spectra measured for 4-ABT in the electrochemical cell in
presence of 0.1 M NaF as supporting electrolyte. SERS spectra were recorded while stepping
the potential in the cathodic direction (from 0.0 to —0.1 V) in 100 mV increments. An open
circuit potential (OCP) spectrum was also measured, equivalent to the signal produced by the
system in absence of applied potential. Under OCP conditions only the peaks at 1074 and 1141
cm ! were visible. As the potential was stepped in the cathodic direction, significant changes
were observed in the corresponding 4-ABT SERS spectra as the intensity of the bz bands at

1141, 1391 and 1432 cm ™! gradually increased between —0.1 and —0.6 V and decreased upon
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further potential decrease. The observed trend is in line with data reported by Robinson et al.,
and is ascribed to the transition from 4-aminobenzenethiol to p,p’-dimercaptoazobenzene

[30] The occurrence of this

(DMAB) by selective catalytic coupling reaction on the Ag NPs.
transition in the SERS spectra of 4-ABT has been investigated in details, and is sup- ported
here by the strong increase of all by vibrations (1142, 1391 and 1432 cm™!) associated with
formation of -N=N- bonds. Figure 2.3b shows the variation of peak intensity for the b»
vibration at 1141 cm™! across the potential range analysed. The intensity of the band increased
up to —0.6 V and then decreased signalling the re-conversion of DMAB to 4-ABT at negative
potentials. The EC-SERS response of hybrid LIG electrodes was further characterized with
melamine, a product often added to food to boost its apparent nitrogen content. The Raman

spectrum of melamine powder is shown in figure 2.3c and it was characterized by two main

peaks at 675 and 985 cm ™!, both associated to ring breathing modes of the triazine ring.[**

Figure 2.4a shows the EC-SERS response of melamine (2 x 107> M) in PBS buffer as the
electrode potential is stepped in the cathodic direction from —0.1 to —0.9 V. Starting from the
OCP spectrum, the intensity of 680 cm ' peak decreased and then increased to relative
maximum value until the potential reached —0.4 V. As the voltage became increasingly
negative, the intensity of the 680 cm™! peak decreased and its maximum shifted to 677 cm ™', as
already reported elsewhere.*” Fig. 4b shows SERS spectra of melamine in milk (diluted 10
times) at different concentrations. Concentrations as low as 0.2 ppm of melamine in milk matrix
were identified by the characteristic peak at 683 cm™! by using Ag NPs — LIG 450 nm
electrodes. This con- centration is ten times lower than the maximum residue limit (MRL) of
2.5 ppm set by the standard of US Food and Drug Administration.!*} It is worth noting that this
low detection limit was reached even in the milk complex matrix and in absence of cumbersome
extraction or pre-treatment processes. Figure 2.4c and 2.4d show cathodic and anodic voltage

sequences for melamine (2 x 107> M) in milk recorded with Ag NPs — LIG 450 nm electrodes.
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At OCP a prominent band at 685 cm™' was observed. This band decreased in intensity as the
voltage became more negative. The opposite trend was observed in the anodic sequence (figure
2.4d) as the intensity of the 684 cm™! band increased gradually with the stepping of the potential
to more positive values. These data show how the combination of SERS and EC readout
contributed to provide a clear signal for melamine even in a complex matrix such as milk with

only a simple dilution of the matrix and the avoidance of cumber- some pre-analytical steps.
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Figure 2.4 (a) EC-SERS spectra of 2 x 10~ M melamine in PBS recorded on Ag NPs — LIG 450 nm
electrode in 0.1 M NaF at 785 nm excitation, 10 s acquisition time and 15 mW laser power; (b) SERS
spectra of melamine in milk; (c¢) cathodic and (d) anodic EC-SERS sequences of melamine (2 x 107

M) in milk on Ag NPs — LIG 450 nm electrode at 785 nm excitation.

As further example of real analyte detection, difloxacin (DIF) hydrochloride was chosen as it
is a broad spectrum, synthetic fluoroquinolone antibiotic widely used in veterinary medicine,
particularly for the treatment of infected dermal wounds in dogs, for its bactericidal activity.

DIF accumulates in tissues and therefore the recommended daily dose is 5-10 mg.kg ! and its
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use is not recommended for longer than 30 days.[*4]
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Figure 2.5 a) Raman spectrum of DIF powder; b) SERS spectrum of DIF deposited on Ag NPs — LIG
450 nm substrate; c) SERS spectra of DIF at different concentrations acquired with 785 nm laser

illumination.

Figure 2.5a shows Raman spectrum of DIF powder on glass and DIF deposited on Ag NPs —
LIG 450 nm substrate, respectively. It showed peaks at 1307 cm™! (pyrazine ring vibrations),
1393 cm™! (Vring quinolone ring), 1463 and 1448 cm™ assigned to the normal modes involving
contributions from piperazine moiety and angular deformation from CH> and CH3 groups, 1498
cm™! (8cmz), 1541 cm™! (CO stretching mode of the carboxylate moiety vc=0), 1629 cm™ (ve=c
aromatic ring). Figure 2.5b shows the SERS spectra of DIF solution (1 x 10~ M, H,0:CH3CN
1:1) deposited on Ag NPs - LIG-450 nm measured by using 785 nm laser irradiation. Compared
to the Raman spectrum, the intense SERS bands at 1546, 1340, 920, 785 and 548 cm™! (related
to C ring and carboxylate stretching) have significant contribution allowing to infer such
molecular moieties are involved in the interaction with the metallic surface. Also, SERS peaks
at 1625, 1340, 1051, 747 and 550 cm™ (C-C, C-N stretching vibrations from aromatic rings)
have important contributions suggesting an almost perpendicular orientation of these rings on
the surface. Figure 2.5¢ shows the SERS spectra of DIF solutions of various concentrations
(400 ppm equal to 1 x 10> M) deposited on Ag NPs — LIG 450 nm substrate. Characteristic

peaks of DIF were visible down to 0.4 ppm (0.4 mg/L).
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Figure 2.6 (a) Cathodic and (b) anodic EC-SERS sequences of DIF in DI water; (c) potential

dependence of DIF SERS intensity band at 1564 cm™! in DI water; (d) cathodic and (e) anodic EC-SERS

sequences of DIF in river water; (f) potential dependence of DIF SERS intensity band at 1588 cm ™! in

river water. All data were recorded using Ag NPs — LIG 450 nm electrode at 785 nm excitation.

Figure 2.6 shows the EC-SERS cathodic (figure 2.6a and d) and anodic (figure 2.5b and e)
sequences of DIF recorded with 785 nm laser excitation in 100 mV steps in DI water and river
water. The cathodic series recorded in DI water (figure 2.6a) until —1.2 V showed featureless
SERS spectra at OCP and until the potential reached —0.7 V. For increasingly negative applied
potentials SERS spectra were generated which increased in intensity as the potential was
stepped to increasingly negative values. The SERS spectra displayed highest intensities at —1.2

V and decreased in intensity as the potential was swept back to 0 V in the anodic direction
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(figure 2.6b). Interestingly, the 1536 cm™! peak increased in intensity, as well as the 554 and
1349 cm™! bands. For a very structurally similar molecule, levofloxacin, it has been reported
that the appearance of the 1588 cm ™! band (CO stretching mode of the carboxylate moiety vc =
0) is consistent with a bidentate chelate coordination, allowing to suggest that the carboxylate
could be the anchor site of DIF adsorption.[** The concomitant increase of the other bands,
associated with stretching and bending of bonds close to the carboxylate moiety further

5.1 Finally, EC-SERS measurements of DIF were carried out in river

confirmed this hypothesi
water. For these studies DIF (10 pL, 1x10~° M) was mixed with filtered river water (90 pL)
containing 0.1 M NaF as electrolyte. As already reported for DI water, an increase of SERS
bands (figure 2.6d) occurred as the potential of the cathodic series was swept to increasingly
negative values. Particularly, peaks at 671, 1165, 1344 and 1588 cm™!' were enhanced, again
suggesting a coordination to the metal sites through the carboxylic group. The enhanced peaks
gradually disappeared in the anodic series (figure 2.6¢e) as the potential was swept back from
—1.2to 0 V. Figure 2.6c, f show the change of SERS intensity of the 1564 cm™! band and 1588
cm ! with decreasing potential in DI and river water, respectively. In the case of DI water, the
band increased as the potential decreased up to —1 V and then decreased at further negative
potentials. For river water a similar trend was observed but at lower potentials. The association
of the appearance of the 1588 cm™! band with the occurrence of a carboxylate bidentate chelate

coordination suggested a transition in coordination of the DIF molecule from mono- to bis-

chelate as the potential was swept in the cathodic direction.
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Figure 2.7 Cyclic Voltammogram of para-aminobenzenethiol (4-ABT) on AgNP modified LIG

electrode with a potential scan rate of 10 mV/s.

To elucidate the potential-dependent variations in the Raman signals observed for b. modes
(assigned at 1146, 1388, 1436, and 1578 cm™), a potential-dependent electrochemical
measurement was performed on 4-ABT adsorbed onto an AgNP-LIG electrode in the absence
of Raman laser irradiation. This approach minimizes the influence of laser illumination, which
can otherwise induce a potential shift at the point of maximum intensity through the photon-
driven charge transfer (PDCT) process. Figure 2.7 presents cyclic voltammogram (CV) of 4-
ABT on an AgNP-modified laser-induced graphene (LIG) electrode. A cathodic process is
evident in the Faradaic region at potentials more negative than —0.2 V, reaching a maximum
near —0.4 V. This feature likely results from the synergistic influence of electrochemical
reduction and PDCT. However, since no Raman laser irradiation was applied in this
experiment, the observed behavior can be attributed solely to electrochemical reduction. This
interpretation is further supported by Figure 2.3b, which displays the corresponding potential-
dependent SERS response. Consequently, the obtained SERS spectra can be considered as a
combined contribution from both 4-ABT and its oxidative product, DMAB.!¢]

At more negative potentials, the in-situ generated DMAB molecule undergoes electrochemical
reduction back to 4-ABT, as evident by the declining SERS intensity of the “b.” bands. When
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the potential is driven beyond —0.4 V, this reduction process may also promote desorption of
the electrochemically produced DMAB species, eventually initiating the hydrogen evolution
reaction (HER) at approximately —0.82 V. At highly negative potentials, near —0.8 V, DMAB
is completely reduced to 4-ABT, resulting in SERS spectra characteristic exclusively of 4-ABT.
Based on these observations, it is proposed that 4-ABT initially undergoes an interfacial
oxidation process to form azo species (DMAB) on the AgNP surface [*7] at relatively positive
potentials under low-power Raman laser illumination, while subsequent electrochemical
reduction reverses this transformation by eliminating DMAB. The interplay between these two
opposing processes gives rise to the bell-shaped potential-dependent SERS peak intensity
profile observed in figure 2.3b. Furthermore, the localized heating effect on the Ag-
nanoparticles may significantly influence surface reactions and interfacial dynamics, serving
as a key factor in the reversible chemical transformation between 4-ABT and DMAB observed

in this study.

2.5 Conclusions

In this work a novel LIG-based electrode was proposed for the realization of versatile EC-SERS
detection platforms. The merit of the combined EC-SERS methodology was demonstrated
through sensitive detection of food contaminants and residual antibiotics in relevant matrices.
Melamine and DIF were rapidly detected at concentrations lower than their relative MRL
without the need to pre-treatment steps and with no interference from milk and water river
matrices, respectively. EC-SERS approaches are characterized by low-cost instrumentation and
rapid/selective signal acquisition. The development of flexible and versatile hybrid materials,
such the proposed Ag NPs — LIG electrodes, contributes to extend the use of EC-SERS
approaches to the monitoring of food quality/security/traceability and the monitoring of the

environmental impact associated to farming and veterinary drugs.
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Chapter 3: Laser-Induced Graphene Supercapacitors by
Direct Laser Writing of Cork Natural Substrates

3.1 Abstract

Interdigitated and square laser-induced graphene (LIG) electrodes were successfully fabricated
by direct laser writing of common natural cork bottle stoppers. The laser graphitization process
was performed with a low-cost hobbyist visible laser in a simple, fast, and one-step process
under ambient conditions. The formation of LIG material was revealed by extensive
characterization using Raman, attenuated total reflection- Fourier transform infrared (ATR-
FTIR), and X-ray photoelectron (XPS) spectroscopies. Electron microscopy investigation
showed that the formed LIG structure maintained the hierarchical alveolar structure of the
pristine cork but displayed increased surface area, disorder, and electrical conductivity,
promising for electrochemical applications. Open planar and sandwich supercapacitors,
assembled from fabricated electrodes using poly(vinyl alcohol) PVA/H" as an electrolyte,
exhibited a maximum areal capacitance of 1.56 mF/cm? and 3.77 mF/cm? at a current density
0.1 mA/cm?, respectively. Upon treatment with boric acid (H3BOs3), the areal capacitance of
the resulting boron-doped LIG devices increased by ca. three times, reaching 4.67 mF/cm? and
11.24 mF/cm? at 0.1 mA/cm? current density for planar and sandwich configurations,
respectively. Supercapacitor devices showed excellent stability over time with only a 14% loss
after >10 000 charge/discharge cycles. The easy, fast, scalable, and energy-efficient method of
fabrication illustrated in this work, combined with the use of natural and abundant materials,

opens avenues for future large-scale production of “green” supercapacitor devices.
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3.2 Introduction

Graphene and graphene-like materials have recently received considerable attention due to their
unique properties, which make them particularly suitable for energy storage applications.!'* In
an attempt to make such materials more environmentally sustainable, a number of routes have
been proposed for the ecofriendly fabrication of graphene,*¢! graphene nanosheets,” graphene
quantum dots,®! graphene oxide (GO),°! and reduced graphene oxide (rGO).!'%!! In parallel,
carbon-based natural materials derived from abundant and renewable sources are also
increasingly used as electrode materials as their biodegradability and potential cost-
effectiveness make them attractive candidates for "green" energy storage applications.!'?"!! For
example, electrodes fabricated from tree bark, wood,!'”! coconut leaves,!'® sunflower seed
shells,!'?) coconut shells,”® and pistachio nutshells biomass have already been used in
supercapacitor devices with reportedly high specific areal capacitances (CA) as high as 311 F

[T Among natural materials, cork is particularly interesting for its

g in a KOH electrolyte.
abundance and renewability.[?>?* Cork is harvested from the bark of cork oak trees (Quercus
suber and Quercus occidentalis), growing in all the southern Mediterranean regions. Every 9-
12 years, half of the bark from the trees is removed and subjected to various processes, leading
to fabrication of cork for a wide range of applications. Cork is a lightweight material,
impermeable to both liquids and gases, often associated with wood. However, unlike wood,
cork granules can be considered as aggregates rather fibrous materials, possessing lower
cellulose and hemicellulose content than wood. In addition, cork has a high chemical content
of suberin, a polymer, made up of long-chain aliphatic alcohols and acid monomers and by a
honeycomb microstructure, responsible for its overall excellent compressibility and
impermeability.[*! Cork itself has shown suitability for green energy storage applications.

Recently, amorphous carbon electrodes obtained from biomass Quercus suber have been used

for the fabrication of natural supercapacitor devices which displayed specific capacitances of
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166 F g ! and power densities of 449.4 W kg !.[24%] Unfortunately, despite the natural origins
and abundance of the precursor materials, the generation of biomass is a high environmental
footprint process, requiring pyrolysis and use of extracting solvents.[?’! Recently, direct laser
writing techniques have been developed allowing easy, low-carbon footprint, and high-yield
generation of graphene-like carbon materials. In this method, highly porous and conductive
laser-induced graphene (LIG) structures are obtained by patterning selected substrates with
laser engraving tools under mild conditions (low laser power, <5 W, and room-temperature

27.281 The method is fast (minutes time scale), does not require the use of toxic or

process).!
pollutant chemicals, and does not produce waste since the laser converts only selected areas of
the substrate, avoiding the production of unusable excess material or waste.?’! By applying
direct laser writing methods to commercial polyimide substrates (Kapton tape), researchers
developed micro-supercapacitors showing excellent capacitive behaviour and an areal
capacitance (CA) up to 16.5 mF/cm?.[273932] Recently, laser writing graphitization of natural
and biodegradable substrates was also demonstrated. For example, Chyan et al. was able to
graphitize a variety of natural materials such as paper, coconut shells, cloth, wood, and cork by
applying a flame retardant layer onto the substrates and using a multilasing/defocusing
approach.**! In parallel, Ye et al. reported formation of LIG structures on pine wood using a
CO; laser scribing technique under an inert atmosphere (Ar or H»), thus avoiding ablation
caused by the reaction between laser, wood, and atmospheric oxygen.# Interestingly, Lee et
al. recently demonstrated the fabrication of LIG structures directly on untreated cellulose
nanofiber (CNF) films via one-step CO; laser writing at ambient conditions. The direct
graphitization (rather than ablation) was attributed to the presence of sodium atoms in the CNF
structure arising from a TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl radical)-mediated

[35

oxidation reaction of the original bleached pulp.l** In this work, we report the fabrication of

LIG electrodes by simple, one-step direct visible laser writing of natural cork stoppers. By using
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mild laser power conditions (0.9 W laser power), it was possible to obtain electrically
conductive materials displaying an alveolar 3D morphology rich in defects and displaying an
increased surface area compared to pristine cork. Interdigitated and square electrode geometries
were fabricated and assembled into open and sandwich super- capacitor configurations,
respectively. In order to enhance device performance, the cork initial substrate was treated with
H3BOs prior to laser graphitization, a process leading to formation of boron-doped LIG
electrodes. Resulting devices exhibited CA of 4.67 and 11.24 mF/cm? at 0.1 mA/cm? current
density for open and sandwich configurations, respectively. The devices also showed excellent

stability over time with no significant loss after >10 000 charge/discharge cycles.

3.3 Experimental Section

3.3.1 Materials

Potassium chloride (KCI), sulfuric acid (H2SOs), poly-vinyl alcohol (PVA) (MW = 50 000),
and boric acid (H3BO3) were purchased from SIGMA Aldrich and used without further
purification. All solutions were prepared using deionized Milli-Q water (resistivity 18.2
MQ-cm). Commercial cork stoppers (20 mm diameter) were purchased from a local store and

used without further treatment.

3.3.2 Electrode Fabrication

Natural cork stoppers were cut in disks of about 3 mm width prior to laser engraving. LIG
structures were fabricated by laser irradiation with a KKmoon compact automatic desktop laser
engraving machine equipped with a laser with a wavelength of 450 nm and power of 3 W. A
laser power of 0.9 W (30% of laser power) was used for LIG fabrication. Interdigitated and
square electrode geometries were designed in Microsoft PowerPoint and then engraved by

raster scanning of the laser beam on the cork surface to create the electrode pattern. Doped
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interdigitated electrodes were fabricated by drop casting 0.5 mL of a 2.5% H3BOs; aqueous
solution onto the interdigitated electrodes followed by evaporation at room temperature. Doped
squared electrodes were fabricated by soaking a cork stopper disk in 2 mL of a 2.5% H3BO;
aqueous solution overnight and then dried at room temperature before laser fabrication of the

electrodes.
3.3.3 Supercapacitor Assembly

A PVA electrolyte solution was prepared by stirring together 10 mL of deionized water with 1
g of PVA and 1 mL of H>SO4 at 80 °C overnight. For open in-plane supercapacitors, the
electrolyte solution was drop-casted onto the interdigitated electrodes and used immediately
for electrochemical measurements. Silver conductive paint (RS Pro, volume resistivity 1 m€)
was applied and dried for 10 min on the electrode ends in order to ensure electrical connection
with the electrochemical workstation for testing. Kapton tape strips were applied around the
interdigitated electrodes to contain the electrolyte solution. For square electrodes, an O-ring of
7 mm inner diameter and 1.0 mm in thickness was placed in the center of an LIG square and
filled with electrolyte solution. The area outside the O-ring was painted with silver paint to
ensure electrical connections to the potentiostat and covered with Kapton tape to avoid short-
circuiting of the final device. A second square LIG electrode was placed on top of the O-ring,
and the resulting sandwiched structure was held tightly together in a screwed electrochemical

cell for 48 h before electrochemical measurements.

3.3.4 Characterization

Surface morphology and elemental analysis of the sample were done using a Zeiss Supra
scanning electron microscope (SEM) equipped with an Oxford X-Max 50 detector operating at
an accelerating voltage of 10 kV for the (energy dispersive X-ray) EDS detector (Oxford X-

Max with AZtec software). Samples were coated with ~10 nm film of AuPd (90% Au, 10%
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Pd) prior to imaging. Bright field transmission electron microscopy (TEM) analysis was
performed by means of a FEI Tecnai G12 Spirit Twin (LaB6 source) at 120 kV acceleration
voltage. TEM images were collected on a FEI Eagle 4k CCD camera. Raman investigation was
performed with a Horiba-XPlora instrument equipped with a 70 mW 532 nm laser diode.
Spectra were acquired at a laser power of 10% and 30 s acquisition time. Attenuated total
reflection-Fourier transform infrared (ATR-FTIR) analysis was carried out with a portable
Bruker ALPHA II’s Platinum ATR single reflection diamond ATR. X-ray photoelectron (XPS)
measurements were performed in a UHV chamber (P = 5 x 10—10 mbar) equipped with a
SPECS Phoibos 100-1D-DLD hemispherical electron analyzer and a non-monochromatized
dual-anode Mg/Al X- ray source for XPS. The XP spectra were recorded with MgKa at 1253.6
eV photon energy and an analyzer pass energy of 10 eV giving a full-width at half maximum
(FWHM) of 0.85 eV for the Ag 3d5/2 line. The analyzed area was a spot of 3 mm diameter.
The atomic ratios were calculated from the intensity (peak area) of the XPS peaks weighted
with the corresponding relative sensitivity factors (RSF) derived from the Scofield cross-
section taking into account the electron transport properties of the matrix and the energy
analyzer transmission function. For spectra collection and treatment, including fitting, the
commercial software SpecsLab Prodigy (by Specs GmbH, Berlin) was used. The XPS peaks
were fitted by decomposing each spectrum into individual mixed Gaussian—Lorentzian peaks
after a Shirley background subtraction. Surface wettability was measured using a Dataphysics
OCA 20 wetting angle system in air at ambient temperature by dropping distilled water droplets
(1 mm diameter) on the LIG electrode structures and bare cork surfaces. The average contact
angle value was acquired by measuring at five different positions of the same sample. Thermal
degradation of materials was evaluated by thermogravimetric analysis (TGA) that was carried
out in N> flow (flow rate = 40 mL/min) using a TGAQS500-TA Instruments, at a heating rate of

10 °C/min in the temperature range from 35 to 1000 °C. Volumetric nitrogen adsorption
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analysis was performed by means of a Micromeritics ASAP 2020 analyzer using high-purity
gases (>99.999%). Nitrogen adsorption isotherms were collected at 77 K, and the
Brunauer—Emmett—Teller (BET) specific surface area (SSA) was determined from the linear
part of the isotherms. Nonlocal density functional theory (NLDFT) was applied to nitrogen
adsorption isotherms to evaluate the pore size distribution of the nanoparticles. Prior to the
analyses, the samples were degassed at 100 °C under a vacuum (p <10—5 mbar). The electrical
conductivity of the fabricated LIG structures was determined through transfer line
measurements (TLM). Transfer line structures (16 x 4 mm) were contacted directly using a
probe station (Wentworth Laboratories PML 8000) at known separation lengths. Potential—
current sweeps (—0.1 to 0.1 V, 10 mV step) were recorded using a parameter analyzer (Agilent
5270B). Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and
electrochemical impedance spectroscopy (EIS) measurements were performed with a CHI760C
bipotentiostat electrochemical system at ambient conditions. The specific areal capacitance
(CA) was calculated from galvanostatic charge—discharge (CC) curves using the standard
equation, 4!

I

C1=3 (dv/dt)

where / is the constant discharge current, S is the total active area of both electrodes in square
cm and dV/dt represents the slope of the discharge as obtained from the charge—discharge

curve.
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3.4 Results and Discussion

3.4.1 Morphological Characterisation

c)
,_ kL
®
/’
Natural cork stoppers Laser writing of sliced cork Fabricated electrodes on cork
e f g

15 mm

et et g

[lll[l]’T]TllII[Ill’

15mm

Scheme 3.1 Schematic representation of (a) commercial cork stoppers, (b) the direct laser writing
method applied to sliced cork stoppers to fabricate electrode structures, (c¢) representative photographs
of the fabricated interdigitated and square electrodes. (d) Interdigitated electrode pattern, (e) square

electrode pattern for the sandwich configuration, (f) vertical view, and (g) top view of the electrodes

Scheme 3.1 shows the process of direct laser writing used to fabricate LIG electrodes by
graphitization of cork substrates with a 450 nm laser as well as a photograph of the resulting
interdigitated and square electrodes. Interdigitated electrodes had a total length of 16 mm, width
of 2 mm, and spacing of 320 pm between two adjacent microelectrodes. Square electrodes were
written with a size of 2.25 cm? (see scheme 3.1d-g show more details of electrodes and size).
To optimize the graphitization conditions, LIG samples were produced by systematically
changing the laser power (LP) between 30 and 70% and the laser depth adjustment (DA)
between 20 and 50 (DA is a parameter inversely proportional to the laser speed). The images
of the graphitized samples are reported in figure 1a. From a simple visual inspection of the 3 x

9 mm LIG features, it is clear that an increase of laser power beyond 40% resulted in smudging
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and broadening of the graphitized areas for all DA conditions, with a more evident effect at low

DA values. This first investigation restricted the range of laser power conditions to 30%. To

select the best DA, a systematic Raman spectroscopy investigation of LIG material produced

at 30% laser power and 20—40 DA was performed (see figure 3.1b for representative spectra).
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Figure 3.1 (a) Photograph of LIG features on cork obtained at different LP and DA conditions; (b—d)
representative Raman spectra of LIG obtained at 20—40 DA and 30% LP.

Table 3.1 Raman Characteristics of Cork LIGs Obtained from Different DAs at 30% Laser Power

Sample FwHM In/Ic In/Ic | Pos-D | Pos-G | Pos-2D
(DA-LP) [ G ~

o [ e wen | 5|5,
30-30 (ffo) S1(5) | 83 (£10) (56.72) (36.61) ti‘;? gf %ii?
030 | [ [seo | e | G0 000l | G | s

Table 3.1 reports the spectral characteristics of each sample (average of five spectra per

sample). Collected data showed that the increase of the DA was associated with the sharpening

the 2D peak and a lowering of the Ip/Ig ratio, suggesting formation of good-quality LIG

material.?’! Furthermore, electrical measurements performed on the samples showed a decrease
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in resistance from 135 to 73 Q as DA increased from 20 to 40. On the basis of these data, the

combination of 30% laser power and 40 DA was used throughout all experiments.

02 04 06 08 10
Energy (KeV)

Figure 3.2 SEM images showing the process of laser graphitization on cork: (a) image of the cork
surface prior graphitization. Inset: high- magnification image of the pristine cork structure; (b) low-
magnification image showing graphitized and ungraphitized areas following direct laser writing with a
450 nm laser; (¢) SEM image (stage tilted at 45°) showing a recessed graphitized LIG structure;
Different magnification cross-section SEM images of LIG areas obtained at (d) low magnification
image; (e-f) medium magnification images, (g) High-magnification SEM image of the LIG graphitized
area, (h) SEM image of the LIG-boron graphitized area, (i) EDS spectrum of the LIG-boron graphitized

structure. Inset: Corresponding SEM image of the analyzed region.

Figure 3.2a shows the top SEM view of a pristine cork stopper displaying a 3D structure of thin

wall cells regularly arranged in an alveolar structure, analogous to that of a honeycomb. The
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cork cells appeared as 4—9-sided polygons with three cell walls meeting at each vertex of the
network. In agreement with the literature, individual prismatic cells were stacked in rows
parallel to the radial direction, and lateral cell faces displayed various degrees of corrugation,
as a result of compression during the cell and bark growth.!?* A close-up higher- magnification
SEM image (figure 3.2a, inset) shows details of the alveolar closed cell units, displaying a
corrugated, closed, and hollow morphology. Following laser graphitization, an extended
rougher structure emerged, as shown in the low- magnification SEM image of figure 3.2b,
showing a clear demarcation between the graphitized and non-graphitized areas of the cork
stopper. Similar demarcation was also visible in the tilted SEM image of figure 3.2¢ showing
the occurrence of partial ablation and the formation of graphitized areas ca. 184 um below the
level of the cork surface which is more evident from figure 3.2 d-f. Close observation of the
LIG area (figure 3.2g) showed that the original cork ordered honeycomb structure was
maintained in the graphitized structure, but a higher degree of disorder emerged overall, as cell
walls appeared “exploded” and displayed a high density of defects, microholes, and micro-
flakes. Figure 3.2h shows the SEM top view of LIG structures obtained after laser writing of
cork surfaces pretreated with H3BOs. Laser illumination likely promoted dehydration of
deposited boron salts resulting in formation of spherical crystals with diameters between 1 and
10 um, uniformly covering the surface of the engraved cork microstructure. The SEM EDS
spectrum shown in figure 3.21, recorded across one of the boron microcrystals, confirmed the

presence of carbon, boron, and oxygen on the graphitized cork structure.
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Figure 3.3 (a) TEM image of LIG; (b) FTIR spectra of pristine cork (black curve) and cork graphitized
area (red curve); (c) Raman spectrum of LIG; (d) TGA curves of pristine cork (black) and LIG (red).
Inset DTGA curves of pristine cork (black) and LIG (red).

Figure 3.3a shows a TEM image of LIG structures displaying nanoscale edges, ripples, and
wrinkles resulting in an increased accessible surface area, which is therefore promising for
high- performance electrochemical applications. The formed LIG exhibited a crystalline
structure (inset of figure 3.3a) with d- spacing of 3.5 A, corresponding to the distance between
two neighbouring (002) planes in graphitic materials, close to the average lattice space of 3.4
A found for LIG structures obtained from graphitization of polyimide and wood materials.?”-3]
Further evidence of the LIG increased surface area compared to pristine cork is given by the
results of the Brunauer—-Emmett—Teller (BET) in figure 3.3b analysis showing a 2.5 times
increase in the specific surface area, from 1.8 £ 0.079 m?/g (cork) to 4.6 + 0.026 m?/g (LIG)
and a 3 times increase in pore volume, from 0.00774 cm?/g (cork) to 0.02281 cm?/g (LIG).
Indeed, the pristine cork sample shows very low N; adsorption, presenting just a steep rise at
high relative pressure, due to nitrogen condensation. Instead, LIG shows a higher N> isotherm

in all the ranges of adsorption, indicating a more porous sample, and particularly the significant
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presence of mesoporosity (see figure 3.3c). This result is in accordance with the evidence of an
expanded structure revealed by morphological analyses. Contact angle measurements were also
performed, and they showed a decrease in hydrophobicity from a 102.7° for pristine cork to
80.9° for graphitic carbon areas. The cork graphitization process was also investigated by
spectroscopic techniques. Figure 3.3d shows a comparison between the FTIR spectrum of
pristine cork (black line) and the graphitic carbon structure (red line) obtained after the laser
writing process. A typical FTIR spectrum of pristine cork showed the presence of well-defined
peaks that were associated with the presence of suberin (2920, 2851, and 1739 cm™!), guaiacyl-
type lignin (1510, 853, and 820 cm™!), polysaccharides (1099 and 1037 cm '), and extractives
(1607 and 1460— 1300 cm ™), as reported in the literature.*®! After the laser engraving process,
the FTIR spectrum appeared featureless, thus confirming the conversion of cork into graphitic
carbon. The Raman spectrum (figure 3.3e) displayed evidence of graphene-like carbon
morphology structure formation. Specifically, the spectrum was characterized by a D band
centered at 1352 cm™! induced by bent sp? carbon bonds and associated with the presence of
defects, a G band centered at 1587 cm™! and corresponding to the Ea, tangential vibrations of
graphitic carbon, and a 2D band at 2696 cm ™! originating from second- order zone boundary
phonons indicating conversion from of amorphous carbon to crystalline graphitic carbon. All
bands could be fitted by a single Lorentzian peak with a full-width-at- half-maximum (FWHM)
of 73.1, 65.9, and 73.4 cm™! for the D, G, and 2D bands, respectively. This profile was
consistent with the profile of LIG structures fabricated by our group and others by infrared and
visible laser writing of polyimide sheets.[*’ 2! In particular, the ratio In/Ig = 1 confirmed the
crystalline nature of the ablated surface and was in agreement with formation of highly ordered
graphite and nanocrystalline graphitic domains in a disordered carbon matrix; the low Izp/ Ig
ratio of 0.37 suggested that the laser-induced graphitization process resulted in the formation

of nanocrystalline graphitic carbon films, whereas the presence of a sharp 2D peak provided
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further evidence for a higher degree of ordering, consisting of randomly stacked graphene
layers along the c axis.[*”) Figure 3.3f shows the thermal stability of the pristine cork material,
evaluated by TGA analysis. The mass change before 210 °C was associated with moisture
release. The cork material was stable up to ca. 200 °C. A substantial weight loss occurred
between 200 and 400 °C, probably associated with intra- and intermolecular dehydration
processes and specifically in decomposition of the hemi-cellulose structure in the range
290-380 °C leading to formation of aliphatic char. The peak visible at 456 °C s associated with
the joint degradation of lignin and suberin and the generation of a condensed polycyclic
aromatic structure, which was converted to graphitic carbon at higher temperature.*>-7 The
two degradation events were clearly visible in the derivative (D)TGA curves shown as inset of
figure 3.3f. A small stable graphitic material residue (ca. 2%) remained at temperatures >900
°C, confirming the suppression of complete degradation of the cork material. In comparison,
the TGA of LIG material displayed higher temperature stability, with 40% of the material stable
at 900 ‘C. The degradation event clearly visible in the DTGA curve was attributed to
degradation of residual lignin and suberin still present in the LIG mechanically removed from
the cork substrate. The graphitization of natural materials such wood and lignin-rich materials
has been ascribed to a combination between the laser photothermal effect and the unique
chemical composition/morphological structure of the materials.**! The cork graphitization
process does not seem to be dependent on the laser wavelength as we were also able to produce
LIG by CO; irradiation, whereas Chen et al. reported graphitization with UV irradiation.*®!
Compared to wood, cork has a similar content of lignin (22 wt %) and a low content of cellulose
(9% wt).2”! Furthermore, cork has a rich cellular wall structure consisting of a thin, lignin-rich
middle lamella, a thick secondary wall made from alternating hydrophobic suberin and wax
lamella and a thin tertiary wall of polysaccharides.””) Suberin is the most abundant

(approximately 40%) of the cell wall components, and it is the major contributor to cork’s well-
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known resistance to air and water and acids. We speculate that the combination of (i) the cork’s
three-dimensional and heavily cross-linked structure and (ii) the hydrophobic nature of most of
the cork’s structural components might have contributed to the regulation of the local laser high
temperature and promoted graphitization while preventing carbonization. Interestingly, suberin
consists of a polyester structure composed of long-chain fatty acids, hydroxy fatty and rich in
phenolic acids, linked by ester groups. Recently, it has been reported that phenolic resins could
be graphitized by 450 nm laser irradiation with better results compared to IR irradiation (better

fine-tuning of the conversion process leading to better electrical conductivity and mechanical

stability).*]
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Figure 3.4. XPS spectra of deconvoluted Cls peaks of (a) pristine cork, (b) LIG, and (c) boron-doped
LIG; (d) XPS spectra of deconvoluted B1s peaks of Boron cork and Boron LIG, (e) XPS survey scans
of cork (black line), boron-doped cork (red line), and boron-doped LIG (blue line).

Further analysis was also carried out to elucidate the process of cork graphitization and the
effect of boron doping. Figure 3.4a—c shows the deconvoluted C 1s XPS peaks for pristine
cork, LIG, and LIG obtained from boron-doped cork substrates. The peaks were analysed based

on five components (the main C=C sp?> and C—C sp> carbon bonds, C—O(H) epoxides and
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hydroxides, C=0 carbonyl groups, and COOH carboxyl groups). Peak assignments and
percentage component concentrations are shown in Table 3.2. XPS data showed an increase in
the concentration of sp? carbon, from 14.6% of pristine cork to 41.2% of graphitized cork, as
well as a decrease in C sp® percentage in graphitized cork, further confirming the graphene-like
nature of the obtained structure. Also confirmed was the presence of surface carboxyl and
carbonyl groups with the C—O peak more dominant than C=0 and COOH peaks (21.3% vs 5.4

and 2.2%, respectively).

Table 3.2 Percentage of C—C sp?, C—C sp?, Epoxides-Hydroxides, Carbonyls, and Carboxyl bonding as

derived from C 1s XPS spectrum deconvolution®

Atomic percentages (%)
Cork Boron cork LIG Boron-LIG Peak
assignments

14.6 16.6 41.2 24.7 C-C sp®
64 34 29.9 29.3 C-C sp’
17.3 27 21.3 27.7 C-O(H)

0 13 54 13 C=0
4.1 9 2.2 54 COOH
80.3 31.2 84.7 73.9 Total C
19.7 46.9 15.3 21.7 Total O
N/A 21.9 N/A 4.4 Total B

¥The atomic % concentration pf carbon, oxygen, and boron is also presented for all analysed

materials.

The atomic % concentration of carbon and oxygen is also presented in Table 3.2, and it shows
an increased C percentage and decreased O percentage in the transition from pristine cork to

graphitic carbon, following a trend already observed for other graphitic carbon materials
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derived from polyimide laser writing processes. XPS analysis was also performed on boron-
LIG samples to get insights into the nature of boron-doping. C 1s XPS peaks of boron-doped
LIG (figure 3.4c) showed an increase in C—Csp? compared to pristine cork and a decrease in
sp> C—C, following a trend analogous to that displayed by undoped LIG materials. The
deconvoluted boron XPS peak is shown in figure 3.4d. After laser irradiation, the boron peak
slightly shifted to a higher binding energy (193.7 eV); a 4.4% atomic percentage of boron was
found in the boron cork-LIG sample, suggesting that a high content of boron was incorporated
in the LIG networks. Figure 3.4e shows the XPS survey scans for pristine cork, boron cork, and
boron cork-LIG. Boron peaks appeared at 193.3 eV in the boron cork sample, corresponding
to an atomic percentage of 21.9%. Table 3.2 shows that the atomic percentage of carbon and
oxygen changed in different cork samples upon laser irradiation. Interestingly, the oxygen
atomic percentage increased from 19.7 for pristine cork to 21.7 for boron cork-LIG, indicating
the formation of new oxygen-containing groups in doped samples. These characteristics are
consistent with those reported for boron-doped graphene-like carbon materials whereby boron
entered the carbon lattice at the trigonal sites, acting as an electron acceptor, causing a shift in
the Fermi level to the conduction band and hence modifying the electronic structure of boron-
doped carbon. The redistribution of & electrons induced by the presence of substitutional boron
strengthened C—O bonds upon oxygen adsorption resulting in higher oxygen concentrations in
the boron-doped samples.***! The sheet resistance of the graphitic carbon structures measured
by a TLM method was calculated to be 46 + 3 and 38 + 2 Q/sq for LIG and boron-LIG,
respectively, while the bare cork showed no conductivity, as expected from an insulating

material.
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Table 3.3 compares the quality of LIG material obtained by graphitization of lignin-rich
substrates. The sheet resistance (Rsn) reported above was comparable or lower than the
resistance calculated for most fabricated structures and lower than the Rqy reported for cork
graphitized with UV laser. The Raman characteristics were comparable to those reported for

watercolour and chromatography papers.

Table 3.3 Comparison of LIG Characteristics Obtained from Lignin-Based Materials

Material Laser type/ Raman | Raman Rsh Ref.
Wavelength (D/G) 2D/G) (Q/sq)

Paper UV (355 nm) 125 [42]
Wood IR (10.6 um) 0.8 0.5 10 [34]
Watercolour paper IR 1 40 [43]
Chromatography paper IR 0.5 32 [44]
Chromatography paper IR 1.28 0.62 56 [45]
Cellulose nanofibers IR 16000 [35]
Cork uv 0.41 0.37 75 [46]
Cork Visible (450 nm) 1 0.37 46 Our work
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3.4.2 Electrochemical Characterisation

The supercapacitive behaviour of fabricated devices was electrochemically tested in both open
planar configuration (interdigitated electrodes) and sandwich (square electrode) configurations

using PVA/H2S0O4 as an electrolyte.
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Figure 3.5 Electrochemical characterization of a representative open interdigitated LIG supercapacitor
device (a) cyclic voltammograms at different scan rates (from 0.01 to 0.10 V/s); (b) galvanostatic charge
discharge (GCD) curves at different current densities; (¢) plot of areal capacitance (Ca) at different
current densities (d) cyclability testing over 5000 cycles. Insets: representative GCD curves recorded

during cycling.

Cyclic voltammetry (CV) and galvanostatic charge—discharge measurements were used to
investigate the device’s electrochemical behaviour. Figure 3.5a shows CV curves collected in
the 0.01-0.1 V/s scan rate interval for the planar configuration. All curves showed a pseudo-
rectangular shape commonly associated with a good capacitive behaviour./>* Figure 3.5b shows
the galvanostatic charge discharge (GCD) curves of a representative device collected in the
0.1-0.5 mA/cm? interval. All curves displayed a nearly triangular shape, another indication of

¢, [30-32

good capacitive behaviou I The areal capacitance, Ca, calculated from the discharge
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curves of the GCD measurements at 0.1 mA/cm? was found to be 1.56 mF/cm?. The Ca showed
a decrease with the increase of current density, as displayed in figure 3.5c. The stability over
time of the interdigitated graphitic carbon electrodes was tested over 5000 cycles of
charge—discharge (figure 3.5d) recorded at a current density 0.1 mA/cm?. It was found that the
device retained 99.7% of its original capacitance and showed an average capacitance of 1.64 +
0.03 mF/cm?. Inset of figure 3.5d shows representative galvanostatic CD curves recorded

during the 5000 cycles of charge—discharge.
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Figure 3.6 Electrochemical characterization of a representative Sandwich LIG supercapacitor device
(a) cyclic voltammograms at different scan rates (from 0.01 to 0.10 V/s); (b) GCD curves at different
current densities; (c) plot of areal capacitance (Ca) at different current densities (d) cyclability testing

over 5000 cycles. Insets: representative GCD curves recorded during cycling.

Figure 3.6 shows data associated with the electrochemical characterization of sandwich
configuration supercapacitor devices. The CV curves (figure 3.6a) collected in the 0.01— 0.1

V/s scan rate interval showed a pseudo-rectangular shape, while the galvanostatic charge
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discharge (GCD) curves (figure 3.6b) recorded in the 0.1—-0.5 mA/cm? interval showed a nearly
triangular shape, both indicative of good super-capacitive behaviour. The Ca calculated from
the GCD curves at different current density values showed the highest capacitance equal to
4.13 mF/cm? at a current density of 0.05 mA/cm? (figure 3.6¢). The stability over time of the
sandwich LIG electrodes was tested over 5000 cycles of charge—discharge (figure 3.6d) at a

current density of 1.0 mA/cm?, and it was found that the device retained 83.3% of its original

capacitance.
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Figure 3.7 Electrochemical characterization of Boron-doped interdigitated LIG supercapacitor device
(a) cyclic voltammograms at different scan rates (from 0.01 to 0.10 V/s); (b) GCD curves at different
current densities; (c) plot of areal capacitance (Ca) at different current densities (d) cyclability testing

over 10000 cycles. Insets: representative GCD curves recorded during cycling.

To improve the electrochemical performance, LIG electrodes in both configurations were
doped with boron by immersion of the cork substrate into an aqueous solution of H;BOs prior
laser irradiation. Figure 3.7 reports the electrochemical characterization of the resulting boron-

doped interdigitated devices. CV curves acquired between 0.01 and 0.1 V/s scan rates showed
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the typical super-capacitive pseudo-rectangular shapes (see figure 3.7a) and the galvanostatic
charge discharge (GCD) curves showed pseudo-triangular shapes (figure 3.7b). Furthermore,
the Ca, calculated from the CC curves across two orders of magnitude current densities range,
showed a little decrease with the increase of the current densities, analogous to the behaviour
previously observed for no-doped devices. A maximum Ca of 4.67 mF/ cm? at 0.1 mA/cm? was
calculated for the open interdigitated configuration (figure 3.7¢c). Finally, the stability over time
of the boron-doped interdigitated super- capacitor was assessed over 10 000 cycles of
galvanostatic charge—discharge at 0.1 mA/cm? and showed excellent stability over time with a

recorded 15% loss in retention for the interdigitated configuration (figure 3.7d).
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Figure 3.8 Electrochemical characterization of Boron-doped sandwich LIG supercapacitor device (a)
cyclic voltammograms at different scan rates (from 0.01 to 0.10 V/s); (b) GCD curves at different
current densities; (c) plot of areal capacitance (Ca) at different current densities (d) cyclability testing

over 10000 cycles. Insets: representative GCD curves recorded during cycling.

Figure 3.8 presents the electrochemical characterization of boron-doped sandwich

supercapacitors. The CV curves recorded at scan rates between 0.01 and 0.1 V/s exhibited a
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pseudo-rectangular shape (figure 3.8a), characteristic of supercapacitive behaviour, similar to
that observed for boron-doped interdigitated devices. The GCD curves at varying current
densities displayed pseudo-triangular profiles (figure 3.8b), further confirming capacitive
charge storage. The areal capacitance (Ca), calculated from the GCD curves across two orders
of magnitude of current densities, showed a slight decrease with increasing current density. A
maximum areal capacitance of 11.24 mF/cm? was achieved at 0.1 mA/cm? (figure 3.8¢), which
is 2.4—3 times higher than that of non-doped cork-based devices. The long-term stability of the
boron-doped sandwich supercapacitor was evaluated over 10,000 charge-discharge cycles at
1.0 mA/cm?, revealing a 14% capacitance loss, demonstrating excellent cycling stability (figure
3.8d).

The better performance of boron-doped devices was ascribed to the catalytic effect of the low-
concentration boron doping where boron doped sandwiched device showed a maximum areal
energy density of 1.7 uWh cm 2 and power density of 55.7 uWem 2 at a discharge rate of 0.05
mA/cm?. As observed in the XPS analysis, boron-doped LIG materials displayed a higher
oxygen atomic percentage, which resulted in a higher redox capacitance. In parallel, it has been
reported that boron doping can induce hole charge carriers in the graphene lattice, resulting in
an increase of the charge density and hence the electrons’ charge storage.!***!l The results
reported were comparable to the performance shown for other “natural” supercapacitor devices.
For example, supercapacitors based on jute fibers have shown a specific capacitance of 8.65
mF.cm™! at 0.1 mA."*" On the other hand, LIG supercapacitors recently fabricated by

femtolaser graphitization of fallen leaves showed a CA of 34.68 mF cm 2 at 5 mV s 1.[48]
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3.5 Conclusions

In conclusion, novel LIG supercapacitors were fabricated by using cork-based devices in both
open and sandwich configurations. An easy, one-step laser engraving process, carried out in
minutes with visible irradiation wavelength and under ambient conditions, was used for the
two-electrode fabrication, leading to the formation of highly 3D, porous, and electrically
conductive LIG structures. Best performances were obtained upon boron treatment of the cork
substrates prior to laser graphitization, a process that resulted in boron doping of the resulting
LIG electrodes and an increase of ca. three times in the specific areal capacitance compared to
non-doped devices. The cork-based supercapacitors also displayed good stability over time,
with no significant loss over 10,000 cycles of charge—discharge. The laser-induced graphitic
carbon electrodes obtained by laser engraving of earth-abundant and low-cost renewable
sources such as cork constitute promising candidates for the realization of next-generation low-

carbon-footprint and low-cost energy storage devices.
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Chapter 4:  Eco-friendly Energy Storage and Energy
Harvesting Devices Fabricated by Direct Laser Writing of
Chitosan-Lignin-Boric Acid Substrates

4.1 Abstract

Novel eco-friendly supercapacitor (SC) and triboelectric nanogenerator (TENG) devices were
assembled using Laser Induced Graphene (LIG) electrodes fabricated by direct laser writing of
chitosan-lignin-boric acid films. A simple one-step laser irradiation was used to convert the
chitosan-based films into 3D, interlinked, and electrically conductive LIG electrode materials.
Assembled SCs displayed specific areal capacitances up to 21.4 mF/cm? at a current density of
0.05 mA/cm? and 68% capacitance retention for > 10000 charge/discharge cycles. When
charged by a commercial solar cell, the SC could power an LED light, a calculator, and a
hygrometer, showing potential for real applications. Single-electrode TENG (SE-TENGQG)
devices were also assembled using PDMS as dielectric layer. The TENGs displayed open
circuit voltage of 13.3 V, a short-circuit current of 1.7 pA, and stability over 10,000 cycles.
The TENG could charge commercial SCs of 0.1 puF and 1 pF capacitance in less than 60 s. This
work demonstrates the suitability of sustainable materials as feedstock constituents for the
generation of LIG electrodes and opens the door to the large-scale production of cost-effective

electrode materials for “green” wearable electronic applications.
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4.2 Introduction

Wearable sensors have gained much attention in recent decades for their applications in
health,!'2) sport,”®! fitness and wellbeing,[* enabling the monitoring of biomarkers and the
transition from centralized to personal, point-of-care monitoring.l*! The rapid technological
development and high demand for such wearable devices requires the urgent development of
light weight, flexible and robust power systems. Supercapacitors (SCs) are increasingly used
in wearable electronics as alternative to traditional batteries, as they combine light weight and
flexibility with high-power density, fast charging/discharging ability, and long cycle life.**1 A
possible alternative strategy to reduce weight and volume in wearable designs is the
incorporation of energy harvesting devices to achieve self-powering capabilities.!!0!!]
Triboelectric nanogenerators (TENGs) are devices capable of harvesting and converting
mechanical energy from various stimuli — solid-solid, liquid-solid, and gas-solid - into
electricity, generating high AC voltage through the combined effects of contact electrification

12151 Dye to the low cost of materials involved, simplicity of

and electrostatic induction.!
operation, versatility of configuration and wide range of applications, TENGs are being
increasingly considered for wearable power supplies and versatile self-powered sensing

applications.!'®

Recently, direct laser writing (DLW) has emerged as a high throughput and ecofriendly

[17-19 20-22]

manufacturing technique for the realization of energy storage l'and energy harvesting!
devices. In this method, low-cost hobbyist lasers are used to “write” Laser Induced Graphene
(LIG) conductive patterns on flexible polymer substrates without the use of templates or
chemicals. The obtained LIG structures exhibit high surface area, high density of defects and
low sheet resistance (Rsn < 50 €/sq), making LIG an ideal electrode material for energy

applications. For example, the application of DLW methods to commercial polyimide

substrates (Kapton tape), has led to the development of micro-supercapacitors with excellent
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capacitive behavior and showing areal capacitances up to 16.5 mF/cm?.l!""1LIG has also been
used in energy harvesting applications. Stanford et al. fabricated LIG-TENGs on polyimide and
cork substrates obtaining open-circuit voltages >3.5 kV and peak power >8 mW.!?% Yang et al.
used polyimide paper to realize novel foldable and stackable TENGs, also displaying tailorable

(22 Shrestha et al. developed the first example of a SC

performance and enhanced versatility.
power cell (SPC) in which energy generated from a TENG device was stored in a SC without
power management or rectifier circuits via a ‘tribo-electrochemical mechanism. The self-

charging SPC combined TENG and SPC into a single integrated device, with TENG generating

2.5 mW power, which successfully charged a SPC to maximum 210 mV within 9 s.[*!

In parallel to the above technological advances, new efforts are nowadays concentrating into
embedding abundant, natural, or renewable constituent materials into energy devices towards
development of green wearable technologies with reduced environmental impact. Interestingly,
it has been recently demonstrated that natural and abundant precursors can be eggshell
feedstock materials for the production of “green” LIG, making this process amenable to the
fabrication of biodegradable electronic platforms.[>*2%) For example, our group and others have
investigated the merit of sustainable paper, lignin-enriched paper, and cork for the production
of LIG SC electrodes, reaching impressive areal capacitance (up to 10 mF/cm?), power (4 pW
cm™ at 0.01 mA/cm?) and energy (=4 pW/cm? and ~0.77 uWh/cm? at 0.01 mA/cm?)
densities.!?’?8) Chi et al. have designed a rice-based TENG able to produce 244 V with 6 pA of
short circuit current and 37 uW/cm? of power density./*” Saqib et al. have fabricated a TENG
from waste peanut shells achieving 910 V open circuit voltage and 104.5 pA short circuit
current with 1.3 mW of peak instantaneous power.*% Singh et al. also has used waste from fish
fins as well as other biomaterials combinations (egg shell membrane, dog hairs, tree cotton) to

fabricate TENGs, achieving 130 V, with 1.1 pA measured across a 1 MQ resistor.3!]
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In this work “green” LIG electrodes were fabricated by one-step DLW of flexible chitosan-
lignin-boric acid films. The electrodes displayed the typical high surface area of LIG materials
obtained from conventional polyimide and were used to assemble energy storage and
harvesting units. The SCs showed impressive areal capacitance of 15.2 mF/cm?at 0.1 mA/cm?
and good stability and cyclability, with retention of 68% of the initial capacitance after > 10000
charge/discharge cycles. When assembled in series and charged with a commercial solar cell,
the SCs were able to power LED lights, a calculator and a chronometer, showing promising
real-world application capabilities. Single-electrode TENG devices were also fabricated, which
showed open circuit voltages 3.7V—-13.3V for 30N—60 N applied forces. The capability of
TENGs to charge commercial supercapacitors was also shown, towards demonstration of

practical applications.

4.3 Experimental Section

4.3.1 Materials
Chitosan powder (CS, medium molecular weight), glycerol (99.5%), lignin alkali (LIGN, 95%

pure), acetic acid (50%), boric acid (BA) powder (H3BOs3, 99.5%), poly(vinyl alcohol) (PVA,
My 89,000-98,000), and sulphuric acid (96%) were purchased from Sigma Aldrich.
Polydimethylsiloxane (PDMS) base and curing agent at a 10:1 ratio (Dowsil 184 Sylgard) were
purchased from Farnell Ireland. All the chemicals were used without further purification or
modification. All solutions were prepared using deionized (DI) Milli-Q water (resistivity ~18.2

MQ/cm).
4.3.2 Preparation of Chitosan-Lignin-Boric acid substrate

Chitosan (2g), glycerol (2mL) and lignin alkali powder (0.3g) were dissolved in 100 mL of an
aqueous solution of acetic acid (1%) and stirred for 1 h. Different amounts of BA, equivalent
to 1-11% relative to chitosan weight, were added to the solution which was stirred for 24 h.

The resulting mixtures were poured on polyethylene terephthalate (PET) sheets in a plastic tray
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and dried for 48 hours at room temperature to get a 200 um thick flexible Chitosan-Lignin-
Boric acid (CS-LIGN-BA) film on PET. Scheme 4.1 illustrates the fabrication of CS-LIGN-

BA substrates, along with the process of LIG fabrication by one-step visible laser irradiation.

CS-LIGN-BA
Acetic
Acid/ Hzol Glycerol
\ / ) Drying
Stirring, 24 hs / T o— DLW ”
il J RT, 24 hrs =
- // £ /’
Casting

Scheme 4.1 Schematic process for the preparation of CS-LIGN-BA substrates by casting aqueous CS-
LIGN solutions with 3-11 wt% of BA into PET substrates, followed by LIG fabrication with DLW.

4.3.3 LIG Fabrication

LIG electrodes were fabricated via laser irradiation using a K5 compact desktop mini laser
engraving machine equipped with a 450 nm wavelength laser and a 3 W power source. To
ensure stability during laser processing, PET films were secured onto a glass slide using double-
sided tape. LIG patterns were laser-written onto CS-LIGN-BA films with optimized laser
power and depth settings, determined through a Design of Experiments (DoE) approach using
Design Expert 11 software. A randomized parameter set was employed to enhance LIG

production efficiency.

4.3.4 Fabrication of energy storage and harvesting devices

For the fabrication of SCs, a sandwich configuration was designed using LIG square (1 cm?)
electrodes. A PVA/H2SO4 electrolyte solution was prepared by stirring together 10 mL of de-
ionized water with 1 g of PVA and 1 mL of H2SO4 at 80°C overnight. A sintered polypropylene
separator with a thickness of 100 um was placed between two LIG electrodes filled with
PVA/H" electrolyte solution. The outside edges of the LIG electrodes were painted with
conductive silver paint to ensure stable electrical connections to the potentiostat. Prior to

electrochemical measurements, the SC sandwich device was placed in a tightly screwed
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aluminium holder and stored overnight in a vacuum desiccator to remove any excess moisture

and ensure electrolyte penetration into the porous electrodes.

SE-TENG devices were fabricated using LIG as electrodes and polydimethylsiloxane (PDMS)
as the triboelectric layer. The PDMS layer was prepared by mixing the silicone elastomer
precursor with the curing agent (Sylgard 184) in a 10:1 volume ratio. After thoroughly mixing,
the PDMS mixture was vacuum degassed for one hour to remove air bubbles. The degassed
PDMS was then spin-coated onto a square-shaped LIG surface (3.8 cm?) maintaining a constant
acceleration speed of 200 rpm for 60 s. After deposition the PDMS layer was further vacuum
degassed for one hour to ensure uniformity and eliminate any remaining bubbles. The layer
was then cured at 80 °C for one hour, resulting in an average thickness of approximately 225
um, as measured with a Mitutoyo external micrometre. To facilitate electrical measurements,

copper tape was attached to LIG surface, serving as the connection point for electrical wiring.

4.3.5 Characterization

The electrical conductivity of the fabricated LIG structures was determined through Transfer
Line Measurements (TLM). Transfer line structures (16 X 4 mm) were contacted directly using
a probe station (Wentworth Laboratories PML 8000) at known separation lengths. Potential-
current sweeps (-0.1 to 0.1 V, 10mV step) were recorded using a parameter analyser (Agilent
5270B). Surface morphology and elemental analysis were performed using Scanning Electron
Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy (EDS) with a Zeiss Supra 40,
equipped with an Oxford X-Max 50 detector, operating at an accelerating voltage of 10 kV.
Samples were coated with ~10 nm film of AuPd (90%Au, 10%Pd) prior to imaging. X-ray
photoelectron spectroscopy (XPS) measurements were conducted in a vacuum transfer module
using a K-Alpha (Thermo Scientific) 180° double-focusing hemispherical analyzer with 128-

channel detector and Al Ka micro-focused monochromator with an excitation energy (hv =
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1486 eV) and X-ray spot size of 300 um. The electron energy analyzer operated with a constant
pass energy of 50 eV for high-resolution (HR) spectra and 200 eV for survey spectrum. A dwell
time of 50 ms was used for HR spectra and 10 ms for survey spectra, along with 10 and 20
scans, respectively. Raman investigation was performed with Horiba-XPlora equipped with a
70 mW 532 nm laser diode. Spectra were acquired at a laser power of 10% and 30 s acquisition
time. X-ray diffraction (XRD) measurements were carried out by scanning from 4 to 70" (20)
with a Shimadzu XRD-6000 X-ray diffractometer at a rate of 1 min'. Thermogravimetric
analysis (TGA) was conducted using a QG50 TG analyzer from TA Instruments (USA) under
a nitrogen atmosphere at a flow rate of 40 mL min~'. Samples of 10 mg were placed in platinum
crucibles and heated from 25 “C to 800 'C at a rate of 10 'C min ™.

To investigate electrochemical performance of the SC devices, cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopic (EIS)
measurements were performed with a multichannel (Autolab PGSTAT M204) electrochemical
workstation at ambient condition. The specific areal capacitance (Ca) was calculated from GCD

curves using the standard equation *!

I

G = Sx@v/an

Where, I denotes the constant discharge current, S is the total active area of positive and
negative electrodes in cm? and dV/dt represents the slope of the discharge as obtained from the
charge-discharge curve. EIS spectra of all LIG supercapacitor devices were obtained at open
circuit potential (OCP) in the range -0.047 to +0.045V, in the frequency range from 10 kHz to
0.01 Hz using an AC amplitude of 10 mV.

Open circuit electrical voltages (Voc) generated from the constructed SE-TENG device were
measured by varying the applied mechanical forces (30 — 60 N) and frequencies (2 to 10 Hz).
The short-circuit current (Isc) output was measured under varying forces (30 — 60 N) at a fixed

frequency of 2 Hz. The TENGs were connected to an external circuit for measurements, and
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the data was collected using an oscilloscope (Tektronix TBS1000C). In all cases, the
triboelectric layer matched the area of the LIG electrode, and the Voc results were normalized
based on the TENG contact volume. Mechanical drive was generated using a custom-made
device. The TENG's electrical output stability was evaluated by monitoring Voc over 10000
cycles at 50 N and 2 Hz. Instantaneous power was calculated using P = V?R™! from the data
obtained from voltage measurements in the corresponding load resistance (R). Voc and Isc
output under activation at 50 N and 2 Hz across different resistance ranges (0.1 to 200 MQ)
was evaluated. Then, instantaneous power was plotted as a function of time and power density
was calculated by dividing the power by the sample contact area. The surface charge density
was obtained following the method proposed by Germane, in which the surface charges Q (nC)

was determined from the measured current peaks using equation 2:

where i is the instantaneous current (nA) and dr is the time differential (s). Integration was

done for the highest and lowest peak corresponding to the separation stage.

4.4 Results and discussion
4.4.1 Material optimisation

Laser writing conditions were optimized for LIG production using CS-LIGN-BA substrates
with 5% wt. BA, as this concentration was found optimum in previously fabricated LIG

s.3334 DLW was carried out by using a DoE approach,

electrodes from polyimide substrate
whereby laser power (LP) and laser depth (LD) were systematically changed between 30-80%
and 40-80%, respectively, aiming at obtaining LIG materials with the lowest values of sheet
resistance (Rsh). Figure 4.1a shows the DoE graph where the values of Ry, obtained for LIG
written with different LP-LD combinations are shown as colour density (blue to green

equivalent to low to high). The calculation showed that the LP-LD combination of 30-40 was

the minimum required parameter setting for successful conversion of CS-LIGN-BA into LIG.
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However, these experimental conditions led to formation of LIG structures showing high
average Rqh of ~121 /sq. In contrast, the lowest average Rsu value (~12 /sq) was found for
the LP-LD combination of 80-80. However, LIG structures formed under this experimental
condition were highly brittle. Therefore, an LP-LD 55-60 combination was chosen for further
study, as the obtained LIG structures showed acceptable low average Rqn of 33 Q/sq while
maintaining their flexibility. After optimization of the laser writing parameters, the contribution
of BA was investigated, with the purpose of choosing the BA concentration (wt.%) leading to
formation of LIG structures with the lowest Rqy values. Figure 4.1b shows that the average Rsn
of LIG decreased as the BA content in the CS-LIGN mixture increased, until reaching a plateau

at BA concentrations of 9% and higher.
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Figure 4.1 a) Response surface design of experiment (DoE-RS) model output for Rsy vs. various LP-
LD combinations; b) Rsu of LIG structures obtained by laser writing (55-60 LP-LD) of CS-LIGN-BA
films with different BA contents (wt.%)

Based on this trend, 9% BA was selected for synthesizing subsequent substrates for LIG
production, achieving a dry mass loading of CS-LIGN-BA on PET sheet equivalent to 21.36
mg/cm?. BA concentrations below 3% were not included, as graphitization did not occur.
Furthermore, for BA concentrations above 3%, graphitization was observed even in the absence
of LIGN. However, the inclusion of LIGN led to LIG structures of lower Rgn values (33 /sq

with LIGN vs. 75 Q/sq without LIGN) and enhanced the overall substrate hydrophobicity,
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resulting in SC and TENG devices of greater electrochemical performance and

mechanical/chemical stability.

4.4.2 Morphological Characterisation

Figure 4.2 shows SEM images associated with the graphitization of CS-LIGN-BA substrates.
The pristine film (figure 4.2a) showed a smooth surface with some residual wrinkles arising
from the drying process. The SEM image of LIG (figure 4.2b) illustrates a clear transition from
a smooth morphology to a significantly corrugated, elevated morphology upon graphitization
and LIG formation. The image showed quite clearly the formation of parallel linear LIG
structures about 30 um wide, associated with the raster scanning movement of the laser during
the writing process. The laser written area showed the typical “exploded” LIG morphology,
characterized by high density of micro-holes and defects and displaying high surface area and
porosity. This morphology resembled closely the morphology of LIG and green-LIG structures
previously obtained by laser writing of polyimide and biomaterials, respectively.[?6-2- 35 The
cross-sectional SEM micrograph revealed an approximate CS-LIGN-BA thickness of ~200 pm
(figure 4.2¢) and a LIG thickness ranging from 100 to 157 pm (figure 4.2d), consistent with
reported values for chitosan-based derivatives.*% The high LIG thickness played a crucial role
in modulating lateral electron pathways and charge-transfer routes, contributing to the observed
low sheet resistance (~33 Q/sq). Figure 4.2e-g shows the SEM-EDS mapping displaying
homogeneous distribution of C, O and B in the film. A representative EDS spectrum is shown
in figure 4.2h, with atomic percentages of C, O and B equal to 50.0, 42.8 and 7.3 wt%,
respectively. Figure 4.2i-k show SEM-EDS mapping and representative EDS spectrum (figure
4.21) of C, O and B in the LIG materials. Following laser treatment, the C content increased to
82 wt.%, indicating occurrence of graphitization; the O content decreased to 9.3 wt.%, and the
B content showed a slight increase (8.7 wt.%), indicating incorporation of boron into the LIG

structure.
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Figure 4.2 SEM images of (a) pristine CS-LIGN-BA substrate; (b) LIG; (c) Cross-sectional SEM image
of CS-LIGN-BA and LIG (side by side); (d) LIG. SEM-EDS colour mapping of the CS-LIGN-BA
substrate for (e) Carbon, (f) Oxygen, and (g) Boron, with (h) a representative SEM-EDS spectrum of
CS-LIGN-BA. SEM-EDS colour mapping of the LIG surface for (i) Carbon, (j) Oxygen, and (k) Boron,
with (1) a representative SEM-EDS spectrum of LIG showing atomic distribution.

The SEM-EDS color mapping of CS-LIGN-BA and LIG show a homogeneous atomic
distribution of C, O and B throughout the material surface. These preliminary results suggest
that BA played a key role in the graphitization process, probably acting as temperature regulator
during laser writing, by reducing thermal degradation and ablation and facilitating
graphitization.!*¥ Specifically, it known that CS-BA composites show thermal stability, due to
the formation of cross-linked, gel-like structures, a process that releases water preventing

ablation during laser irradiation.[*¥]

4.4.3 Chemical characterization

To evaluate chemical properties of LIG on CS-LIGN-BA composite film, further
characterization of LIG was performed using Raman spectroscopy. Figure 4.3a shows a
representative Raman spectrum of LIG obtained by laser writing of CS-LIGN-BA substrate

displaying three major peaks, typical of graphene-like carbon morphology. Specifically, the
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spectrum showed a D-band, related to bent sp? carbon and associated with defects, centered at
1351 cm’!, a G-band centered at 1584 cm™!, corresponding to the E,, tangential vibrations of
graphitic carbon, and a 2D-band related to second-order zone boundary phonons at 2698 cm’!

indicating conversion from of amorphous carbon to crystalline graphitic carbon.?!
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Figure 4.3 (a) Raman spectrum of LIG; (b) XRD pattern of LIG; (c) TGA profiles of CS-LIGN and
CS-LIGN-BA substrates; (d) XPS Cls spectra of pristine CS-LIGN-BA films; (e) XPS Cls spectra of
LIG; XPS spectra of CS-LIGN-BA and LIG: (f) Bls spectra, (g) Ols spectra, (h) N1s spectra, and (i)

XPS survey scan spectra.

All the bands could be fitted by a single Lorentzian peak and showed full width at half max
(FWHM) of 60.7, 34.7 and 73.2 cm™! for the D, G, and 2D bands, respectively.”?”! The Raman
data showed that the quality of the herein produced LIG material had comparable characteristics

with those of other LIG materials produced previously by our group and others using polyimide
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and other sustainable materials.*>-31 Specifically, the In/Ig ratio of 0.6 indicates formation of
structures with significant degree of crystallinity within a disordered graphitic carbon network,
whereas the Ip/Ig ratio of 0.84, alongside a sharp 2D peak, highlights the formation of a
graphene-like multilayer structure characterized by abundant defects and edges.*”) Figure 4.3b
shows the XRD pattern of LIG, featuring a sharp major peak at 20 = 27, corresponding to the
(002) graphitic crystal planes with an interlayer spacing of ~0.34 nm, and a minor peak at 20 =
53°, attributed to the (100) graphitic crystal phase. These data are in line with XRD patterns
reported for other LIG structures obtained by laser writing of polyimide, paper, and
biopolymers.[*8) The thermal stabilization effect of BA in the CS-LIGN formulation was
assessed using thermogravimetric analysis (TGA). Figure 4.3c shows the thermal stability of
CS-LIGN-BA compared to CS-LIGN substrates. For both materials the TGA curves revealed
distinct weight-loss stages, highlighting the thermal stability differences between CS-LIGN and
CS-LIGN-BA substrates. These stages were better visualized in the corresponding peaks of the
DTA curves, shown as inset in figure 4.3c. For both materials, weight loss occurred in three
stages: the first stage (Td,), up to 100 °C corresponds to the desorption of physiosorbed water;
the second stage (Td.), extending to ca. 200 "C, was attributed to the loss of chemisorbed water;
the third stage (Td3) below 400 °C, represents the thermal decomposition of CS and LIGN. The
TGA profile for CS-LIGN showed a moisture weight loss of 25% at 63 °C and 67% at 161 "C,
followed by a 68% weight loss at 268 “C due to CS decomposition through pyrolysis of the
polysaccharide moiety, starting from a random split of the glycosidic bonds, followed by a
further decomposition forming predominantly carboxylic acids.**! In contrast, CS-LIGN-BA
substrates displayed water loss of 63% at 53 "C and 81% at 187 "C, with a subsequent 9% loss
at 359 °C. These results suggest that BA introduced a distinct mechanism for water loss in CS-
LIGN-BA, attributed to its increased water content, arising from the neutralization reaction

between boric acid and chitosan.**! This could be responsible for the higher water loss observed
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in CS-LIGN-BA compared to CS-LIG and the higher temperature at which decomposition
occurred (Tds of 359 °C for CS-LIGN-BA, 91 °C higher than the Td; of CS-LIGN). This
observation aligns with earlier findings on LIG formation in CS-BA films, where the presence
of BA, due to its radiation shielding capability, was found effective in enhancing the thermal
stability of CS, supporting its efficient graphitization.*¥ The obtained LIG structure was
characterized by XPS to further evaluate the effect of BA in the graphitization process. Figure
4.3d and 4.3e show the deconvoluted Cls XPS peaks for pristine CS-LIGN-BA and LIG,
respectively. The peaks were analysed into four components, the main C=C sp? and C-C sp’
carbon bonds, C-O(H) epoxides, hydroxides and C=O carbonyl groups. Peak assignments and
percentage of each component concentrations are shown in Table 4.1. XPS data indicated an
increase in sp? carbon concentration from 13.24% in pristine CS-LIGN-BA to 17.0% in LIG,
alongside a decrease in sp® carbon from 18.96% to 14.47%, confirming the occurrence of

graphitization.

Table 4.1 High resolution XPS fit results for CS-LIGN-BA and LIG

Peak CS-LIGN-BA LIG
Element(s)
assignment | Position % FWHM | Position % FWHM
Cc=C 284.60 | 13.24 0.75 284.69 17.00 0.59
Cc-C 284.96 | 18.96 1.00 285.31 14.47 0.89
Carbon 1s
C-O0 286.32 | 32.55 1.18 286.67 35.48 1.74
C=0 288.08 | 4.88 1.03 288.49 3.23 2.55
Boron 1s B-N/B-0O 191.83 1.27 1.02 193.17 2.97 2.61
Oxygen 1s 0-C 533.17 | 26.25 1.81 532.76 23.76 2.85
Nitrogen N-C 399.8 2.03 1.60
401.6 3.01 2.82
Is N-O 4019 | 075 | 1.70
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Figure 4.3f shows the XPS boron peak for both CS-LIGN-BA and LIG-CS-LIGN-BA films. In
the CS-LIGN-BA film, the boron peak appeared at 191.8 eV, corresponding to an atomic
percentage of 1.27% and associated with the presence of B-O bonds. After laser irradiation, the
boron peak shifted to a higher binding energy of 193.2 eV, indicative of B-O bond formation,
and its atomic percentage increased to 2.97%, indicating the incorporation of BA into the LIG
structure. The XPS spectrum of Ols species (figure 4.3g) showed a decrease in the overall
oxygen content in LIG compared to the pristine CS-LIGN-BA substrate, in line with results

obtained for other LIG structures.

4.4.4 Electrochemical characterisation

Direct laser scribing was performed to produce LIG square patterns on CS-LIGN-BA films
deposited on PET substrates. A sandwiched SC was fabricated placing PVA/H" gel electrolyte
(~80 uL) with a polypropylene separator (100 pm) between two LIG square electrodes. Then
the assembled SCs were connected to a potentiostat for electrochemical characterization. First,
the electrochemical performances of SC devices assembled with LIG electrodes fabricated
from CS-LIGN-BA substrates with different BA contents (3—9 wt.%) were investigated. Figure
4.4a shows the CV curves of obtained SCs, measured at 100mV/s scan rate. For all BA
percentages almost rectangular CV curves were obtained, indicating good electrochemical
double layer properties of the SCs and an increase in capacitive area as the percentage of BA
increased. This trend was also evident from the almost triangularly shaped GCD curves
recorded at a current rate of 0.2 mA/cm? (figure 4.4b), showing larger discharge times for
higher BA percentages. Accordingly, higher specific areal capacitances and longer discharge
times were measured for SC devices with higher BA percentages (figure 4.4c). EIS was
performed to check the resistive nature of assembled SCs made using LIG electrodes obtained
from CS-LIGN-BA substrates (figure 4.4d). The low frequency region of the Nyquist plot of

the fitted EIS data showed a decrease in both internal and external resistances resulting from

130



electrode-electrolyte interface as the BA content increased, whereas the high frequency region
showed an increase in semicircle with increase in BA content up-to a certain level after which

the super-capacitive performance was not significantly influenced (see inset of figure 4.4d).
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Figure 4.4 Electrochemical performance of LIG supercapacitors fabricated using CS-LIGN-BA
substrates with varying BA content (wt.%). a) CV at a scan rate of 100 mV/s; b) galvanostatic charge-
discharge (GCD) curves; c¢) specific areal capacitances for different BA contents at a current density of
0.2 mA/cm?; d) EIS Nyquist fitting plot of SC devices (inset: equivalent EIS circuit and high-frequency
region of EIS).

The plot showed a gradual reduction in equivalent series resistance (Re) as the BA content
(Wt.%) increased. During discharge processes the initial IR drop values decreased from 55 to
26 mV with the increase of BA percentage from 3 to 9%, indicating a decreased internal
resistance of the SC devices.

Further electrochemical characterization of SCs fabricated with LIG from CS-LIGN-BA (9%)

was conducted to evaluate their capacitive behaviour. The selection of boric acid (BA)
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concentrations (9%) in the CS-LIGN-BA composite film was based on both structural integrity
and electrical performance upon laser conversion. Initial tests covered a broader range (1-11
wt%), but lower and higher concentrations were excluded from the final device fabrication for
specific reasons. Films with less than 3% BA failed to produce LIG, even at the lowest power
and dwell time settings, making device fabrication impossible. Conversely, increasing BA
content led to lower sheet resistance after laser treatment, thereby enhancing capacitance.
However, to maintain material sustainability and avoid excessive BA content, devices with
more than 10% BA were arbitrarily excluded. The final selection of 9% BA thus balanced
convertibility, electrical performance, and sustainability in LIG based devices. CV curves
recorded at different scan rates (20100 mV/s) for SC devices with LIG-CS-LIGN-BA (9%)
exhibited pseudo-rectangular shapes (figure 4.5a), indicating good electric double-layer
capacitive (EDLC) properties. GCD measurements at different charge-discharge rates from 0.1
to 1.0 mA/cm?, showed pseudo-triangular shapes, also indicating good capacitive properties
(figure 4.5b). Specific areal capacitances for the SCs, calculated across various charge-
discharge rates, showed a reduction in capacitance values with increasing current density
(figure 4.5c). The SCs demonstrated impressive performance, retaining a capacitance of
approximately 6.7 mF/cm? even when the discharge rate was increased 20-fold, from 0.05 to
1.0 mA/cm?. A representative SC was cycled for 10,000 cycles through continuous charge-
discharge cycling to assess the long-term stability and performance. CV curves at a scan rate
of 50 mV/s were recorded every 500 cycles (figure 4.5d) and GCD curves were obtained at a
charge discharge rate of 1.0 mA/cm? (figure 4.5¢). SCs showed nearly stable capacitance
retention, maintaining over 68% of their initial capacitance after 10,000 cycles. Close
observation revealed that during the initial GCD cycling, the specific areal capacitance slightly
increased before reaching stability, followed by a gradual decrease with further cycling. The

initial increase in capacitance could be due to better penetration of PVA/H" electrolyte into the
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porous LIG electrodes, resulting in higher ion transport and electrical double layer formation

between anodic and cathodic surfaces.
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Figure 4.5 a) CVs of LIG supercapacitors fabricated using CS-LIGN-BA substrates with 9 wt.% BA
content at different scan rates; b) GCD curves; c) Specific areal capacitances at different current
densities; d) selected CVs recorded during long-term cycling; €) capacity retention recorded at regular
intervals of 500 cycles up to 10,000 cycles; f) Ragone plot comparing the supercapacitive performance

with recently reported sustainable materials.

To quantify the supercapacitive performance of the SCs, specific areal energy densities (ED)
were calculated at various power densities (PD) based on total geometric area of anode and
cathode surfaces and displayed in a Ragone plot (figure 4.5f) along with recent reported results
obtained from LIG graphene based on sustainable sources. The impressive performance and
long-cycle stability of these LIG- bio-polymer film-based SCs highlight the potential of
chitosan as a viable energy storage material for sustainable electronics.

Cyclic voltammetry analysis provided key insights into the charge storage mechanisms,
allowing differentiation between diffusion-controlled pseudocapacitive (PC) and capacitive
EDLC contributions. Figure 4.6a shows the contribution of diffusion-controlled

pseudocapacitive (PC) contribution and the capacitive electric double-layer capacitance
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(EDLC) calculated from CV curves recorded at different scan rates for SC device fabricated
with LIG from CS-LIGN-BA (9%). Data showed that at low scan rates (10-30 mV/s)
pseudocapacitive processes dominated, yielding specific capacitance of 7.79 mF/cm? at 10
mV/s, significantly surpassing the EDLC contribution (1.82 mF/cm?), resulting in a PC:EDLC
ratio of 4:1. This suggests that at slower scan rates, redox reactions were fully accessible,
maximizing PC storage. In contrast, EDLC remained relatively stable, as double-layer
formation was nearly instantaneous compared to diffusion-controlled PC storage. As the scan
rate increased the PC contribution decreased, due to ion diffusion limitations, whereas the
EDLC contribution increased. At 50 mV/s, the PC contribution dropped to ~3.55 mF/cm?, while
the EDLC increased to ~2.61 mF/cm?, shifting the PC:EDLC ratio to 1.4:1. At high scan rates
(>70 mV/s), EDLC became dominant, as redox reactions become diffusion-limited, restricting
PC storage to surface-active sites. The gradual transition from a PC-dominant to an EDLC-

dominant mechanism highlighted the dependence of charge storage on scan rate.

The CV curve at a low scan rate of 10 mV/s and GCD curves at a low current density of 0.05
mA/cm? presented in figure 4.6b and 4.6c, demonstrating the capability of supercapacitive
performance at low scan rate and low current density. Specific gravimetric capacitances at
different current rates showing capacitance up to 1.84 F/g were obtained at 20 mA/g current
rate based on the total mass loading (21.36 mg/cm?) of dry CS-LIGN-BA film on the PET
substrate (figure 4.6d). To evaluate their practical applicability, two SCs were connected in
series and analyzed. This configuration was tested through cyclic voltammetry (CV)
measurements at a scan rate of 100 mV/s (figure 4.6e) and galvanostatic charge-discharge

(GCD) curves at current densities of 0.2 mA/cm? (figure 4.6f).
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Figure 4.6 (a) Pseudocapacitive (PC) and EDLC contributions to capacitance calculated from CV at
varying scan rates; (b) CV curves at 10 mV/s for SCs with LIG-CS-LIGN-BA (9%); (c) GCD profile at
0.05 mA/cm? for SCs with LIG-CS-LIGN-BA (9%); (d) Specific gravimetric capacitances at different
charge-discharge current rates; (¢) CVs at a scan rate of 100 mV/s; (f) GCD curves at 0.2 mA/cm? for

two LIG SCs connected in series.

The results confirmed the feasibility of achieving higher voltage output by connecting the
supercapacitors in the series. Furthermore, to assess the capabilities for practical applications,
SCs were charged with a commercial solar cell and used to power different devices, as shown
in figure 4.7. It was observed that SCs were instantly fully charged by the solar cell, and once
disconnected from the charging source, they were able to power a digital temperature-humidity

meter, an electronic stopwatch and a calculator.
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Figure 4.7 Photographs of a single LIG SC powering a) a digital temperature-humidity meter; b) an

electronic stopwatch; ¢) a calculator

Table 4.2 reports a comparison of performance between the SC presented in this work with
other “green” SCs fabricated by laser writing technologies. The LIG SCs were characterized
by high specific capacitance and areal power density. The reported 68% capacity retention after
10,000 cycles was lower than other reported stability values. Our CV analysis indicated that
charge storage occurred through a combination of EDLC and PC processes. The faradaic
reactions associated with PC contributions may contribute to gradual electrode degradation,
resulting in performance fading over prolonged cycling. Potential degradation mechanisms
include electrolyte decomposition or drying over extended charge-discharge cycles, as well as
structural instability of the bio-based electrode material due to swelling, dissolution, or

mechanical stress.[*3*+]
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Table 4.2 Comparison of sustainable material based LIGs for supercapacitor devices reported in recent

literature.
Cyclic
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4.4.5 SE-TENG characterization

Prior to undertaking experimental work, a COMSOL Multiphysics simulation was
performed to evaluate the suitability of PDMS as a triboelectric active layer. This included
numerical calculations to demonstrate the higher surface electric potential of PDMS-SE-TENG
compared to bare LIG-SE-TENG devices (figure 4.8), due to the inhibition of surface charge
accumulation induced by the bare conductive LIG network. After confirming the suitability of
PDMS as a dielectric layer material, the energy harvesting capability and functional stability

of the assembled SE-TENG device were evaluated.
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Figure 4.8 Triboelectric surface potential distribution assessed via COMSOL in a) bare LIG- and b)
PDMS/LIG configurations.

Figure 4.9a shows the schematic design of the SE-TENG device, comprising a LIG electrode
obtained from direct laser writing of CS-LIGN-BA (9%) films on PET, a PDMS dielectric
active layer, and PET as the counterpart material. Figure 4.9b illustrates the working principle
of the single-electrode triboelectric nanogenerator (SE-TENG) operating in the vertical contact-
separation mode. In its initial state (i), the device exhibits no charge transfer or potential
difference between its triboelectric layers. However, upon contact with the active surface of the
SE-TENG, the counter material (PET) induces charge separation, due to differences in
triboelectric affinities. Specifically, PDMS, which has a stronger tendency to attract electrons,

gains a negative charge, while PET becomes positively charged, forming an oppositely charged
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interface. As the separation process begin (ii), the distance between the triboelectric layers
increases, leading to an electrostatic potential difference. This potential imbalance drives
electrons through the external circuit, generating a transient current flow until an equilibrium
state is established (iii). Upon re-contact (iv), mechanical force reduces the gap between the
layers, leading to electron backflow in the opposite direction to restore charge equilibrium. This
periodic contact and separation cycle results in a continuous alternating current (AC) output.
The electrical output performance of the device was first measured in terms of open-circuit
potential (Voc) over extended operating cycles at a frequency of 2 Hz, under varying drive
forces of 30, 40, 50, and 60 N. To derive reliable conclusions about the performance of these
devices, it is crucial to evaluate the Voc behavior under different mechanical forces. In our
study, the applied force during the activation of the nanogenerators exhibited an excellent linear
positive correlation, with Voc increasing proportionally to the applied mechanical tension.
Figure 4.9c shows the peak-to-peak Voc outputs generated from the contact-separation
processes for a SE-TENG device under forces between 30 and 60 N, showing the highest Voc
output of 25.8 V/cm?. The data show a progressive increase of Voc, associated with the increase
of charge transfer produced by the greater interfacial contact area generated by the material’s
plastic deformation under higher applied forces. In comparison, SE-TENG devices fabricated
with no PDMS layer (using air as dielectric) showed much lower performance, with Voc
outputs of 11.2 V/ecm? (figure 4.10a,b). Figure 4.9d shows a significant increase in Voc with
increasing frequency, reaching a plateau at approximately 8 Hz. Beyond this point, Voc
remained practically unchanged. This behaviour is associated to the decrease of charge

generation rate with the increase of trigger frequency.
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Figure 4.9 a) Schematic of the SE-TENG device, composed of PDMS/LIG, and b) an illustration of its
working principle in the single-electrode vertical contact-separation mode at various stages; ¢) Open-
circuit voltage (Voc) peaks under different contact-separation forces (30, 40, 50, and 60 N); d) Open-
circuit voltage (Voc) peaks under different frequencies (2, 4, 6, 8, and 10 Hz); e) Short-circuit current
(Isc) peaks under different contact-separation forces at 2 Hz; f) Average Voc and Isc output values and
peak power density (PD) across different external resistances; g) Charging curves for 0.1 uF and 1 puF

commercial capacitors (inset: operational circuit diagram); h) Long-term stability of Voc output.



In systems with capacitive effects, lower frequencies allow sufficient time for charge
accumulation, enabling the capacitor (or an equivalent charge storage mechanism) to fully
charge during each cycle. However, once the frequency exceeds a certain threshold, the system
reaches a saturation limit, where charge collection and transfer become inefficient, due to
material and circuit constraints. At high frequencies, the recombination rate of charge carriers
may begin to match the generation rate, thereby limiting any further increase in Voc.
Furthermore, capacitive effects contribute to the saturation behaviour, as the voltage across a
capacitor requires time to build up and discharge. Additionally, at elevated frequencies,
impedance variations within the circuit may further restrict the system’s ability to sustain higher
Voc values. Once the system reaches its maximum charge transfer efficiency, further increases
in frequency do not contribute to a higher Voc, ultimately resulting in a steady-state response.
Figure 4.9¢e shows the short-circuit current (Isc), measured at 2 Hz, generated during contact-
separating cycling process and measured simultaneously with Voc measurements. The Isc
values displayed an increase from 1.88 to 5.36 pA with an increase of contact-separation forces
from 30 to 60 N. For Isc, the TENG device exhibited performance with a trend like the Voc
trend, providing overall stable current outputs over the range of applied contact forces. The
average Isc values were measured as 0.24 + 0.09 pA at a load resistance of 100 kQ (figure
4.10e), increasing significantly to 5.57 + 2.27 pA at 200 kQ (figure 4.10f). The internal
resistance and maximum peak power density of the TENG were measured by incorporating a
series of variable load resistors into the external circuit. Figure 4.9f illustrates the TENG's
power density behaviour across the same range of load resistances. As the external load
resistance varied from 0.1 to 200 MQ the Voc increased from 0.17 V to 8.4 V, while the peak
current decreased from 1.7 to 0.042 pA. Furthermore, the Isc exhibited a decline at higher
external resistances, whereas the voltage across the load followed an inverse trend, increasing

with resistance. Consequently, the power density generated by the TENG initially increased in
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the low-resistance region, reaching a maximum peak power of 8.9 mW/m? at a load resistance
of 2.0 MQ. This peak power corresponds to the resonant point where the external resistance
aligns with the internal resistance of the TENG system, while beyond this point, the power
density decreases in the high-resistance domain. To assess the TENG's energy storage
capabilities, the TENG's alternating current (AC) output was converted into direct current (DC)
utilizing a bridge rectifier consisting of four Schottky diodes for charging 0.1 and 1 pF
commercial ceramic capacitors (figure 4.9g with the circuit diagram depicted in inset). The
load curves exhibited a swift rise in output voltage, leading to the saturation of the capacitor.
Notably, 0.1 pF capacitors demonstrated rapid charging, while the 1 puF capacitor required
approximately 60 s to reach full charge. Finally, the output stability was assessed by measuring
the Voc activated at 50 N, which showed minimal fluctuation in the average Voc value and no

decrease over 10,000 cycles (figure 4.9h).
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Figure 4.10 Voc peaks of the active friction layer against the counterpart (PET) for SE-TENG with
a) bare LIG; and b) PDMS/LIG at applied force of 60 N; (c, d) Expanded view of a) and b) Isc values
measured at a load resistance of a) 100 kQ and b) 200 kQ.

Finally, a comparative literature analysis with other SE-TENGs employing LIG as an electrode
is presented in Table 4.3. The observed peak power density surpassed many of the values
reported by several recent publications, as summarized in the figure of merits. Interestingly,
when evaluating TENGs with similar characteristics, such as those using LIG fabricated from
CS and employing PDMS as active layer, our device notably outperformed its counterparts by

up to 335%. This significant result, coupled with the sustained stability demonstrated by the
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LIG produced device, emphasizes the critical role of electrode optimization in achieving

TENG’s enhanced performance.

Table 4.3 Comparison of power density of LIG-based SE-TENG for energy harvesting reported in

recent literature.

Active layer/ Peak power
Electrodes References
Counter part density (mW/m?)

PI/Al PI-LIG 24 [17]
LF-LIG/PMMA PI-LIG 512 [46]
SF-LIG/PMMA PI-LIG 98 [46]

LIG/PMMA PI-LIG 3.9 [46]
PDMS/Leaf PI-LIG 80.8 [47]
PDMS/Au-LIG PI-LIG/Au 11.1 [48]
CMCS/Acrylic CS-LIG 2.48 [36]
CMCS/PI CS-LIG 1.44 [36]
PDMS/LIG CS-LIGN-BA-LIG 8.9 This work

PMMA: polymethyl methacrylate. SF-LIG: Short carbon fiber combined LIG. LF-LIG:
Long carbon fiber dominant LIG. CMCS: Carboxymethyl chitosan. PI: polyimide.
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4.5 Conclusions

In this work, we have successfully explored the application of chitosan-based green,
sustainable, and biodegradable materials as feedstock materials for the direct laser writing
fabrication of LIG electrodes and their application in energy storage and harvesting devices. A
simple one-step laser writing fabrication was enabled by the addition of BA to the initial
feedstock formulation, which enhanced the heat resistance, thus preventing ablation and
promoting graphitization. The fabricated SCs could successfully power LEDs and small
electronic devices such as a chronometer and an electronic calculator. The capacitive properties
of the obtained LIG SC device showed improved performance with the increase of the BA
content in the polymer matrix, leading to a final capacitance of 21.4 mF/cm? at a current rate
of 0.1 mA/cm?. A SE-TENG device was also fabricated, using PDMS as a dielectric layer. The
device showed a max Voc of 13.3V at 60 N and 2 Hz. Ther Voc was also higher compared to
other devices fabricated using LIG and PDMS. Considering the eco-friendly chemical
composition of the feedstock material, and the ease of LIG fabrication and the performance of
fabricated devices, direct laser writing of CS-LIGN-BA films is an attractive tool for the

sustainable fabrication of future integrated energy storage /harvesting devices.
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Chapter 5: Summary and Future Work

5.1 Summary of Thesis

This thesis focuses on the advancement of low-cost, sustainable electrochemical sensors,
energy storage and harvesting devices. The research follows a systematic approach beginning
with the use of a low-power laser system to fabricate Laser-Induced Graphene (LIG) from both
synthetic and natural carbon-rich substrates, including polyimide, cork, and chitosan. These
materials were extensively characterized and evaluated for their electrochemical performance,
aiming to assess their viability for practical sensing and energy applications.

Chapter 2 introduces a cost-effective method to fabricate Ag nanoparticles—LIG hybrid
electrodes using direct laser writing on polyimide tapes, followed by functionalization with
silver nanoparticles. These electrodes demonstrated sensitive detection capabilities for analytes
such as 4-aminobenzenethiol (4-ABT), melamine in milk, and difloxacin hydrochloride in river
water through Electrochemical-Surface Enhanced Raman Spectroscopy (EC-SERS). The
method enables rapid, high-sensitivity analysis without the need for pre-treatment, supporting
applications in food safety and environmental monitoring. This technique underscores the
simplicity and sustainability of the sensing platform.

In Chapter 3, the potential of cork as a renewable carbon precursor for LIG-based
supercapacitors is explored. The cork-derived LIG exhibited high surface area, excellent
electrical conductivity, and strong electrochemical performance, positioning it as an eco-
friendly option for energy storage devices. The fabricated supercapacitors showed high areal
capacitance, robust stability over charge/discharge cycles, and mechanical flexibility, making
them well-suited for wearable electronics and sustainable energy systems.

Chapter 4 presents a green and efficient approach to develop supercapacitors and triboelectric
nanogenerators (TENGs) using LIG derived from chitosan-lignin-boric acid films. Fabricated

via a one-step laser-writing process, these LIG materials exhibited interconnected porous
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networks, high surface area, and low sheet resistance. The resulting supercapacitors achieved
an areal capacitance of 21.4 mF/cm? and retained 68% capacity after 10,000 cycles. Meanwhile,
the TENGs produced a maximum open-circuit voltage of 13.3V, sufficient to power small
electronics. This approach aligns with the growing demand for biodegradable, cost-effective
energy harvesting systems.

A comparative overview is provided in the table 6.1 for the LIG materials used throughout the
thesis. Cork-derived LIG reported the best performance in terms of Raman Ip/G ratio, sp> carbon
content, and sheet resistance. Notably, the cork-LIG forms deep conductive layers (~500 pm),
which enhance its overall conductivity.

From a fabrication perspective, cork electrodes offer the advantage of being self-supporting. In
contrast, polyimide and chitosan-lignin-boric acid-based LIG require external support from
rigid substrates like glass slides or PET sheet. However, cork’s natural variability due to its
biological origin may lead to inconsistent LIG quality. Polyimide, being synthetic, offers better
surface reproducibility. One limitation observed in the chitosan-lignin-boric acid composite is
its mechanical instability in humid conditions, which can result in surface swelling and
cracking.

Table 6.1 Comparison of material characteristics of LIG derived from polyimide, cork and the
chitosan-lignin-boric acid substrates. Ip;g and Ip/G refer to intensity ratios derived from Raman results;

C sp? data, XPS, and TLM.

Material | 0 ety | e | hwo | €’ (%) | R @50

Polyimide ?358_28; ~0.9 ~0.8 70100 | 96+410

BorCicO flfid- 430 nm ~1 ~0.37 24.7 3842
(30-40)

GO ?358_28; ~0.6 ~0.84 17.0 3542
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In terms of applications, polyimide-based LIG electrodes have shown excellent sensing
capabilities, particularly for detecting difloxacin hydrochloride (Chapter 2). Cork- and
chitosan-lignin-boric acid-derived LIGs have proven effective for energy storage (Chapter 3
and 4) and energy harvesting (Chapter 4). Furthermore, in collaboration with external partners,
polyimide-LIG was successfully functionalised for biosensing of Interleukin-6, yielding
promising results. While chitosan-lignin-boric acid (CS-LIGN-BA) derived LIG currently
demonstrates material performance comparable to existing alternatives, it remains in the early
stages of development. Nevertheless, it holds significant promise as a next-generation material
for sustainable electrochemical energy devices, including supercapacitors and triboelectric

nanogenerators (TENGs).

5.2 Future Work

The findings presented in Chapters 2, 3, and 4 clearly establish that Laser-Induced Graphene
(LIG), fabricated using a low-carbon footprint 450 nm laser system, is an excellent material for
electrochemical sensing, energy storage and harvesting applications. Based on these results,
several promising avenues for future research are identified. We plan to develop and
demonstrate a label-free LIG electrodes on polyimide substrates for the detection of antibiotics,
particularly tetracycline, in aqueous media. This aligns with the growing need for real-time,
cost-effective, and eco-friendly monitoring of water quality.

For supercapacitor (SC) applications, future work will focus on integrating biodegradable
electrolytes and eco-friendly separators to enhance the environmental sustainability of these
devices. This will also involve fine-tuning the electrochemical characteristics to meet the
performance needs of flexible and wearable electronics.

In the area of triboelectric nanogenerators (TENGs), we intend to further optimize device
performance by exploring new geometrical configurations and incorporating green dielectric

materials. This research direction is inspired by the encouraging energy harvesting data
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presented in Chapter 4 and aims to improve output efficiency and durability while adhering to
sustainability goals.

An essential part of our future strategy involves addressing the limitations of the current
subtractive DLW process. Specifically, we will explore methods to enable the transfer of LIG
onto various substrates, which will allow for more flexible device integration and compatibility
with a wider range of biopolymeric feedstocks. Overcoming this constraint is vital for
broadening the applicability of LIG in green electronics, particularly where natural materials
may not be directly graphitizable. The potential of Direct Laser Writing (DLW) and green
Laser-Induced Graphene (gLIG) as enablers for sustainable electronics is substantial,
particularly in light of the global challenges associated with traditional electronics
manufacturing, which often relies on conventional materials, energy-intensive semiconductor
fabrication, and complex integration processes. Current industrial practices typically follow a
linear economic model of "take, make, dispose," wherein single-use designs and low
recyclability are tolerated to achieve commercial efficiency. Most electronic products are mass-
produced without consideration for carbon footprint associated to manufacturing or end-of-life
reuse and recyclability. With the growing global demand for electronics—evidenced by the
consumer electronics market being valued at US$ 3,296.66 million in 2023 and projected to
reach US$ 5,820.65 million by 2033- necessitates a shift towards circular electronics ensuring
this growth is sustainable. Such a shift is critical to address the depletion of natural resources
and to mitigate greenhouse gas emissions linked to e-waste generation. 1>

In this context, DLW and gLIG present a unique opportunity to advance circular electronics.
However, several critical challenges must be overcome to enable their widespread, real-world
implementation. Laser processing parameters must be carefully optimized to produce gLIG
with consistent surface morphology, high surface area, excellent electrical conductivity, and

reliable electrochemical performance. Furthermore, the mechanical strength, chemical
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resistance, and stretchability of both the precursor materials and the resulting glL.IG must be
tailored to meet the demands of specific applications—areas that remain largely underexplored.
The variety of biopolymers suitable for gLIG synthesis is still limited. For example, pure
chitosan requires a three-step laser graphitization process, which is impractical for scale-up.
Although the incorporation of lignin and boric acid has enabled single-step graphitization, the
use of boric acid raises environmental concerns, as it is classified as a critical material. To align
with the goals of green electronics, such additives should ideally be replaced with more
sustainable alternatives.

Moreover, many natural feedstocks lack the mechanical and thermal stability required for
efficient DLW processing, underscoring the need for the development of reinforcement
strategies and improved biopolymer formulations. To facilitate the transition from laboratory-
scale research to industrial deployment, future work should focus on establishing reproducible
DLW protocols, engineering green-compatible substrates, and developing scalable, eco-
friendly fabrication methods. With sustained innovation, LIG-based technologies hold great
promise for enabling the next generation of low-footprint, biodegradable, and sustainable

electronic devices.
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5.5 Conferences

e Development of a LIG based-electrochemical sensor and a SERS-LFIA for sensitive
detection of residual antibiotics in milk™ Jahidul Islam, Alida Russo and Daniela lacopino,
Nano-innovation conference and exhibition 2021, Rome, Italy, 21-24" September, 2021

e Green Electrodes for Super Capacitors Fabricated by One-step Visible Direct Laser Writing
of Cork Natural Substrates Alessandra Imbrogno, Jahidul Islam_and Daniela lacopino
Nano-innovation conference and exhibition 2021, Rome, Italy, 21 24 September, 2021
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of Tetracycline Hydrochloride, Jahidul Islam_and Daniela lacopino Vistamilk Industry Day,
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5.6 Completed Modules

SE6014 Semiconductor Growth and Fabrication Technology (2020-2021)

IS6306 Technology Business Planning (2020-2021)

PG6001 STEPs Scientific Training for Enhanced Postgraduate Studies (2020-2021)
PG6015 An Introduction to Research Integrity, Ethics and Open Science (2021-2022)
ST6013 Statistics and Data Analysis for Postgraduate Research students (2021-2022)
LW6104 Principles of Intellectual Property Law (2021-2022)

MG6705 Marketing for Technology Entrepreneurs (2021-2022)

IS6307 Creativity and Opportunity Recognition (2023-2024)

IS5004 IT Solution Selling and Digital Business (2023-2024)

BU6011 Innovation Finance (2023-2024)

5.7 Education and Public Engagement (EPE)

VistaMilk International Workshop on Spectroscopy and Chemo-metrics — 28th April 2021
The Vidacademy Session 1 and 2 with VistaMilk — 30th April & 7th May 2021

“Coding with Cows” Coding Week classroom visit (5th and 6th grade students) — 11th &
16th November 2021, Cork Educate Together National School, Cork

Carnival of Science — 11th & 12th June 2022, Fitzgerald Park, Cork

Communications Masterclass — "What’s the Story?" — 14th June 2022, Devere Hall, UCC

Internship Lunchtime Lab Tour — 24th July 2022, Chemistry Lab (A1.1.01)
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11.

12.

VistaMilk - Ploughing Championships — Ratheniska, Co. Laois 20" to 22" September
2022

Cork Science Festival —13th November 2022 Western Gateway building, UCC

EPE Training — 21st November 2022

Cork Carnival of Science — 9th June 2023 Fitzgerald Park, Cork

Marine Science Event (Marina Market, Cork) — 18th November 2023

Research Demonstration for UCC 1st Year Engineering Student Lab Tours — 23rd

February 2024

158



