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ABSTRACT

Since the discovery of laser-induced graphene (LIG), significant advances have been made to obtain green LIG (gLIG) from abundant, eco-friendly, natu-
ral, and organic renewable bio-based carbon sources. Recently, some sustainable and cost-effective electronic devices have been designed with gLIG, result-
ing in diverse solutions to the environmental impact caused by electronic waste (e-waste). However, there are still several challenges that must be
addressed regarding the widespread market implementation of gLIG-based products, from synthesis to practical applications. In this review, we focus on
sustainable precursor sources, their conversion mechanisms, physical and chemical properties and applications, along with the challenges related to its
implementation, showing the future opportunities and perspectives related to this promising new material. Various systems based on gLIG for energy
storage, electrocatalysis, water treatment, and sensors have been reported in the literature. Additionally, gLIG has been proposed for ink formulation or
incorporation into polymer matrices, to further expand its use to non-carbon-based substrates or applications for which pristine LIG cannot be directly
used. In this way, it is possible to apply gLIG on diverse substrates, aiming at emerging wearable and edible electronics. Thus, this review will bring an
overview of gLIG developments, in accordance with the European Green Deal, the United Nations Sustainable Development Goals and the new era of
internet-of-things, which demands cost-effective electronic components based on the principles of energy efficiency and sustainable production methods.
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I. INTRODUCTION

Since its discovery in 2004, graphene and similar two-
dimensional (2D) nanomaterials have been intensively studied, with
some products already commercially available, due to their remarkable
set of physical and chemical properties.1–6 Graphene is a one-atom-
thick sheet of sp2-hybridized carbon atoms, arranged in a honeycomb
lattice where each atom shares with its neighbors three in-plane
r-bonds and an out-of-plane p-bond, with an average interatomic dis-
tance of 1.42 Å. Due to its unique combination of crystallographic
and electronic structures, this material exhibits high surface areas
(2630 m2�g�1), carrier mobility (�250 000 cm2�V�1�s�1), thermal con-
ductivity (around 2000–4000W�m�1�K�1), and transmittance [visible
light and near-infrared (IR) absorption�2%–3%] along with excellent
mechanical properties (Young’s modulus: 1 � 1012 Pa), good chemical
stability, and biocompatibility.7–9 Owing to its distinctive properties,
graphene has proven to be broadly applicable in several areas, such
as energy storage, sensors, electronics, catalysis, environmental reme-
diation, and biotechnology.10–17 Moreover, graphene can be engi-
neered into three-dimensional (3D) porous structures to render higher
surface areas while maintaining its high mobility and mechanical
stability.18–21

However, despite intensive research efforts, chemical-free, low
temperature, and cost-effective processing of high-quality graphene
remains a massive challenge.8 Conventionally, graphene can be pro-
duced with different physical and chemical-based techniques. This
includes mechanical exfoliation (scotch tape) of graphite, chemical
vapor deposition onto metallic substrates from gaseous hydrocarbon
precursors, thermal decomposition, and reduction of graphene oxide
(GO).9,22 Despite tremendous advances, these methods require either
high processing temperatures, multi-step synthesis routes, and/or the
use of expensive precursors, which significantly limits the scale-up of
the current production methods, restricting their widespread commer-
cial potential. Therefore, straightforward production methods that
allow for simple, cost-effective, and scalable graphene-based material’s
production and patterning are absolutely needed.23,24

In this context, laser-assisted processing techniques have emerged
as powerful tools for a multitude of applications, from materials proc-
essing to device manufacturing.25 Specifically, laser-direct writing
(LDW) is a mask-less, catalyst free, nontoxic, controllable, and non-
contact approach method, allowing flexible, rapid, direct, and efficient
processing of complex structures for laser macro-, micro-, and nano-
subtractive manufacturing.8 In fact, LDW was reported in a few works
for the conversion of graphene oxide (GO) to graphene for the devel-
opment of functional components.26,27 In 2014, James Tour’s research
group from Rice University reported a method to induce 3D porous
graphene by direct conversion of polymeric substrates using LDW,
which was denominated as laser-induced graphene (LIG).28 As the
group stated in a subsequent publication, the discovery of LIG was a
fluke: “This was a serendipitous discovery when J. Lin of our group was
attempting to lase GO dispersed upon a PI film. The laser missed the
GO target and the PI was lased, becoming black. Upon checking the

Raman spectrum, Lin noticed that the PI-bound black material was
graphene!”25 This accidental conversion of commercially available pol-
ymers to LIG, such as polyimide (PI), was achieved by using a com-
mon CO2 laser system—with a wavelength of 10.6lm—often found
in workshops for cutting and engraving purposes.28 The chemical
structure of PI is particularly suitable for the generation of LIG, owing
to the presence of aromatic sp2 carbons that are more prone to form
the hexagonal graphene structure than other precursors, which just
generate amorphous carbon. Additionally, PI is also known for its
high thermal resistance, therefore withstanding the thermal gradients
verified during the laser engraving process.9

Recent efforts have been made to produce LIG from other
carbon-based substrates—LIG can now be obtained from a variety of
materials, ranging from thermoplastic polymers, phenolic resins, bio-
polymers like lignin and even textiles, cellulose, wood, cork, or even
food (e.g., potato skins, bread, and coconut shells), and its versatility
and potential has been demonstrated in several applications. Of special
interest has been the recent rise in the synthesis of LIG from natural,
bio-based substrates and its use in several electronic applications, as
showed in Fig. 1.1,9,28–48

This review aims at providing a comprehensive overview
focused on the synthesis, properties, and application of LIG syn-
thesized from natural, organic bio-based precursors, that present
improvements in terms of their accessibility and sustainability,
termed green LIG (gLIG). Such bio-based substrates include easily
accessible and abundant raw materials, such as wood, leaves, cork,
husks, coal, and food. More recently, the versatility of such materi-
als, in terms of their chemical compositions and the possibility to
process them into highly valuable goods, has sparked a steep
growth of the application of their by-products for laser irradiation
and gLIG synthesis. These include lignin, cellulose substrates, such
as paper and nanocellulose, and other formulations, where the ini-
tial chemical composition and mechanical properties of the pre-
cursor substrates can be tailored for optimal irradiation and
graphitization outcomes.32,49–51 Laser irradiation principles, guid-
ing the graphitization processes leading to the synthesis of gLIG,
are thoroughly discussed in this review. First, laser operational
parameters modeling the photochemical and/or photothermal
effects responsible for substrate conversion are discussed, in terms
of the ability to manipulate the graphitization processes. The
chemical specificity of different natural bio-based precursor sub-
strates is outlined, in terms of their aromatic or aliphatic natures,
and how these different chemical structures lead to different con-
version pathways and to gLIG synthesis. The properties and char-
acterization of several gLIG surfaces reported in the literature are
systematized and exhibited in a comprehensive way. Therefore, it
is established mechanistic principles that can guide future charac-
terization of gLIG synthesized from different bio-based precursors,
using distinct laser systems. With strong understanding of these
processes and graphitization outcomes, the development of emerg-
ing electronic devices based on gLIG approaches is also discussed.
Finally, we provide an overview of gLIG societal impact and its
importance as a material obtained from subtractive manufacturing
toward zero electronic waste (e-waste).18,52 This review distin-
guishes itself by focusing only on gLIG, while detailing the chal-
lenges and perspectives of its application based on current
environmental, and socioeconomic agreements and goals.
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II. OVERVIEW ON GREEN LIG FUNDAMENTAL
PRINCIPLES
A. Conversion mechanism for green LIG

Green LIG is an emerging and trendy carbon material obtained
by LDW of several bio-based carbon sources and substrates, such as
wood, leaves, cork, husks, and cellulose [Fig. 2(a)].42 The graphitiza-
tion occurs by photothermal and/or photochemical effects, upon
which surface carbon atoms are converted from sp3 to sp2 dominated
configurations, with some differences in chemical reactions depending
on the aromatic or aliphatic nature and composition of the substrates.
Furthermore, different laser systems and their operational parameters
influence this conversion, namely, in terms of bond breaking, their
rearrangement and the efficiency of these processes in the synthesis of
graphitic carbon forms that characterize gLIG. In this section, laser
radiation induced conversion processes and their manipulation are
addressed. Laser source wavelength characteristics, aspects related to
laser fluence, and the chemical characteristics of the precursor materi-
als are discussed.

1. Laser operational parameters governing the synthesis
of green LIG

Laser photodegradation of polymers of different origins has been
a well-studied phenomenon, pertaining to different outcomes, includ-
ing bond degradation for the synthesis of refined chemical species,
conversion processes for materials’ synthesis or complete ablation of

the material, such as in photolithography.53,54 These laser-induced
photophysical processes have been distinguished by two complemen-
tary models, namely, photochemical and photothermal effects over the
polymer volume. Photochemical effects are related to electronic excita-
tion by incident photons with sufficient energy, which can lead to
bond isomerization, forming, and breaking.55 Photothermal effects
occur due to localized heat ramps, caused by the incident laser beam,
leading to bond cleavage, rearrangement of bonds, and in cases of
excessive exposure, to complete ablation of the irradiated material.
While photochemical bond breaking is more dependent on the wave-
length of the laser photons and how they interact with specific bonds
within the chemical structure of the precursor material, photothermal
effects depend more on the set of operational parameters, such as laser
power, pulse repetition rate, and pulse length, that control the optical
fluence and the resulting imposed temperatures.56

In the context of graphitization processes for gLIG synthesis,
there may be the combination of photochemical and thermochemical
mechanisms, depending on the laser source wavelength and irradia-
tion regimens, that leads to bond breaking and rearrangement within
natural organic polymers. Depending on the chemical composition of
the irradiated natural organic substrate and the selected laser source,
specific bonds are more prone to be degraded and cleaved by photo-
chemical processes within the natural substrates, to cause depolymeri-
zation of the polymeric structure and cleave undesired carbon-oxygen
bonds.57–59 Although the role of photochemical processes in gLIG
synthesis is still unclear, most authors report that different laser

FIG. 1. Main landmarks of green LIG based on novel precursor materials and their applications with green LIG. TEM image reproduced with permission from Ye et al., Adv.
Mater. 29, 1702211 (2017). Copyright 2017 John Wiley and Sons.43 SEM image reprinted by permission from Lin et al., Nat. Commun. 5, 5714 (2014).Copyright 2014 Springer
Nature.28 Supercapacitor illustrative image reproduced with permission from Le et al., Adv. Funct. Mater. 32, 2107768 (2022). Copyright 2022 John Wiley and Sons.41

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 9, 041305 (2022); doi: 10.1063/5.0100785 9, 041305-3

VC Author(s) 2022

https://scitation.org/journal/are


wavelengths have different dynamics in this process, due to the contri-
bution of photochemical phenomenon.60 Thus, the onset of carboniza-
tion and graphitization has been mostly attributed to photothermal
processes that become dominant. These effects impose temperature
gradients that not only complement the breaking of covalent bonds
but simultaneously promote fast reorganization of atom vacancies and
improve carbon atom layout, leading to graphitization. The incident
laser radiation must induce phonons in the material, with vibrational
energies that decompose weaker bonds and components, leading to
microablation and release of volatiles.61 These become ionized and
form a plasma discharge, characterized by bright flashes over the irra-
diated substrate. This plasma plume serves as a shield for further pene-
tration of the laser beam and generates very high localized
temperatures, upon which carbonization and graphitization occur,
through the rearrangement of cleaved carbon bonds by aromatization
and condensation processes, leading to the synthesis of sp2 carbon-
rich lattice domains that constitute gLIG.

Laser sources ranging from ultraviolet (UV) to IR wavelengths
have been employed being carbon dioxide (CO2) lasers with 10.6lm
photon wavelength the most commonly used for these purposes.62

Lasers that emit UV radiation (200–400nm wavelength) have the
highest photon energy, above the dissociation energies of various sub-
strates chemical bonds, that can lead to the necessary cleavage before
their rearrangement into gLIG chemical structures.63 For instance, the
photodegradation of cellulose structures when exposed to photon
energies above 3.6 eV (k < 340nm) induces direct photolysis or

photo-oxidative degradation of some chemical bonds.64 Thus, excimer
and UV lasers that emit high-energy photons with uniform spatial dis-
tribution, can promote photochemical reactions by directly breaking
the chemical bonds of carbon precursors. Because of that, radiation
emitted in or near the UV region has lower penetrating power in some
bio-based carbon sources, carbonizing the top of the sample without
significantly heating the sample. However, both photothermal and
photochemical bond breaking occur when using these lower wave-
length laser sources, depending on the imposed fluence. For lower flu-
ences, there is a dominance of photochemical reactions, while the
contribution of photothermal effects rise for higher fluences, where
each unit of area is exposed for prolonged periods of time.65 On the
other hand, CO2 lasers emit IR radiation, with lower photon energy,
which is less able to directly break covalent bonds. However, they
cause significant heating of the substrates, inducing thermochemical
reactions resulting in the breaking of covalent bonds. The same was
observed for solid-state lasers (e.g., Nd:YAG lasers) and others visible
light diode lasers (LightScribe) that emit radiation near to IR.8,66 It is
important to note that these types of lasers present some differences in
relation to CO2 lasers, such as fast galvo scanning systems, thus pre-
senting a high potential for large scale gLIG production. Thus, the
selection of an appropriate laser source is important, taking into
account several aspects. These include the substrate light absorption
that promotes efficient photon induced heating at appropriate fluence
regimens, while also considering aspects regarding geometrical resolu-
tion, related to laser spot size. Typical CO2 lasers present spot sizes in

FIG. 2. Schematic illustration of the conversion mechanism for green LIG. (a) Sources of green LIG from raw materials and processed by-products obtained from these natural
sources. (b) Laser parameters employed in the bio-based carbon conversion to green LIG. (c) Macromolecule chemical structure of lignocellulose biopolymers, its range com-
position on natural sources, and the local laser irradiation interaction in macromolecules. (d) and (e) Aromatic and aliphatic chemical mechanism conversion to green LIG,
respectively.
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hundreds of lm,28 while visible and UV lasers can achieve much
higher spatial resolution.62

Complementing the effects of the laser source wavelength regard-
ing degradation of chemical structures within gLIG precursors, metic-
ulous control of laser operational parameters is paramount to tailor
the photothermal effects responsible for graphitization of the substrate.
Depending on the laser system, different parameters have been manip-
ulated, to control the laser fluence over the substrate. Fluence is the
optical energy delivered to the substrate by unit of area, measured in
J cm�2, and influences the outcomes of the irradiation process, since it
dictates the resulting imposed temperatures and the resulting energy
units for carbonization and graphitization. Operational variables,
including laser source power, laser beam scan speed, pulse density,
irradiation focal plane, and the number of irradiation cycles, define
this fluence and are discussed below [Fig. 2(b)].

Laser source power is the key parameter in the control of input
energy over the substrate. Depending on the selected laser system and
its maximum power output, tuning of the irradiation power provides a
means of controlling the energy that is delivered to the surface of the
substrate and the resulting temperature ramp that promotes bond
cleavage and subsequent reorganization, without excessive degradation
and ablation. As some authors suggested, increasing the lasing power
ultimately leads to increased localized temperatures in the substrate
that helps promote the necessary breaking of bonds more efficiently,
leading to less oxygen content in the synthesized chars or graphitic
structures.67 Some authors even suggest that these processes happen at
specific temperature, as is the case when using nanocellulose struc-
tures.68 The selection of optimized laser power and its influence over
the graphitization are not an independent variable and are usually
associated with its distribution for the selected irradiation regimen.
Predominantly, raster processes have been selected to synthesize and
pattern gLIG simultaneously. The scanning speed of the raster pro-
cesses has been a key parameter in gLIG synthesis since it influences
the spread of irradiation energy for both continuous wave (CW) or
pulsed irradiation regimens and selected pulse profile. For lower scan-
ning speeds, the area exposed to each individual pulse is smaller,
increasing the laser fluence, usually leading to greater degrees of graph-
itization until a certain threshold, above which, laser fluence causes
excessive ablation of the precursor material. In opposition, higher
scanning speed causes a larger spread of laser beam energy, leading to
a decrease in energy exposure for each unit of area. Usually, authors
have resorted to establishing, which power and scanning speed pairs
are able to synthesize gLIG, in opposition to outcomes related to ineffi-
cient carbonization or excessive degradation and ablation of patterns.
Usually, power values that cause degradation and ablation must be off-
set with higher scanning speeds, while power values unable to cause
carbonization and graphitization must be complemented with lower
scanning speeds, thus achieving conducive fluence regimens for effi-
cient yield.

Complementing the effects of laser power and scanning speed,
pulse energy distribution manipulation has been studied. Pulse density
over the irradiated area has been manipulated using various laser sys-
tems, from UV to IR CO2 lasers, allowing the tuning of repetition rate.
Parameters, such as number of pulses per inch (PPI) or switching fre-
quencies on pulsed laser systems, enable a versatile control of the fabri-
cation parameters. By employing regimens with higher pulse
frequency, irradiation profiles closer to continuous wave irradiation

can be reached, easily increasing the laser fluence for higher pulse den-
sities. Another important aspect of pulse density manipulation is the
ability to create superposition patterns in laser beam pulse profiles.
These are known to increase the graphitization potential,69 which is
also applicable in several bio-based precursors. In addition to pulse
repetition rate, another means of manipulating the pulse profile has
been by defocusing of the laser beam, placing the precursor substrate
over different laser beam focal planes. This defocusing method takes
into consideration the laser beam profiles caused by the optical sys-
tems that leads to different beam spot sizes at different focal planes.
Upon a defocused irradiation process, larger spot sizes create superpo-
sition patterns between subsequent laser pulses, causing the same irra-
diated area to be multiply lased using a single raster cycle. Thus,
carbonization occurs at the substrate for the first pulse, ensued by
overlaying irradiation in the subsequent pulse that can be induced the
desired graphitization. This leads to increased conversion efficiency
within a single rastered line, but also between successive lines within
the rastered gLIG pattern, increasing the conversion continuity over
the engraved geometry.42 Similar increases in graphitization potential
and efficiency have also been achieved by employing multiple lasing
scans for conversion, mainly in cellulosic precursor substrates.32,42

However, careful manipulation of these operational parameters has
allowed for single scan irradiation conversion in such substrates, by
tuning the input power and its distribution, to create the superposition
pulse patterns that mimic the effects of multiple patterning cycles.47

Other fabrication parameters intrinsic to each individual type of laser
system can also be taken into consideration when modeling gLIG syn-
thesis, including pulse duration, beam profile, its quality, and polariza-
tion. In this regard, pulse duration has been a key parameter to
achieve more desirable outcomes when synthesizing gLIG from several
bio-based sources. Namely, by employing several strategies using
ultrashort-pulsed lasers, most prominently, femtosecond (FS) lasers.
Combined with photon energy, ultrashort pulse durations, and
extremely high peak intensities provided an efficient graphitization of
green materials, including wood, leaves and nanocellulose.38,41,70

High-resolution patterning (<50lm) under ambient conditions could
be achieved, without the need for inert atmospheres or additional
chemical treatments. This is because tuned repetition rates, in the kHz
frequency range, paired with small pulse duration, allows for a greater
control of generated thermal fields and their dissipation. For optimized
conditions authors can control these variables to achieve thermal field
overlapping and thermal accumulation that increases temperatures
that are able to cause graphitization and assist in other processes, such
as exfoliation.45 This greater control allows for this graphitization to
happen in an ambient atmosphere, converting all lignocellulosic pre-
cursors without their complete ablation, observed for CO2 laser irradi-
ation of wood in ambient atmospheres.30

As such, the irradiation atmosphere has appeared as a very
important consideration depending on the laser systems and irradia-
tion scheme. In the literature, the effects of the ambient atmosphere
and controlled atmospheres with nitrogen (N2), argon (Ar), and
hydrogen (H2) gas on the reduction of the precursor and removal of
undesired carbon–oxygen bonds are reported, impacting the quality of
conversion in correlation with laser parameters and source.71,72

Atmosphere composition is important to control the degree of graphi-
tization of green materials, preventing its burning, which is directly
correlated with the thermal stability provided by the aromatic or
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aliphatic chemical structure of the bio-based sources. Furthermore,
inert atmospheres provide the higher reducing capability, promoting a
more efficient substitution of oxygen moieties, resulting in more stable
surfaces. On the other hand, the presence of oxygen in the air can
cause higher combustion and oxidation, causing higher volatile forma-
tion and porosity.43 This has been important for unmodified wood
conversion, where inert atmospheres are a requirement for gLIG syn-
thesis when employing CO2 lasers. In fact, irradiation in the air causes
the combustion of all wood components by oxygen, leading to its abla-
tion instead of graphitization.

Considering the bio-based carbon source, laser operational
parameters and atmosphere control, graphitization processes can be
tailored to achieve optimal chemical and conductive properties. In
addition to the fabrication variables governing these processes, under-
standing the influence of chemical composition within natural precur-
sor materials is of extreme importance, since they lead to distinct
chemical pathways for gLIG formation, as discussed for aromatic and
aliphatic green precursors.

2. Aromatic bio-based sources

Lignocellulosic materials found in many used and potential gLIG
precursor substrates are the most abundant renewable sources of aro-
matic chemical structures.73 This is because of the high lignin content
of the natural materials, with up to 30% content depending on the bio-
mass source. Lignin contains in its structure an abundance of benzene
rings covalently bound to other functional groups, resulting in an
amorphous branched aromatic polymer, constituted by three different
aromatic ring substitution patterns, namely, p-hydroxyphenyl,
guaiacyl, and syringyl monomers [Fig. 2(c)].65 When using bio-based
gLIG sources containing this aromatic macromolecule, such as wood
or even engineered films composed of extracted lignin, the conversion
processes and reactions into graphenic structures are based on the
breaking of C–C, C–O, and C–H bonds both within and outside the
aromatic structures. The reorganization into char-like or graphitic
structures occurs afterward, depending on the degree of pyrolytic
activity set by the laser irradiation parameters. These principles are
analogous to the ones established for PI conversion into LIG, since
both these precursors are rich in native aromatic structures. However,
each has specificities related to the differences in their chemical struc-
ture and the distribution of aromatic moieties over the molecular
structure.74

When considering the photochemical degradation processes that
can occur during the laser irradiation process, specific linkages within
the polymeric structures of lignin and their interaction with the inci-
dent photons must be considered. Several studies have reported the
analysis of UV photodegradation of lignin in wood and kraft pulp,
showing that a and b glycosidic bonds are more prone to cleavage,
while carbon bonds connecting aromatic structures have resistance to
UV irradiation.57 This shows that the aromatic backbone of lignin and
its connection is usually maintained, allowing for their subsequent
reorganization and polymerization into graphene structures. Similar
processes have been achieved using IR laser irradiation, by tuning the
wavelength to specific vibrational modes of linkages within lignin,
leading to depolymerization.58 However, photochemical processes
alone are not capable to induce graphitization. For the synthesis of
more aromatic dense chemical structures leading to gLIG, pyrolytic

processes are needed, in order to further break undesired chemical
structures and promote an efficient reorganization. In most pyrolytic
reactions of lignin, based on its exposure to varying temperatures and
pressures, its decomposition is also based on depolymerization, by
breaking of different ether linkages (C–O–C) or condensed C–C
bonds, leading to the formation of volatiles and solid carbonized
materials identified as chars.75 In these cases, the increase in pyrol-
ysis temperature leads to further degradation of chars and lignin
monomers, to synthesize highly valuable, refined aromatic chemi-
cals such as phenol or benzene, among others.73,75,76 For some
conditions, such as in fast pyrolysis, these precursors can be used
as precursors for condensation, leading to the synthesis of polycy-
clic aromatic hydrocarbons (PAHs), with higher density of aro-
matic structures.77

These pyrolysis principles serve as a model to understand the
laser irradiation conversion process of gLIG from aromatic-rich lignin.
For gLIG synthesis, lignin is exposed to much higher temperatures for
much shorter time frames, leading to the occurrence of very fast, simi-
lar pyrolytic processes, that can be modeled in two distinct steps: (i)
photochemical promoted bond cleavage and laser promoted vibration
of atomic networks, resulting in high localized heating of the material,
leading to depolymerization, decarboxylation and dehydration, by the
cleavage of C–O–C, C–O, C–C, and C–H bonds and subsequent
recombination of oxygen, hydrogen, and some carbon into volatiles;
(ii) temperature-promoted rearrangement of aromatic compounds
and other carbon chemical structures to form condensed graphitic
structures dominated by sp2 hybridized carbon [Fig. 2(d)]. In terms of
the rearrangement of aromatic structures into sp2 dominated lattices,
reactions governing these phenomena are based on ring closures that
define the graphitization process. Although there are several chemical
processes for ring closure and stitching for the synthesis of graphene
nanostructures from PAHs,78 gLIG synthesis ensuing graphitization is
promoted by the very fast pyrolysis caused by the laser, that induces
structural changes into more thermally stable graphene lattices and
their 3D stacked form.

During laser irradiation, both these sub-processes of removal of
oxygen functional groups and direct conversion from sp3 to sp2 domi-
nated structures coexist and are manipulated by laser operation
parameters dictating the level of laser exposure or by the selected laser
wavelength.22 As such, most literature has proposed that this aromatic
bio-based source can be directly converted to graphitic structures, due
to delocalized p electron clouds contained in cross-linked aromatic lig-
nin structures. This usually do not suffer the same laser-promoted
bond cleavage, unless very high laser exposure is applied, leading to
drastic decomposition of the material. Because of the native presence
of the aromatic structures in lignin, its conversion is not fully sup-
ported over additional aromatization, as opposed to other gLIG pre-
cursors discussed in Sec. IIA 3. As such, control over the aromaticity
of the synthesized structures is based on the efficiency of the laser irra-
diation process over the cleavage of undesirable bonds, that promote
more reduced structures with less oxygen functional groups. The
degree of aromatic condensation relies upon reaching temperatures
that promote efficient rearrangement of aromatic structures,79 result-
ing into 2D lattices composing the 3D structure of gLIG. By establish-
ing these conversion principles, more control over the resulting
properties of gLIG can be achieved and tailored to specific
applications.
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Another class of natural aromatic precursors explored for gLIG
synthesis have been naturally sourced polycyclic heavy hydrocarbons
(PHHs), such as coal, tar, pitch, and biochars.34,80,81 These materials
present a native abundance of aromatic carbon and sp2 hybridized
chemical structures, intercalated by some content of aliphatic hydro-
carbon structures. By employing laser irradiation over these substrates,
the aromatic content and sp2 concentration can be tailored from
amorphous native carbon into highly ordered graphitic structures with
intrinsic conductive properties, characteristic of gLIG. This conversion
is different from lignin conversion in that laser irradiation promotes
the annealing of native sp2 structures and a decrease in C–H bonds
present in the precursor material, without the need for additional
aromatization.

3. Aliphatic bio-based sources

Aliphatic bio-based precursors for gLIG synthesis are mainly
found in two forms, namely, cellulose and hemicellulose [Fig. 2(c)].
The first one is formed by a polymeric arrangement of b-1, 4-linked
glucose monomers, with relatively equal amounts of carbon and oxy-
gen in its functional groups. These polymeric arrangements are then
connected by hydrogen bonds between oxygen functional groups both
at intra and intermolecular levels, to form more complex structures
such as fibrils and fibers in wood biomass and other materials such as
paper.82 Similarly, hemicelluloses are composed of an arrangement of
multiple sugar monomers, including glucose, galactose, mannose,
xylose, and other sugar residues, in heteropolymer structures with
higher complexity when compared to cellulose, being found with dif-
ferent compositions, usually lacking the crystallinity and fibrous nature
found in cellulose.83

Regarding conversion mechanisms, laser irradiation of aliphatic
precursors causes the same breaking of C–H, C–O–C, and C–C bonds
in their structure, through photothermal or photochemical phenom-
ena, with rearrangement of the remaining elements depending on the
imposed temperature determined by the laser fluence.42 When com-
pared to aromatic gLIG precursors, aliphatic ones do not possess the
necessary, native aromatic ring structures with sp2 hybridized carbon
bonds. Thus, they require a higher degree of laser exposure to achieve
similar degrees of graphitization reached by aromatic precursors.
Because of this, many authors have proposed that for these aliphatic
sources to be converted to graphene lattices and gLIG structures, a first
step of carbonization is required. Thus, there is the formation of more
amorphous char structures, in opposition to a direct graphitization
process, verified when using aromatic precursors, such as PI or lig-
nin.50,68 In complex natural materials, where there is a simultaneous
presence of aromatic and aliphatic components, such as in wood, it
has been reported that a single step irradiation of the substrate is suffi-
cient for gLIG synthesis, depending on laser source and irradiation
atmosphere. This is because there is a synergistic effect of the two types
of precursors in the conversion, decreasing the thermal and energy
barriers necessary for significant rearrangement and vacancy filling of
carbon bonds into sp2 hybridized structures.43 The presence of ali-
phatic components can also be mobilized to form conjugated intercon-
nections among aromatic sheets in the synthesized aromatic clusters,
as shown in PHHs irradiation.81

However, for substrates with high degree of aliphatic composi-
tion, such as various types of engineered paper substrates, some

impediments are imposed to direct substrate graphitization. These
include not only the lack of the native aromatic compounds, but also
the resulting inherent thermal resistance, that does not withstand the
very high localized temperatures upon laser irradiation processes. As
such, authors have resorted to the application of different chemical
treatments, that promote the increase in thermal resistance of the pre-
cursor material, for example, using fire retardant chemicals or promot-
ing oxidation reactions.31,42,84 Such treatments increase the thermal
resistance of substrates, introducing functional groups or external mol-
ecules, such as phosphate and boron moieties, that suffer endothermic
decomposition and act as chemical heat sinks, that allow for laser
induced reactions to occur at the molecular level, without ignition and
ablation of the precursor materials.85,86 If such pretreatments are not
applied, most aliphatic rich substrates suffer pyrolytic decomposition
processes that cause the formation of volatile compounds and the
complete ablation of the substrates.87 Contrarily, when such pretreat-
ments are applied, the aliphatic rings in cellulose will undergo pyro-
lytic modification caused by the imposed laser photon energies and
high temperatures, with different stages that lead to the formation of
sp2 rich carbon structures characteristic of gLIG.

For photodegradation of cellulose and hemicellulose structures,
radiation with different wavelengths mainly causes depolymerization
of polymeric chains, by scission of C–O–C glycosidic bonds, or photo-
oxidative degradation, that can lead to the formation of reactive radi-
cals.64 Depending on the laser fluence, higher wavelengths near the IR
can also cause cross-linking and the formation of new chemical species
that possess sp2 hybridization, such as furfural, that can have interest-
ing properties, such as high fluorescence.64,88 Also, the tailoring of
laser photon wavelength to specific vibration modes in specific bonds
can be used for their cleavage.59

In terms of thermochemical effects arising from pyrolysis of cellu-
lose and hemicellulose through different methodologies, the exposure
of these polysaccharides to high temperatures causes depolymerization
of sugar monomers and subsequent decarboxylation, aromatization,
and intramolecular condensation of the resulting aromatic struc-
tures.89–91 Some pyrolysis methods have been used for the synthesis of
PAHs from cellulose and hemicellulose, showing the possibility to
transform the aliphatic ring structures characteristic of these polysac-
charides into aromatic rich chemical structures.92,93 These aromatiza-
tion mechanisms are based on the thermal decomposition of cellulose
and hemicellulose, to form intermediate species such as furan and fur-
fural, that already contain some degree of sp2 hybridization.94 Further
thermal decomposition also leads to the synthesis of carbon pools com-
posed of hydrocarbons with C¼C bonds, such as ethene, propylene, or
butene. This can take part in cyclization reactions for aromatization
and recyclization for the extension of these aromatic chemical struc-
tures, ultimately leading to the synthesis of chars and graphitic struc-
tures. As such, laser irradiation processes for conversion of these
precursors into gLIG is modeled by the same reactions happening in
the fast time frames of laser pulse irradiation, namely,: (i) photochemi-
cal and/or photothermal promoted dehydration and decarboxylation
of aliphatic ring structures, that leads to depolymerization by cleavage
of C–O–C glycosidic bonds into D-glucopyranose or other sugar
monomers, followed by (ii) deoxygenation and dehydration, through
cleavage of C–O, C–H, and C–C bonds and rearrangement of carbon
atoms into sp2 rich chemical structures, by cyclization, serving as
the template for aromatization and producing H2O, CO, and CO2.
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Finally, the high temperatures imposed by the laser irradiation allow
for (iii) aromatization and intramolecular condensation, for the rear-
rangement of aromatic rings into sp2 dominated graphitic structures
[Fig. 2(e)]. It is important to note that such reactions happen extremely
fast when compared to other pyrolytic biomass treatment methods,
due to the pulsed nature of most laser conversion methods and the
very high temperatures that can be reached, being extremely hard to
model how each of these steps influence the formation of gLIG struc-
tures from aliphatic precursors. In this case, it is important to select
laser operational parameters achievable high degrees of depolymeriza-
tion and aromatization, while simultaneously allowing for the necessary
intramolecular condensation into aromatic-rich structures and possibly
polycondensation of these structures into larger 2D lattices composing
3D gLIG structures.95 Therefore, due to the lack of native aromatic
rings in these precursors, the additional aromatization step changes the
dynamics of the conversion when compared to aromatic precursors.
Consequently, many authors have reported that single step irradiation
processes of aliphatic rich substrates lead to carbonization, forming chars
with the significant presence of oxygen moieties, similar to graphene/
graphite oxide.42,67 Because of this phenomenon of initial carbonization
and char formation, many authors have suggested that for gLIG syn-
thesis to occur, there needs to be a multiple lasing scan approach. This
process leads to a progressive breaking and rearrangement of carbon
bonds from the native aliphatic rings to chars until reaching graphene
like structures with very high carbon content and negligible carbon–
oxygen bonds. However, this process can also be replicated by manip-
ulating laser operational conditions, such as the lasing power, pulse
resolution, and the laser spot size upon irradiation, to increase bond
breaking efficiency and create pulse overlapping patterns that mimic
multiple lasing approaches.47

This is also important when considering the use of low wave-
length laser sources, such as UV lasers, since these may have different
interaction dynamics between the laser beam and the substrate.
While a limited number of studies have reported the application of
alternative laser sources for gLIG synthesis in high cellulosic content
substrates,47 these introduce important aspects, such as if the radia-
tion absorption of the substrate is compatible with the specific wave-
length of the laser source. Thus, this conversion process presents a
very dynamic phenomenon, that can be manipulated in many ways
with the purpose of achieving tailored physical, chemical, and con-
ductive properties for each target application. In addition, under-
standing the dynamics associated with both aromatic and aliphatic
gLIG precursors may lead to future improvement on the develop-
ment of green composite materials, that can assimilate the advantages
of both types of precursors, similarly to raw materials such as wood.
This would potentiate the efficiency of the discussed graphitization
processes, ensuring better sp2 hybridization yield and maximizing
specific properties for different target applications, as discussed in
Sec. II B.

B. Physical, chemical, and conductive properties
of green LIG

When assessing the quality and composition of graphene synthe-
sized by different methods, various characterization techniques are
complementary employed to evaluate several key aspects of the 2D
structure of the material. Similarly, the same characterization techni-
ques have been used to study and optimize the synthesis of gLIG in

bio-based carbon substrates and correlate the laser operational param-
eters with different outcomes and properties upon the laser irradiation
process, as summarized in Fig. 3.

1. Raman spectroscopy characterization of green LIG

Raman spectroscopy is the prevalent characterization performed
for gLIG assessment, by tracking the characteristic graphitic peaks and
their intercorrelation. The characteristic Raman spectra peaks corre-
lated with LIG are D (�1320 cm�1), G (�1575 cm�1), and 2D
(�2645 cm�1), where these bands represent defects in graphene latti-
ces, the degree of graphitization and the degree of crystallinity and
arrangement of graphene layers, respectively.69,96,97 Several authors
have shown that these peaks present variations depending on the laser
parameters used for synthesis, shaping the resulting conductive prop-
erties of 3D gLIG patterns. Depending on laser power, lasing scan
speed, and other important variables such as laser spot size, pulse reso-
lution, or number of lasing scans, the efficiency of the conversion pro-
cesses described before can be manipulated, to achieve different peak
profiles, that can be like graphene oxide structures, evolving to profiles
similar to stacked graphene or graphite. The most widely studied vari-
able and its influence on the Raman profile of LIG patterns has been
the energy employed to the surface of the native substrate. This energy
is usually represented by the laser power used in the laser source.
Alternatively, laser fluence has been considered, because it takes into
consideration different energy density profiles that influence the reso-
lution and efficiency of the conversion. Several authors have shown
that a progressive increase in this energy or in the laser power leads to
more desirable outcomes in terms of the Raman profiles [Fig. 3(a)]. As
shown by Jeong et al. and Ye et al., manipulation of the laser fluence
leads to different Raman profiles with varying intensities of its charac-
teristic peaks, showing the synthesis of more amorphous structures for
lower input energies, in opposition to graphitic structures for increased
fluences.43,98 A very interesting aspect also highlighted by these
authors relates to the types of wood employed for gLIG synthesis and
how its composition influences the resulting graphitization and
Raman profile. A comparison of Raman profiles of different wood
sources, such as pine (P-LIG-70), birch (B-LIG-70), or oak (O-LIG-
70), shows variations in peak intensities and the resulting peak inten-
sity ratios for the same synthesis conditions [Fig. 3(b)]. This is related
to the relative composition of aliphatic and aromatic components in
the wood, as shown by Ye et al., confirming that the increased pres-
ence of aromatic components arising from higher lignin natural con-
tent, leads to more desirable Raman profiles.43

When it comes to more isolated sources of gLIG, namely, lignin
or cellulose, the same pattern of increasing the input energy for more
conducive graphitization has been observed. For aromatic carbon rich
gLIG precursors, such as lignin, Qu et al. showed that progressive
increases in the laser source power leads to less intense D peaks and
decreased ID/IG ratios, proving a very low defect density in the formed
graphitic structures [Fig. 3(c)].99 This is also accompanied by increases
in the 2D peak intensity, proving the more efficient synthesis of multi-
layered graphene structures, in opposition to more amorphous struc-
tures. In comparison, for aliphatic sources, such as cellulose, Park et al.
studied this phenomenon for different laser powers and the number of
laser scans performed over the substrate, finding the characteristic
peaks with different intensities and ratios between them [Fig. 3(d)].67
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The authors showed that for lower laser powers and the number of las-
ing scans, the only distinct peaks in the Raman profile are the D and G
peaks, with the absence of the 2D peak, with spectra similar to amor-
phous carbon or GO. This evidence was also reported by other
authors, showing that for low power or input energy, there is no
appearance of the 2D peak and there is a preponderance of the D peak
over the G peak, given by ID/IG ratios above 1.45,49 This is based on the
additional aromatization step required for gLIG synthesis from ali-
phatic precursors, that increases the required laser energy input to
achieve higher degrees of graphitization. Standing on this circum-
stance, authors usually resorted to increasing this input energy, to

achieve more desirable Raman profiles and conductive properties,
achieving progression in the appearance and increase in 2D peak
intensity, similar to that of GO reduction. This is also paired with a
decrease in the preponderance of the D peak, leading to less defects in
the 2D lattices composing the 3D gLIG patterns.100 Indeed, Park et al.
and other authors have reported that for increasing laser source pow-
ers, that can go from 2 to 5W, depending on other operational varia-
bles and substrate modifications, there is a progressive increase in 2D
peak intensity.45,67 Due to this phenomenon, authors have
reported increases in the conductive properties of the resulting gLIG
patterns, since higher concentrations of highly conductive aromatic

FIG. 3. Overview of physical and chemical properties of green LIG. (a) Laser powers effect on Raman spectra of natural wood and (b) influence of natural wood compositions
on characteristics Raman peaks of LIG. Reproduced with permission from Ye et al., Adv. Mater. 29, 1702211 (2017). Copyright 2017 John Wiley and Sons.43 (c) Correlation
with laser powers and Raman spectra of lignin. Reproduced with permission from Qu et al., Sustainable Energy Fuels 5, 3744 (2021). Copyright 2021 Royal Society of
Chemistry.99 (d) Number of laser scans and laser powers influence on Raman spectra of paper. Reproduced with permission from Park et al., ACS Appl. Nano Mater. 3, 6899
(2020). Copyright 2020 American Chemical Society.67 (e) Interdependence of laser pulses irradiated on the natural wood substrate and characteristics of Raman peaks of LIG.
Reproduced with permission from Le et al., Adv. Funct. Mater. 29, 1902771 (2019). Copyright 2019 John Wiley and Sons.38 (f) Influence of laser scans on XPS spectra of
paper. Reproduced with permission from Park et al., ACS Appl. Nano Mater. 3, 6899 (2020). Copyright 2020 American Chemical Society.67 (g) Variation of XPS spectra when
the paper substrate is transformed to paper-LIG. Reprinted with permission from Zhao et al., Nano Energy 75, 104958 (2020). Copyright 2020 Elsevier.50 (h) Evolution of XPS
spectra of paper before and after laser irradiation highlighted the p–p� peak related to LIG conductivity. Reproduced with permission from Kulyk et al., ACS Appl. Mater.
Interfaces 13, 10210 (2021). Copyright 2020 American Chemical Society.49 (i) Schematic illustration of four-point probes used for measured sheet resistance of LIG-square
synthetized on bio-based carbon substrates. (j) Three-dimensional graph correlated with characteristics Raman peaks of LIG with sheet resistance of several bio-based carbon
substrates. (k) Colored SEM image of LIG electrodes and leaf interface highlighted a hierarchical microstructure of green LIG. (l) Cross-sectional SEM image combined with
EDS map of LIG obtained on leaf substrate.41 Reproduced with permission from Le et al., Adv. Funct. Mater. 32, 2107768 (2022). Copyright 2022 John Wiley and Sons.41 (m)
TEM image of morphology and structure of green LIG flake obtained from lignin. (n) TEM image of lattice space corresponding to the (002) plane of lignin-LIG. Reproduced
with permission from Mahmood et al., RSC Adv. 9, 22713 (2019). Copyright 2019 Royal Society of Chemistry.102
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carbon rings characteristic of these graphenic structures are
synthesized.45,47,49,67,84

In addition to the overall energy applied to the substrates,
another approach used to study the conversion mechanisms and the
Raman spectra outcome when synthesizing gLIG has been through
the manipulation of pulse distribution. Depending on the laser system
and wavelength used for substrate irradiation, parameters such as the
number of pulses or switching frequencies can be manipulated and be
useful to achieve more desirable outcomes in terms of Raman profiles
and conductive properties. In materials such as wood, when using
short duration pulse laser systems, such as femtosecond lasers, the
high photon energies require a careful manipulation of repetition rate
and pulse fluence, to achieve the desired conversion outcomes. As
shown by Le et al., the number of pulses required for graphitization
needs to be carefully studied, with Raman profiles containing the
indicative D and 2D peaks in opposition to profile indicative of amor-
phous chars [Fig. 3(e)].38 Similarly, Kulyk et al., showed that q-
switching frequency of a UV laser source used for gLIG conversion of
cellulosic paper substrates influences the peak broadness, mainly in D
and G peaks and the appearance of the 2D peak with more or less
symmetry and intensity, showing similar effects to the increase in
input energy.101 This is mainly due to the overlapping pulse patterns
for high frequency regimens, that lead to increased efficiency of con-
version.38 In cases of the excessive overlapping, destructive phenom-
ena over the substrates can occur, causing undesirable outcomes in
terms of Raman profiles and conductive properties. In this case, the
authors reported better conductive properties in the patterns for lower
q-switching frequencies (40–50 kHz), associated with more desirable
Raman patterns. These are interesting results, that show that these
often-overlooked variables could be considered when designing mech-
anistic studies that help support the synthesis and characterization of
gLIG for different applications.

2. X-ray photoelectron spectroscopy (XPS)
characterization of green LIG

Another very important technique usually employed for the
assessment of chemical features in LIG is x-ray photoelectron spectros-
copy (XPS), used to study the degree of conversion of the native sub-
strate into the necessary sp2 hybridized conductive carbon patterns.
Most authors have reported that upon gLIG synthesis, there is a char-
acteristic appearance of strong peaks related to this hybridization in
the C1s deconvoluted spectra after laser irradiation and conver-
sion,49,50,67,102,103 with different degrees of intensity related to the laser
parameters used in the synthesis. Such phenomenon has been verified
by Park et al., showing that increases in energy input for conversion,
by additional lasing scans for patterning, lead to a shift in the preva-
lence of the C–C sp3 peak to the C–C/C¼C sp2 peak [Fig. 3(f)].67 For
a lower number of lasing scans, there is a negligible influence of the
sp2 hybridization, giving further proof of the formation of more amor-
phous chars, with the characteristic Raman profiles absent of 2D peak.
For a progressive increase in the number of lasing scans, there is a pro-
gressive increase in the intensity of the sp2-related peak, showing the
more efficient conversion of the cellulosic substrate. Another impor-
tant aspect of gLIG tracked by XPS is the presence and preponderance
of the carbon–oxygen bonds, both in C–O and C¼O forms. For differ-
ent types of substrates, these bonds usually appear as very intense,

usually with the peak associated with C–O showing the highest inten-
sity amongst the deconvoluted peaks. After irradiation, there is an
expected decrease in their intensity, with this C–O peak being replaced
by C–C/C¼C sp2 hybridization peak as the most count intensive,49,50

as expected by the break of these types of bonds during the photother-
mal and photochemical conversion processes [Fig. 3(g)]. Another
interesting aspect related to XPS characterization reported by some
authors is the appearance of p–p� satellite peak,45,49 which is also
related to the sp2 hybridization, giving rise to both r orbitals and the p
orbitals responsible for the high conductivity in graphenic materials,
through their delocalized electrons [Fig. 3(h)]. These peaks are not
generally studied in the XPS spectra of gLIG samples, but their pres-
ence gives an indication that the synthesized material is not an insula-
tor and is able to conduct and be applied for electrode fabrication,
further confirming the graphitization processes upon laser irradia-
tion.104 Concurrently, an important aspect usually assessed using XPS
has also been the relative elemental content of the converted material,
more specifically in terms of the carbon and oxygen content ratio.
Paired with the increase in intensity of the XPS peak related to sp2

hybridization, the relative percentage of carbon has been shown to
increase, while the oxygen content is reduced. This evidence has been
demonstrated both by XPS but also through energy dispersive x-ray
spectroscopy (EDS), showing that these relative elemental composi-
tions can achieve values above 80% carbon content depending on the
initial composition of the substrate, with oxygen content dropping
below 20%, when compared to the high oxygen content of the native
precursor materials.43,45,102

3. Electrical conductivity of green LIG

Raman and XPS fingerprints, that shape the elemental and chem-
ical properties of gLIG, also influence the conductive properties of this
material. gLIG films and patterns synthesized from different native
materials present tunable conductivities, depending on the synthesis
conditions, that correlate them to the previously discussed chemical
properties, assessed by monitoring Raman peaks, carbon hybridization
and relative carbon/oxygen content. The main parameter used for the
determination of gLIG conductivity, similarly to LIG synthesized from
other plastic polymers, has been the resulting sheet resistance. It is
important to note that sheet resistance of LIG can be measured by
four-point probe method, depositing metallic contacts in the corner of
the graphene square [Fig. 3(i)]. Because of the natural three-
dimensional, fibrous structure of the native materials used for gLIG
synthesis and the resulting hierarchical highly porous graphitic struc-
tures that ensure laser irradiation, non-uniform thickness of resulting
thin gLIG films may not be conducive for accurate resistivity (X m�1)
or conductivity (S m�1) assessment. When analyzing the sheet resis-
tance of gLIG [Fig. 3(j)], it is possible to discern that raw, non-
processed sources, such as wood, husks, and leaves, usually present
lower values, around 10X sq�1 for wood and 23X sq�1 for leaf-
derived gLIG.41,43 These more complexly structured materials retain
all the aromatic and aliphatic precursors, being more easily converted
to ordered, conductive graphene lattices by reorganization of both
these types of carbon rings. Nonetheless, manipulation of laser param-
eters controlling the degree of graphitization can be used to tune sheet
resistance, with the possibility of synthesizing films with values within
3 orders of magnitude above these values.43
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In comparison, other sources of gLIG can yield films with sheet
resistance close to that of these natural sources. Reports on lignin-
based gLIG films have reached values as low as 10X sq�1,33 showing
the potential of natural, aromatic rich precursors to synthesize highly
conductive gLIG patterns. Regarding aliphatic precursors, namely, cel-
lulosic substrates, these have shown to be lacking in terms of achieving
single-digit sheet-resistance values. Because of the absence of aromatic
rings, these substrates need more laser exposure to achieve higher
degrees of sp2 hybridization and lower defect densities, as previously
discussed, ultimately leading to less conductive films. From recent
reports, sheet resistance obtained from laser irradiation of substrates,
such as cardboard or chromatography paper, has reached values as
low as 50X sq�1.45,49 Nevertheless, resorting to the potential of paper
for modification and treatments, some authors have been able to shift
these sheet resistances closer to other sources, reaching values as low
as 30X sq�1.105 This shows that with the further study of modification
strategies of these aliphatic-based precursors, more conductive pat-
terns can be reached.106 Correlating sheet resistance to characteristic
Raman peaks of gLIG [also presented in Fig. 3(j)], it is possible to
observe that gLIG based on cellulosic substrates generally presents
more intense D peaks, usually surpassing G peak intensity, associating
graphene defects to electrical properties of gLIG obtained from carbo-
hydrates. When compared to gLIG synthesized from lignin or more
complex structural materials that contain this aromatic carbon source,
the intensity of the D peak can reach much lower values and the 2D
peak becomes more preponderant, combining a less defect dense gra-
phenic structure to lower sheet resistance. According to the literature,
the lowest ID/IG values achieved for cellulose-based gLIG without any
modification other than fire retardant chemical treatments, have been
around 0.7,47,105,107 showing that the Raman spectra in these materials
usually lack low defect density, which is characteristic of graphene syn-
thesized using other methods. This can be explained by the more com-
plex conversion mechanism, that requires efficient aromatization of
aliphatic structures and condensation into packed aromatic lattices.
This may lead to higher degree of pentagonal carbon organization
caused by deficient aromatization or other defects caused by the con-
densation processes within the crystalline 2D organization. In opposi-
tion, lignin-based gLIG has been reported to achieve ID/IG ratios more
than twice as low as that achieved by cellulose conversion.99,108 The
same evidence has also been shown in gLIG synthesized from wood,
due to the presence of these native aromatic carbon rings.43 To
improve the outcomes in terms of high defect density correlated with
high sheet resistance, the approach of increasing input energy has
been employed, resulting in less preponderant D peaks in the Raman
profile.38,84 Nonetheless, this improvement is achieved only until an
optimal point, after which the substrate and synthesized gLIG suffer
degradation and ablation processes that become dominant over the
conversion, due to excessive energy absorption, ultimately deteriorat-
ing gLIG chemical structures. Nevertheless, the defect density profiles
of gLIG from different precursors is in accordance with the nature of
the volume transformation and conversion of native chemical struc-
tures, that happens at different depth levels and in extended areas,
leading to the important contribution of defects not only at the hexag-
onal organization of carbon in the lattices but also possible crystalline-
like defect formations found both in the extent of the nanosized
carbon sheets and at edge sites.109 Furthermore, due to this complex,
anisotropic 3D native structure of these natural precursors, the

distribution of Raman features over the area of patterned gLIG can
vary, showing higher or lower defect densities, depending on the mea-
surement location.43,45,110 Another important consideration when
determining the defect density and profile of D peak in gLIG samples
is the excitation laser selected for this task. As previously demonstrated
for the characterization of defects in graphene samples, the value of
the ratios between D and G peaks can be highly dependent on the
excitation laser used for the Raman measurement.111 Thus, drawing
comparisons between different reports can be misleading to establish
the expected outcomes after synthesis, with the appropriate approach
being to perform specific mechanistic studies on these properties that
can serve as a guide for future work in the synthesis and optimization
of gLIG.

4. Morphological characterization of green LIG

In relation to morphological characterization, scanning electron
microscopy (SEM) images of gLIG/substrate permit to observe gLIG
microporosity and its interface with the substrate [Fig. 3(k)]. This is
important when trying to correlate different irradiation parameters to
the resulting surface morphology and depth conversion, that influence
electron transportation and resulting conductive properties. Due to
the formation of volatiles and rapid vaporization of humidity present
at the precursor substrate, the applied laser fluence and resulting tem-
perature have a synergistic effect with the irradiation atmospheres to
produce stable graphene structures.43 Associating SEM images to EDS
analysis, it is possible to observe the hierarchical structure of gLIG
within its native substrate, combined to the elemental distribution
along the cross-section of the gLIG/substrate [Fig. 3(l)], revealing in
detail the laser parameters effect on morphological and chemical com-
position of gLIG along the substrate.41 Also aiming at gLIG nanostruc-
ture characterization, transmission electron microscopy (TEM) is a
strong tool to describe gLIG flakes, revealing its few-layer features.28,102

TEM micrographs can expose the mesoporous and ripple-like wrin-
kled structures contained in gLIG flakes’ surface, showing the creation
of free paths targeting full functionalization of gLIG micro- and nano-
structures [Fig. 3(m)].112,113 It is important to note that the formation
of such structures is attributed to thermal expansion promoted by laser
irradiation which forms an ultra-polycrystalline structure with
disordered-grain boundaries.114 In combination with x-ray diffraction
(XRD) analysis, it is possible to analyze the average lattice space corre-
sponding to the (002) plane, indicative of the increase in crystallinity
index (IC) of gLIG [Fig. 3(n)]. The increased IC can also be correlated
with defects dispersed in the hexagonal layers of the graphene repre-
sented by the (100) plane, which could also indicate the high degree of
substrate graphitization, in accordance with the crystalline size deter-
mined by XRD analysis.28

III. TECHNOLOGICAL APPLICATIONS FOR GREEN LIG

Regarding the environmental issues raised by e-waste, gLIG may
pave the way for simple, sustainable, and low-cost electronic devices,
based on abundant and renewable bio-based carbon sources. The past
few years have witnessed increasingly extensive research around gLIG
for integration in various electronic applications, such as supercapaci-
tors, sensors, electrocatalysts and triboelectric nanogenerators.36,38,43

As previously described, the quality of the gLIG produced, in addition
to being correlated with the laser parameters used in its production, is
also conditioned by the type of substrate used.42 These can range from
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(i) raw materials extracted from natural sources, such as wood, leaves,
cork and coal, to (ii) processed by-products extracted from (i), such as
lignin and cellulose. Such by-products can be found in many engi-
neered forms, ranging from lignin-rich polymeric films and compo-
sites, cellulosic substrates with different amounts of cellulose, the
presence of additives and different mechanical properties, such as
grammage, porosity, and pore size and thickness, to transparent nano-
cellulose films. Furthermore, these precursors can be combined with
other chemicals to formulate inks and biocomposites, while other
attractive sources, such as husks and food, have shown to be promising
materials to obtain gLIG, generating high-performance electronic
devices, as illustrated in Fig. 4. In this section, an overview of gLIG
applications in microelectronic elements and devices is presented,
according to the class of biomaterials used for its production, aiming
to correlate the effect of laser conversion within each type of substrate
to the fabrication and performance of several electronic devices.

A. Sources of green LIG from raw materials

The diversity of tree species on the planet makes wood, leaves,
and other biomass with the varied chemical compositions, offering a
plethora of characteristics to be explored. Wood corresponds to the
inner structure of a tree, while leaves are mainly the stem appendages
of vascular plants. They are defined by a complex hierarchical

structure of organic materials,115 containing 25–55wt.% of cellulose,
10–35wt.% of hemicellulose, and 15–45wt.% of lignin in its composi-
tion.116–118 Harvesting these substrates includes cutting and processing
trees, which can cause substantial damage to the forest and its soils.
Alternatively, substrates such as cork are just the tree bark, more spe-
cifically derived and extracted from the Quercus Suber L. species, culti-
vated in southern Europe and predominant in Portugal. This raw
material is obtained through a periodic extraction, without harming
the cork oak itself and relying on a sustainable exploitation system.119

It has a characteristic difference in its chemical composition, which is
the presence of suberin and the reduced content of hemicellulose and
cellulose compared to wood and leaf substrates.120 It was found that
these natural products are converted directly into gLIG, mainly due to
the lignin content present in its composition. Thus, higher lignin con-
tent is more favorable to produce better-quality gLIG,43 as previously
discussed, with the possibility of selecting the most appropriate raw
precursor for each target application and tailoring the chemical and
conductive functions of the resulting gLIG patterns.

From an environmental and economic point of view, these sub-
strates can be one of nature’s most versatile materials, with extraordi-
nary intrinsic characteristics, such as biodegradability, impermeability,
lightweight, and resistance to different thermal conditions.121 Another
natural source within this class of raw materials is coal, an organic sed-
imentary rock rich in carbon, produced from the compaction and

FIG. 4. Green LIG from synthesis to applications. (a) Three distinct categories are shown based on the degree of processing of the precursor before gLIG synthesis (b) Most
prevalent applications for gLIG in the literature. Circuits illustrative image reproduced with permission from Park et al., ACS Appl. Nano Mater. 3, 6899 (2020). Copyright 2020
American Chemical Society.67 Supercapacitor illustrative image reproduced with permission from Le et al., Adv. Funct. Mater. 32, 2107768 (2022). Copyright 2022 John Wiley
and Sons.41 Electrocatalysts illustrative image reproduced with permission from Han et al., ACS Appl. Nano Mater. 1, 5053 (2018). Copyright 2018 American Chemical
Society.106 Sensors illustrative image reproduced with permission from Carvalho et al., Adv. Mater. Technol. 5, 2000630 (2020). Copyright 2020 John Wiley and Sons.124

Generators illustrative image reproduced with permission from Jang et al., ACS Appl. Mater. Interfaces 12, 30320 (2020). Copyright 2020 American Chemical Society.123
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hardening of altered plant remains.122 Nowadays, these renewable
materials are used in the most diverse technological sectors and have
also been exploited to produce gLIG, holding great promise for green
electronics development.43,102 The properties of hierarchical porous
graphene obtained from these bio-based carbon sources are closely
correlated with substrate composition, the laser source used for gLIG
conversion, laser parameters, substrate pretreatment, and gLIG doping
strategies after irradiation, as discussed earlier. Figure 5 illustrates an
example of each substrate with practical applications based on green
gLIG.

Initially, the first report on gLIG from wood was put forward by
Tour et al., using a CO2 laser under an inert atmosphere, obtaining 3D
porous graphene with low sheet resistance (�10 X sq�1), leading to

the development of patterned electrodes for supercapacitors and
water-splitting systems.43 This approach opened the possibility to pro-
duce multifunctional wood-based hybrid materials, also showing the
prospect of engineering the surface of wood substrates toward func-
tional electronic applications. Such approaches have been reported, for
example, using cedarwood, embedded with metal salts, resulting in
converted porous gLIG with high conductivity (�8 X sq�1), unique
ferromagnetic behavior, and excellent electrochemical catalytic perfor-
mance. This approach was tested with multiple metal salt precursors,
from copper to a mixture of nickel and iron, to simultaneously pro-
duced gLIG patterns and induce laser-assisted nucleation for metal
nanoparticle synthesis. Thus, incorporating different inorganic struc-
tures in this type of substrate suggests the generation of gLIG

FIG. 5. Green LIG applications obtained from raw materials. (a) LIG grid pattern on basswood applied in the solar steam generator. Reproduced with permission from Le et al.,
Adv. Funct. Mater. 32, 2107768 (2022). Copyright 2022 John Wiley and Sons.41 (b) Interdigital microelectrodes based on LIG obtained from fallen leaves used in flexible super-
capacitor. Reproduced with permission from Jang et al., ACS Appl. Mater. Interfaces 12, 30320 (2020). Copyright 2020 American Chemical Society.123 (c) LIG-on-cork imple-
mented as insole to monitor the foot pressure. Reproduced with permission from Carvalho et al., Adv. Mater. Technol. 5, 2000630 (2020). Copyright 2020 John Wiley and
Sons.124 (d) Electrocatalyst based on LIG synthetized from coal. Reproduced with permission from Zhang et al., Carbon 153, 585 (2019). Copyright 2019 Elsevier.34
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electrodes with improved functionalities,106 opening its applicability to
a myriad of electronic applications, besides simple electrode pattern-
ing. UV lasers also enabled high-resolution patterning of electronic
components onto woods and leaves under ambient conditions without
the use of inert gases, such as argon.38,41 In these works, gLIG pre-
sented similar sheet resistances to those previously reported for CO2

laser conversion, allowing for the patterning of conductive tracks and
temperature sensors on leaves, with great and fast responsiveness.
Sandwich-type supercapacitors using wood-based MnO2/gLIG elec-
trodes have also been produced, showing higher areal capacitance
(53.6 mF cm�2 at 1mA cm�2) than supercapacitor based on gLIG
produced on PI.38 Thus, the use of doping strategies may solve certain
inherent barriers of pure gLIG in these types of natural materials. A
similar work proposed that ultrashort laser pulses can benefit gLIG
production on thin and thermosensitive substrates, such as natural
leaves, with minimized thermal effect and ablation. Also, the presence
of biominerals in leaves’ composition can serve as nucleation sites for
the growth of 3D mesoporous gLIG with low sheet resistance (23 X
sq�1). The development of flexible leaves-based micro-supercapacitors
showed excellent electrochemical performance with high areal capaci-
tance (34.68 mF cm�2 at 5mV s�1) and capacitance retention (�99%
after 50 000 charge/discharge cycles) comparable to other undoped
gLIG-based devices reported so far [Fig. 5(a)].41 Another interesting
approach using wood substrates has been the exploitation of laser irra-
diation to not only induced the synthesis of graphenic structures, but
also manipulate pulse profiles for surface micro structuring. Jang et al.
used this approach to develop different gLIG grid patterns into wood,
for the development of a solar steam generator (SSG) with high solar
conversion efficiency, with improved salt-resistance and self-
regeneration properties, promising for water desalinization applica-
tions [Fig. 5(b)].123 Other applications of wood-based gLIG converted
using UV lasers include eco-friendly and disposable pH sensors,
exhibiting an accurate pH sensitivity, for use in agriculture.98 More
recently, alternative chemical treatments on wood substrates have
been proposed, to improve on some aspects of CO2 laser conversion
processes. Dreimol et al. presented the use of iron catalysts,110 with the
purpose of protecting wood from excessive laser ablation and thermal
damage, promoting a more efficient graphitization and smooth gLIG
surfaces, without the need for multiple lasing steps, use of fire-retardants
or inert atmospheres. Using an aqueous, bio-based iron-tannic acid ink
for wood coating, large area gLIG surfaces were patterned in flexible
wood veneers, resulting in very attractive conductive properties, with
sheet resistance around 25 X sq�1. The resulting gLIG was applied in
various electronic devices, including flexible strain sensors and electro-
des, wood-based touch button panels and light-emitting electrolumi-
nescent devices. This work showed the excellent multifunctionality of
wood-based gLIG, patterned in different types of wood, including thin,
flexible veneers, that can open the possibility to produce flexible devices
for different targets.

In the literature, gLIG from natural and agglomerated cork has
been demonstrated as an exciting material for on-cork electronics and
wearable applications. For example, high-efficiency energy storage
devices were reported in natural cork, where a 450nm wavelength
laser was used to fabricate flexible cork-based supercapacitors in both
planar and sandwich configurations. Using a boron treatment prior to
laser irradiation, boron-doped gLIG was synthesized, resulting in gLIG
with sheet resistance of 73 X sq�1. This strategy resulted in better

performance cork supercapacitors, when compared to undoped cork-
based gLIG electrodes, with areal capacitances going from 4.67
mF cm�2 for undoped gLIG using sandwich configuration, to 11.24
mF cm�2 for boron-doped gLIG using the same configuration. The
devices maintained good stability over time, with �14% loss in reten-
tion for both configurations, after more than 10000 charge/discharge
cycles.46 Another interesting application for gLIG-on-cork was pre-
sented by Carvalho et al., that developed sensorized insoles to monitor
human gait, by the analysis of the different phases of the pressure sig-
nal for distinct foot regions. The piezoresistive sensors showed high
sensitivity (up to 9.8� 10�3kPa�1) and fast response time (0.5ms
rise, 9ms fall) [Fig. 5(c)].124 Other emerging applications can also ben-
efit from the use of cork and its resulting gLIG, namely, energy har-
vesting. Highly flexible and stretchable triboelectric nanogenerators
were developed, by obtaining gLIG from agglomerated cork as an
additional component for power generation from human body
motion. These triboelectric nanogenerators were composed of gLIG/
cork bilayer composites, generating an open-circuit voltage from þ35
to �105V when in contact with a PI substrate.36 By developing such
energy storage and harvesting elements, in conjunction with functional
sensing elements, the robust, flexible properties of cork can be used to
develop multifunctional flexible and wearable electronic systems, with
great versatility and added value in production chains and within a cir-
cular economy.

Coal-based gLIG is also reported in the literature, but still with
much to explore. Owing to its high aromaticity and rich native carbon
sp2 hybridization, a multifunctional gLIG with high electrical conduc-
tivity (12 X sq�1), high electrochemical sensitivity, and ionic storage
properties has been synthesized. Coal-based gLIG showed promising
applications for Joule heating (power density of 1.075W cm2 to reach
�96 �C), electrochemical sensing (limit detecting 0.5lM for dopa-
mine), supercapacitors (capacitance of 35 mF cm�2 at 1mA cm�2),
and electrocatalyst of the oxygen reaction using FeNi hydroxide onto
gLIG, with low over potential [Fig. 5(d)].34 In addition to coal, other
PHHs have been used to synthesize graphitic structures homologous
to gLIG, as is the case of tar. Zang et al. studied the laser-induced
graphitization of different PHHs and compared the resulting chemical
and conductive properties for use in electronics.80 Tar was then
applied as a coating for PDMS flexible substrates and submitted to
irradiation and patterning, for the fabrication of flexible electrodes for
different applications, including transparent heaters, interdigitated
supercapacitors and flexible strain sensors, with appealing performan-
ces. Coal products have also been functionalized with several dopants,
aiming at modifying the resulting electronic properties and to include
magnetic properties after laser graphitization processes. Using
coal–Fe/Co oxide composites, laser irradiation and transfer of resulting
graphitic structures into an Ecoflex substrates allowed for the fabrica-
tion of a gripper soft actuators.

These recent discoveries have paved the way for the preparation
of low-cost and scalable green electronics based on gLIG from wood,
leaves, cork, and coal, aiming at the development of flexible and sus-
tainable platforms as an alternative to conventional technologies.
Nowadays, gLIG from these naturally recurring materials stands out
in several applications such as supercapacitors, sensors, generators,
and electrocatalysts, showing promising performances compared to
other green sources, as described in Table I. The first reported works
showed the potential of wood to produce gLIG due to its uniform and
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smooth surface, which allows an easy patterning of various desired
electrode designs. However, since the ablation of wood in air can lead
to the decomposition of the lignocellulose structure, complementary
strategies of using an inert conversion atmosphere, pretreatments or
appropriate laser wavelength selection are required steps for wood-
based gLIG conversion, as showed by recent literature. Also, being a
robust and bulk material limits its applicability for flexible and light-
weight technology development. Even so, it holds great promise for
applications in remote environments or applications where this feature
is not a requirement. Leaves, in turn, could be applied to wearable
devices, but processability is limited by its size and mechanical
strength, as well as degradation over time. Cork appears as a promising
source of gLIG, used in its natural state, as a composite, or even
extracting the most useful components to be converted into gLIG.
This raw material still has much to be explored, when compared with
the number of works reported for wood, but the fact that this material
has a high temperature resistance means that it can be converted to
gLIG in different atmospheres, and consequently generate gLIG with
promising features. Cork has attracted a lot of interest due to the possi-
bility of having a hybrid material that allows flexibility, lightness, and

the production of gLIG with electrical conductivity on par with con-
ventional gLIG precursors.

B. Sources of green LIG from processed by-products

Lignin and carbohydrates stand out as the main processed by-
products for gLIG synthesis, with distinct chemical characteristics.
Considering each of its particularities, lignin is the most abundant aro-
matic polymer in nature, being mainly obtained from wood by the
Kraft process employed by the paper industry. Its branched and aro-
matic chemical structure guarantees its direct transformation to gLIG
under ambient conditions.125 On the other hand, carbohydrate poly-
mers present aliphatic carbon rings that can be indirectly converted
into gLIG. The main source of these chemical structures is found natu-
rally in wood and other vegetable biomass, being found mainly in the
form of cellulose and hemicellulose. However, other similar chemical
structures can be abundantly found in nature and are regularly
explored and transformed into other high valuable products in elec-
tronics.126,127 These can include starch, glycogen, chitin and other sim-
ilar chemical structures, that may be transformed into graphitic

TABLE I. A list of gLIG applications, substrate pretreatments and laser conditions related to raw materials. IR—infrared, KMnO4—potassium permanganate, UV—ultraviolet,
H3BO3—boric acid, TCR—temperature coefficient of resistance.

Application Atmosphere Laser Substrate Pretreatment Performance Reference

Supercapacitor

Inert IR 10.6lm Wood � � � 1 mF cm�2 @ 1mA cm�2 43

Air

UV 343–346 nm
KMnO4 solution 54 mF cm�2 @ 1mA cm�2 38

Leaf � � � 35 mF cm�2 @ 5mV s�1/
50 000 cycles

41

Visible 450 nm Cork H3BO3 solution 3.7 mF cm�2 @ 0.1mA cm�2/
5000 cycles

46

IR 10.6lm
Coal � � � 35 mF cm�2 @ 1mA cm�2/

1000 cycles
34

Tar � � � 2 mW h/cm3 and stable cycling
performance at up to 2.5V

80

Sensor
UV 343–355 nm

Wood � � � pH (�4.2 kX pH�1) between 4
and 10 pH

98

Leaf � � � Temperature (TCR �0.08%
�C�1)

38

IR 10.6lm

Coal � � � Temperature (1.075W cm�2 to
reach �96.4 �C)

34

Wood Iron–tannic acid ink Strain sensor (sensibility
0.08mm/mm, >69 000 cycles

110

Tar � � � Strain sensor (sensibility
0.01mm/mm) and heat sensor

(reach up to 300 �C)

80

… UV 355 nm Cork � � � Mechanical (up to
9.8� 10�3kPa�1)

124

Generator

IR 10.6lm

Wood � � � 0.8 kW m�2 123
Cork � � � VOC from 35 to �105V 36

Electrocatalyst
Inert Wood Metal ions Over potential 0.3 V @ 10mA

cm�1
106

Air Coal � � � Over potential 1.58V @ 50mA
cm�2

34
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structures and thus, gLIG.128,129 To date, the focus on carbohydrate-
based synthesis of gLIG has mainly been on cellulose-rich substrates.
These take the form of differently engineered paper substrates, such as
cardboard, office and chromatography papers, possessing different
chemical compositions that lead to the synthesis of differentiated gLIG
regarding chemical and conductive properties. In addition, other more
refined forms of cellulose, such as nanocellulose crystals and fibers, have
been used for gLIG synthesis, targeting different electronic applications.
Considering this scenario, the main technological employment of gLIG
obtained from lignin, paper and nanocellulose is reported below.

1. Lignin

As previously reported, the synthesis of gLIG can be performed
directly on lignin under ambient atmosphere, inspiring future research
using extracted lignin to generate green electronics.42 However, for neat
lignin to be used in functional gLIG patterning, its blending with other
polymeric materials is required, or it needs to be refined and modified
into thermoset biopolymers.130 The most common polymeric matrices
used for lignin embedding have been flexible or elastomeric materials,
such as polydimethylsiloxane (PDMS) or polyacrylonitrile (PAN),
expanding its applicability toward flexible and wearable technology.
Similarly, other materials such as cloths have been used to ingrain
lignin and develop wearable, integrated components. Considering this
scenario, Fig. 6 summarizes some illustrative examples of electronic
devices contained lignin-based gLIG.

Originally, lignin mixed with PDMS at different wt.% was stud-
ied as an effective matrix for gLIG synthesis. The lignin modified
PDMS film allowed for direct scribing of gLIG patterns using a UV
laser, toward the fabrication of pressure sensors with sensitivity
between 350 and 900Pa.108 A similar approach was proposed by
Wang et al., where lignin-PAN films doped with molybdenum disul-
fide (MoS2) were employed for gLIG patterning of electrodes for
supercapacitor applications, resulting in enhanced electrochemical
performance. When comparing lignin-PAN MoS2 doped and
undoped films, the areal capacitances improves to 16 mF cm�2 at
10mV s�1.103 Similarly, sulfur-doped porous gLIG was obtained using
lignin-polyethersulfone (PES) composite films, resulting in very attrac-
tive gLIG in terms of its chemical properties. This was also translated
into the fabrication of electrodes for supercapacitor applications,
improving electrochemical performances up to 22 mF cm�2 at
0.05mA cm�2, with great stability over 8000 cycles [Fig. 6(a)],51 dem-
onstrating the importance of lignin-based gLIG functionalization for
better performance of electronic devices. Using lignin-polyethylene
oxide (PEO) composite films and employing similar strategies for
gLIG synthesis, Mahmood et al. employed electrode patterns to pro-
duce sandwich configurations, achieving a specific capacitance of 25
mF cm�2 at 0.1mA cm�2, revealing the importance of graphene elec-
trode arrangements for improved supercapacitor performance.102

A very interesting alternative approach to embed lignin into high
value matrices has been the modification of cloths with this gLIG pre-
cursor. Instead of engineering composite films, authors have proposed
the ingraining of lignin into different cloths, boosting their properties
and embedding functional electronic elements through laser scribing.
The main approach has been the deposition of lignin on carbon cloths,
resulting in very attractive results regarding the chemical properties of
the resulting gLIG, in terms of the defect density and conductivities of

gLIG chemical structures. This is evidenced by the good electrochemi-
cal performance of the developed microsupercapacitors, reaching
maximum areal capacitance of 148.6 and 157.3 mF cm�2, validating
gLIG-lignin application in wearable energy storage electronics.99,131

Another interesting approach for lignin-based gLIG has been the
synthesis of lignin solutions and suspensions within polymeric sol-
vents, such as polyvinyl alcohol (PVA), able to cast into a support sub-
strate through different techniques, such as blade coating.132 After film
casting, authors have shown the possibility to convert the films to
gLIG and pattern any functional design, followed by removal of excess
lignin through liftoff methodologies, leaving only the scribed gLIG pat-
terns behind, coining this method lignin laser lithography. Based on
this water-lift off technique, authors have developed gLIG patterns
with sheet resistances in the 5 X sq�1 range, very low defect density
and high degree of graphene crystallinity. This very promising gLIG
formwas used to develop microsupercapacitors with high areal capaci-
tance of 25.1 mF cm�2, volumetric energy density of 1 mW h cm�3

and volumetric power density of 2W cm�3.132 More recently, in-plane
hybrid micro-supercapacitors based on these lignin-based gLIG elec-
trodes were constructed, using CuFe–Prussian blue analogue
(CuFe–PBA) applied at the positive electrode and pseudocapacitive
titanium carbide MXene (Ti3C2Tx) implemented at the negative elec-
trode by spray coating [Fig. 6(b)]. The hybrid supercapacitors showed
a capacitive behavior combination between CuFe–PBA and Ti3C2Tx

reaching a very high areal capacitance value of 198 mF cm�2 at
1.0mA cm�2. The hybrid supercapacitors also demonstrated a good
performance over 10000 cycles retaining 62% of the original capac-
ity.133 Although the application of lignin-based gLIG has mainly
focused on the development of energy storage elements in the form of
microsupercapacitors, the lignin laser lithography principles have been
applied for other electronical components, namely, planar electro-
chemical cells for application in electrochemical biosensors.
Performing the same scribing and water liftoff methodologies, electro-
chemical cells composed of three working electrodes (WE) and com-
mon counter and reference electrodes were fabricated, for enzymatic
biosensing of glucose, lactate and alcohol [Fig. 6(c)].134 The biosensing
strategy was based on the modification of the WEs with Ti3C2Tx,
Prussian blue (PB) and the corresponding enzyme, capable of translat-
ing the biochemical reaction of each recognition element with the cor-
responding target analyte in to an electric signal. Owing to the very
good electrical properties of the scribed gLIG patterns, with sheet resis-
tance as low as 2.8 X sq�1, high performance, on-chip biosensing of
these three analytes was achieves. For glucose, glucose oxidase (GOx)-
based biosensing resulted in an extended linear detection range,
between 10lM and 5.3mM, with a limit of detection (LOD) of
0.3lM. For lactate, lactate-oxidase (LOx)-based detection was
achieved between 0 and 20mM, with an LOD of 0.5lM. Finally, alco-
hol oxidase (AOD) modified WE reached alcohol detection in a range
between 0 and 50mM. These biosensing schemes applied in the lignin
based on-chip electrochemical biosensor were tested using an artificial
sweat matrix, showing the great potential for the development of wear-
able, biochemical monitoring systems. Thus, the lignin stands out as a
promising processed by-products source for gLIG, applied mostly in
supercapacitors, as evidenced in Table II. These energy storage devices
present superior performance to those exhibited by raw materials. On
the other hand, lignin-based gLIG is still unexplored for other applica-
tions, such as triboelectric nanogenerators and electrocatalysis,
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showing great promise for the development of other high performance
microelectronic devices.

2. Paper and nanocellulose

Paper has gained great popularity in the field of electronics in the
last few decades, due to many meritorious properties. These include

inherent properties such as flexibility, porous structure, capillary capa-
bilities for fluid transportation and dielectric aspects in terms of con-
ductivity, but also higher accessibility in terms of production cost,
being biodegradable and easily disposable.135–140 It is also compatible
with various fabrication technologies for electronic element fabrica-
tion, while also presenting high adaptability, for example, by the possi-
bility of folding it or using its capillary properties for chemical

FIG. 6. Green LIG applications obtained from lignin. (a) Direct write LIG electrodes on lignin mixed with thermoplastic substrate for glucose and lactate sensing. Reproduced with per-
mission from Sun et al., Appl. Surf. Sci. 551, 149438 (2021). Copyright 2021 Elsevier.51 (b) Sulfur doped supercapacitors based on LIG synthetized from lignin blended to polyether
sulfone. Reproduced with permission from Lei et al., ACS Nano 16, 1974 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC-BY 4.0) License.133

(c) Hybrid microsupercapacitors contained lignin-based LIG and composed of CuFe-Prussian blue analogue (CuFe-PBA) and titanium carbide MXene (Ti3C2Tx) obtained by water lift-
off lithography. Reproduced with permission from Lei et al., ACS Appl. Nano Mater. 3, 1166 (2020). Copyright 2020 American Chemical Society.134
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TABLE II. A list of gLIG applications, substrate pretreatments or formulations, and laser conditions related to processed by-products. IR—infrared, MoS2—molybdenum disulfide,
PAN—polyacrylonitrile, UV—ultraviolet, PEO—poly(ethylene oxide), PES—polyethersulfone, PI—polyimide, PDMS—polydimethylsiloxane, PVA—polyvinyl alcohol, TMA—trime-
thylamine, CNC—cellulose nanocrystals, TEMPO—2,2,6,6-tetramethylpiperidine 1-oxyl radical, CNF—cellulose nanofibrils.

Application Atmosphere Laser Substrate
Pretreatment or
formulation Performance Reference

Supercapacitor

… UV/visible 244–785 nm

Lignin

MoS2 and PAN binder 16 mF cm�2 @ 10mV s�1/
5000 cycles

103

IR 10.6lm

PES binder 22 mF cm�2 @ 0.05mA cm�2/
9000 cycles

51

PVA binder 198 mF cm�2 @ 1.0mA cm�2/
10 000 cycles

133

Air

PEO binder 25 mF cm�2 @ 0.1mA cm �2/
4500 cycles

102

Carbon cloth 149 mF cm�2 @ 0.5mA cm�2/
5000 cycles

99

� � � 157.3 mF cm�2 @ 0.1mA
cm�2/5000 cycles

131

Paper

Commercial fire-
retardant

135 nF @ 20Hz 67

Soaked with ink 14 mF cm�2 @ 1.0mA cm�2/
11 000 cycles

37

UV 410–343 nm PI covering 0.4 mF cm�2 @ 10mV s�1 30

Sensor

Lignin PDMS binder Mechanical (350–900 Pa) 108
… IR 10.6lm PVA/urea binder Sugar (0–50mM) 134

Cardboard

Monoammonium
phosphate

Force amplitude 0.8N 84

Air
Visible 532 nm

Liquid silicone Temperature (�0.003 X �C�1)
Humidity (37 fF per %RH)

150

Paper

� � � Detecting temperature (resis-
tance variation 0.15% �C�1)

and TMA gas (resistance varia-
tion 0.0041% ppm�1)

155

UV 343 nm PI covering Humidity (time repeatability
200 s between 5% and 76%

RH)

30

IR 10.6lm

Phosphate-based fire
retardant

Strain (0.5%–1%) and bending
(28–67ms response)

49

Soaked with ink Water (DV/V is 11.9%)
Methanol (DV/V is 2.4%)

37

… Sodium borate Ammonia (0.11%–40.6%)
Limit of detection 0.33%

152

Pencil drawn Furosemide (limit of detection
of 2.4� 10–7mol l�1)

29

Phosphate-based fire
retardant

Uric acid detection (limit of
3.97lM and a sensitivity of

0.363 lA cm�2lM�1

153

Fire-retardant Uric acid detection
(1–1000 lM and a sensitivity of

5 lA lM�1

154

Inert

Sodium borate
solution/wax covering

Glucose (27.24 lA mM�1/limit
of detection of 0.13� 10�3 M)

45

CNC phosphate-based fire
retardant

UV (responsivity of 1 lA W�1) 31
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modifications or development of microfluidic structures.141 The
main chemical component of most paper substrates is cellulose,
since its fabrication processes are designed to purify organic materi-
als from wood or other sources, into engineered substrates with con-
trolled chemical composition.142 Thus, components previously
addressed, such as lignin or hemicellulose, are removed in the fabri-
cation process of many common paper substrates. Furthermore,
depending on the utility of the paper substrate, there might be varia-
tions in terms of this composition, or even variations in its physical
(e.g., grammage, thickness, pore sizes) and chemical properties (e.g.,
presence of additives).143,144 Due to these characteristics, paper sub-
strates have appeared as very appealing alternatives for gLIG synthe-
sis, since it is possible to use the cyclic, aliphatic rings present in d-
glucopyranose monomers for conversion upon laser irradiation, but
also have other compounds absorbed in their volume, that can pro-
mote or even modify the dynamics of the conversion processes,
for more precise control of the resulting electrical and chemical
properties of the synthesized gLIG, while maintaining the intrinsic
physical and mechanical properties of the paper substrates.45,101

Nanocellulose also stands out in electronic devices develop-
ment,145,146 being recently applied for gLIG production due to its
high specific surface area, susceptible to oxidation, robust mechan-
ical properties and optical transparency,147,148 thus constituting a
differentiated carbohydrate substrate compared to conventional
paper.32 Furthermore, the compact 3D network created by the
entanglement of nanofibrils may allow for higher degrees of graphi-
tization, due to the low oxygen permeation in its bulk volume.32

Additionally, the high crystallinity of some cellulose nanostructures
can probably increase the thermal resistance of cellulose, thus,
enabling graphitization.31 Considering this scenario, diverse elec-
tronic devices based on hierarchical gLIG obtained directly from
paper, engineered paper or nanocellulose structures are presented
below, as summarized in Fig. 7.

The first reports on paper-based gLIG electrodes refer to paper-
board, cardboard and phenolic-paper,44,84,105,107,149–151 which have
considerable contents of lignin and other phenolic polymers that assist
the one-step laser graphitization. Using these substrates, different
interesting applications have been proposed, including electrochemical
paper-based analytical devices,44 pressure and humidity sensors for
human health and environmental monitoring,107,149,150 and gas sen-
sors.152 The development of these components from cellulose-rich
substrates stands on the good chemical and conductive properties
toward the production of electrodes and electrode systems, but also
through the introduction of compatible elements that expand the

functionalities of the synthesized gLIG material, as is the case of deep
eutectic solvents for selective ammonia gas sensing.152

However, the direct translation of such principles toward more
refined cellulose substrates stands on their functionalization, opening
up the possibility for the formation of hierarchical porous gLIG exclu-
sively derived from cellulose fibers.42,47 These treatments mostly relied
on fire-retardant chemical. Initial reports from Park et al. showed the
early applications of paper-based gLIG for the development of electric
elements for circuit modeling and assembly, namely, resistors and
capacitors fully fabricated by laser scribing and manipulated by explor-
ing pattern widths and designs [Fig. 7(a)].67 Other diverse technologi-
cal applications of paper-based gLIG have also started to arise, such as
triboelectric nanogenerators with very high peak-to-peak voltage of
around 625V using paper-based gLIG electrodes replacing conven-
tional Al adhesive electrodes.50 Moisture-driven power generators that
harvest energy from breath, based on an imposed C/O gradient
throughout the gLIG electrode surface have also been proposed.35

Temperature, humidity and mechanical sensors based on the versatile
resistive properties of paper-based gLIG and on imposed changes in
gLIG fibers’ conformation have also emerged,49,101 demonstrating
paper-based gLIG as a good multifunctional material. The develop-
ment of electrochemical biosensors using paper-based gLIG electrodes
has also been a recent research focus. For instance, planar electrodes
produced on paper have been developed to monitor different metabo-
lites, owing to the facile disposability characteristic of these substrates.
Low-cost, environmentally friendly working electrodes produced from
gLIG were employed in the detection of uric acid in real human urine
samples, showing the compatibility for paper-based gLIG with com-
plex matrix samples.153 More recently, attempts have been made to
correlate the conductive and chemical properties of paper-based gLIG
and the resulting electrochemical properties of electrodes.154 Such
studies give a more in-depth understanding of the influence different
irradiation regimens and resulting outcomes have on the functional
properties of the material, in this case also applied for electrochemical
measurements of uric acid. Other interesting application proposed for
paper-based gLIG has been its use in smart packaging and mundane
paper utensils. Jung et al. used a visible laser to directly pattern differ-
ent paper surfaces, including milk cartons, paper cups and colored
papers.155 Using this approach, authors developed gLIG circuits, tem-
perature and gas sensors, that were employed to monitor food spoil-
age, showing the applicability of gLIG for realistic chemical and
thermo-sensing capabilities.

To enhance the performance and functionality of gLIG electrodes
based on cellulose fibers, functionalized and coated paper surfaces can

TABLE II. (Continued.)

Application Atmosphere Laser Substrate
Pretreatment or
formulation Performance Reference

Generator

� � �

Paper

TEMPO-treated Turn on a green LED of 2V 35

Air
Commercial fire-

retardant
�11.8 lJ cycle�1, >12 000
energy generation cycles

50

Soaked with ink Turn on a LED of 2.4 V 37
CNF TEMPO-treated Turn on a LED of 2V 68
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be developed, re-engineering its thermal and chemical characteristics,
as proposed for paper soaked in solutions composed of molybdenum
ions and graphite,37 and pencil-drawn surface activation by laser irra-
diation.29 Paper covered with PI tape lead to the fabrication of humid-
ity sensors and micro-supercapacitors, fully maintaining the integrity
of cellulose fibers [Fig. 7(b)].30 These micro-supercapacitors showed

areal capacitances between 0.428 to 0.141 mF cm�2 according to scan
rate, showing the applicability of paper coating techniques for gLIG
patterning toward energy storage devices. However, the use of PI as a
coating agent removes some of the sustainability aspects of using paper
as a gLIG precursor, since in this case, PI contributes to the formation
of high quality gLIG. Similar strategies can be employed using other

FIG. 7. Green LIG applications obtained from paper and nanocelluloses. (a) Resistors and capacitors (RC) circuit based on LIG designed on paper, highlighting the square out-
put (blue) and inputs (red) signals of RC circuits. Reproduced with permission from Park et al., ACS Appl. Nano Mater. 3, 6899 (2020). Copyright 2020 American Chemical
Society.67 (b) Thermally localized laser graphitization of coated paper with PI targeting micro-supercapacitors. Reproduced with permission from Tham et al., Adv. Mater.
Technol. 6, 2001156 (2021). Copyright 2021 John Wiley and Sons.30 (c) Treated and impermeabilized paper with wax applied as LIG precursor and substrate in glucose bio-
sensors. Reproduced with permission from Pinheiro et al., Adv. Mater. Interfaces 8, 2101502 (2021). Copyright 2021 John Wiley and Sons.45 (d) Moisture-driven power genera-
tor based on LIG and manufactured on CNF substrate. Reprinted with permission from Lee et al., Nano Energy, 68 104364 (2020). Copyright (2020) Elsevier.68 (e) Hand-
drawn graphene electrodes on paper substrate formulated from CNC-based LIG ink aiming flexible UV oxide zinc (ZnO) sensors. Reproduced with permission from Claro
et al., ACS Appl. Nano Mater. 4, 8262 (2021). Copyright 2021 American Chemical Society.31
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coating agents, with improved aspects of accessibility and cost-
effectiveness, while also presenting the necessary functional qualities
that can improve gLIG conversion or introduce any necessary func-
tionality. Using this strategy, wax modification and coating of borax
treated chromatography paper was proposed, in order to impermeabi-
lize the paper substrate toward the fabrication of on-chip electrochem-
ical three-electrode cells for biosensor development [Fig. 7(c)].45 Using
these planar cells, a bi-enzymatic glucose biosensor was developed,
based on WE modification with GOx and peroxidase enzymes, that
resulted in an electrochemical biosensing scheme with an amperomet-
ric linear detection range between 0 and 20mM, with an LOD of
130lM. Owing to the versatile properties of paper, it is expected that
future reports will introduce new modification methods that can
improve the chemical and conductive properties of paper-based gLIG
upon irradiation. These may include doping with green components
that introduce aromatic chemical structures, that mimic more complex
precursors, such as raw materials. Another approach may be the use of
green catalysts that increase the yield of graphitization and improve
several aspects such as resulting surface morphology. This has been
employed by Dreimol et al. both in wood and in cellulose paper,110

using ion catalyst inks that contain an abundance of aromatic struc-
tures. By removing the need for fire retardant chemical treatments and
multiple scans for graphitization, it is ensured a high conversion effi-
ciency, while minimizing time and energy consumption in the engrav-
ing process. In fact, doping of paper substrates to introduce novel
functionalities is still very much unexplored. Through modifications
with inorganic components such as metallic nanoparticles and nano-
structures, paper-based gLIG can be translated to novel applications in
energy harvesting and storage elements, biosensing and catalysis. In
addition, the very attractive mechanical and flexibility properties of
paper substrates have also been unexplored in the development of
multifunctional systems toward flexible and wearable technologies
based on gLIG, when compared to other precursor materials such as
lignin or cork.36,50,72

Hierarchical porous gLIG from nanocellulose opens other
diverse possibilities for obtaining structures with unique character-
istics, overcoming the challenges related to directly written gLIG
on paper substrate. As for example, oxidized cellulose nanofibrils
(CNFs) films demonstrated that one CO2 lasing under ambient
conditions was adequate to convert the CNFs, producing highly
conductive graphene layers and maintaining the cellulose-based
films fully intact.32 Combining these characteristics with FS lasers,
a graphene 100-fold more conductive can be achieved in the CNF
substrate without chemical pretreatment than the conductivity of
CNF-gLIG reported previously, due to the large amount of laser
pulses per time.70 As a proof-of-concept, gLIG synthetized onto a
CNF substrate demonstrated its potential as moisture-driven
power generator [Fig. 7(d)], due to its sensitivity to water vapor,
according to the hydrogen ions generated in gLIG-CNF interfa-
ces.68 This generator displayed an increase in power generation
from 60% relative humidity (RH) reaching 5 lW cm�2 at 80% RH.
In the case of cellulose nanocrystals (CNCs), good electrically con-
ductivity gLIG powder was synthetized from CNCs for graphene
ink formulation, aiming at hand-drawn UV zinc oxide (ZnO) sen-
sors. These sensors displayed a good performance, varying the
electrical current around 7.5 lA in the presence of UV radiation
[Fig. 7(e)]. The responsivity of UV ZnO sensors did not vary

significantly according to bending radius, demonstrating the effi-
ciency of applying gLIG-based inks on flexible substrates.31

In this context, paper substrates, their engineered forms and
nanocellulose have been demonstrated as great alternatives to enhance
the performance of cellulose-based gLIG electrodes, according to their
thermal resistance improvement. These developments open new
promising possibilities to subtractive manufacture of electronic devices
on substrates fully composed of cellulose, overcoming the challenge
related to zero e-waste, paired with its great capabilities as a support
substrate and its dielectric properties.52,67 Considering the overview of
applications presented in Table II, it is possible to conclude that
cellulose-based gLIG has been incorporated into diverse types of
microelectronic elements, depending on imposed pretreatments and
functionalization. However, gLIG made from cellulose still presents
low performance in supercapacitors, when compared to raw materials
and lignin, probably due to its own physical and electrical characteris-
tics described by Raman and sheet resistance data. Thus, not only the
laser parameters and the functionalization of cellulose substrates
should be investigated, but the compatibilization of cellulose with
other gLIG precursor materials can be an alternative to enhance the
capabilities of cellulose-based gLIG in supercapacitors’ performance
and in other applications.

C. Other potential bio-based sources

In addition to the direct use of common raw materials from
biomass sources or their abundant by-products arising from valuable
and important value-chains in our society, other types of bio-based
sources can be harnessed for gLIG synthesis. These include formula-
tions containing naturally sourced components, that can act as gLIG
precursors, such as forest-based inks and biocomposites, or other
less abundant common materials, such as husks and food. These
have shown great potential to obtain hierarchical porous gLIG by
laser irradiation with very interesting properties. Forest-based inks
present some prestigious characteristics of conventional inks, like
their capability to be deposit on different substrates and form
continuous films, being ideal mediums for the dispersion of nano-
particles.156 Together with biocomposites, they can combine the
characteristics of aromatic biopolymers with aliphatic biomacromo-
lecules, promoting the synergism of properties in the graphitization
of these materials.48 Husks display a sustainable and environmen-
tally friendly aspect as natural platforms to design gLIG profiles, due
to the lignin present in their composition combined to its natural
abundance.42 Food also represents an innovative platform to gLIG
synthesis, based on concept of edible electronics,157 similar to carbo-
hydrates such as cellulose.158 In this way, some illustrative examples
of gLIG synthesized from these bio-based sources are presented in
Fig. 8.

Citric acid and urea were used as precursor ink to fine-print
conductive green gLIG circuits on a flexible substrate. These circuits
presented a thin width (0.5mm) and low electrical resistance
(�1800 X), demonstrating the versatility of obtaining gLIG patterns
using bio-based ink as precursor.159 A related method was proposed
for gLIG obtained from hydroxyethyl cellulose/lignin forest-based
ink, where fine-print patterns were achieved using screen printing
technique followed by laser graphitization [Fig. 8(a)]. As a proof-
of-concept, a humidity sensor was developed based on these gra-
phene patterns, exhibiting a distinct performance according to the
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concentration ratio of lignin and cellulose derivatives.33 Lignin-based
film reinforced with nanocellulose also stood out as a promising bio-
composite for gLIG electrode fabrication for electrochemical sensing,
applied toward dopamine detection,48 as well demonstrating good

potential for wearable sensor applications.160 Poly (furfuryl alcohol)
(PFA) microspheres obtained from waste bio-mass compatibilized
with GO consolidated biocomposites as precursors for gLIG in
supercapacitors [Fig. 8(b)], with devices showing areal capacitance

FIG. 8. Green LIG applications obtained from other potential bio-based sources. (a) Hydroxyethyl cellulose and lignin ink applied on paper by screen print technique followed
by laser graphitization aiming humidity sensors. Reproduced with permission from Edberg et al., npj Flexible Electron. 4, 17 (2020). Copyright 2020 Authors, licensed under a
Creative Commons Attribution (CC-BY) License.33 (b) Poly (furfuryl alcohol) (PFA) microspheres and graphene oxide biocomposite deposited on poly (ethylene terephthalate)
(PET) substrate and used as the precursor for LIG interdigital contacts applied on supercapacitor. Reproduced with permission from Hawes et al., ACS Appl. Nano Mater. 2,
6312 (2019). Copyright 2019 American Chemical Society.161 (c) Microsupercapacitor based on LIG interdigital synthesized on coconut husk. Reproduced with permission from
Chyan et al., ACS Nano 12, 2176 (2018). Copyright 2018 American Chemical Society.42 (d) Mushroom-derived carbon paste deposited on PET substrate and used as LIG pre-
cursor of flexible supercapacitor. Reproduced with permission from Yadav et al., Adv. Mater. Interfaces 3, 1600057 (2016). Copyright 2016 John Wiley and Sons.39
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of 16.0 mF cm�2, comparable to other energy storage devices based
on GO and PI.161

Regarding green gLIG obtained from husks, patterns, and inter-
digital electrodes was obtained on potatoes and coconuts [Fig. 8(c)].
Supercapacitors based on gLIG synthesized on coconut exhibited high
area capacitance comparable to the ones produced from PI, demon-
strating the potential of this natural substrate for electronic devices
manufacturing. However, husks are still an unexplored plant source
compared to other raw materials, mainly due their own characteristics,
related to their varied chemical composition and surface curvature,
leading to less reproducible LIG characteristics, as reported by the
authors.42

Food has also become as promising source of gLIG. Initially,
some gLIG patterns from food were announced on flour paste,162

toasted and as-purchased breads,42 presenting a similar carboniza-
tion behavior reported on cellulose. As pioneer work, supercapacitors
from food-based gLIG were successfully obtained using mushroom
derived carbon paste, deposited on polyethylene terephthalate (PET)
substrate [Fig. 8(d)]. These supercapacitors displayed areal capaci-
tance of 9 mF cm�2 at 0.5mA cm�2 with great stability above 1000
cycles and on bending mode.39 A similar performance was observed
for supercapacitors based on gLIG synthetized from grape molasses
reaching areal capacitance of 16 mF cm�2 at 50mV s�1 due to its tur-
bostratic structure.158 Recently, studies have demonstrated that xylan
also appears as a promising unexplored food carbohydrate source with
great potential for gLIG formation, has demonstrated by its proof-of-
concept application in temperature sensing.47 Gelatin, a commonly
available household product, has also been used for the fabrication of
LIG based binder-free lithium-ion anodes. The assembled cells exhib-
ited superior electrochemical performances and high reversible
capacity.163

Therefore, these findings establish forest-based inks, biocompo-
sites, husks and food as promising sources for gLIG electronic device

development, aiming at several applications, as described in Table III.
The chemical characteristics of these precursors require some chemi-
cal pretreatments or mixing in a polymeric matrix, allowing the
graphitization process to occur in a simple way in an ambient atmo-
sphere, applying mostly CO2 lasers. The electronic performance of
supercapacitors based on these sources are similar to the results pre-
sented for raw materials, consolidating these materials as promising
gLIG precursor for energy storage devices. The same potential was
observed for different sensing modalities. However, there is still a lack
of studies about gLIG obtained from these precursors when com-
pared to others bio-based carbon sources, enabling future research on
new inks and biocomposite formulations as highly efficient gLIG
precursors.

IV. OUTLOOK AND CHALLENGES OF ELECTRONIC
DEVICES BASED ON GREEN LIG

Since its isolation in 2004, graphene has attracted much interest
due to its promising physic–chemical properties. In fact, for the last
decade, there has been a rush to optimize graphene production, keep-
ing costs as low as possible while minimizing its eventual environmen-
tal impacts.164 For instance, the European Union created a
consortium, the Graphene Flagship, composed of 150 partners with a
total budget of e1 billion. This is a huge project, covering several fields
from fundamental research to long term graphene commercializa-
tion.156 Similar efforts, aiming at unlocking and fully exploiting gra-
phene’s properties, are being conducted worldwide. So far, graphene
has been successfully implemented in energy storage,165 environmen-
tal,166 biomedical applications,167 among others. However, despite the
tremendous investment and intense research activity, there are still
many shortcomings setting back the full commercialization of gra-
phene. Beyond cost reduction and production capacity expansion, at a
more fundamental level, graphene industry faces a (i) lack of a
bandgap and unavoidable defects which limits its applications; (ii) lack

TABLE III. A list of gLIG applications, substrate pretreatments and laser conditions related to other potential bio-based sources. PFA—poly (furfuryl alcohol), GO—graphite
oxide, IR—infrared, PI—polyimide, PVA—polyvinyl alcohol, CNF—cellulose nanofibrils, RH—relative humidity.

Application Atmosphere Laser Substrate Pretreatment Performance Reference

Supercapacitor
� � � IR 10.6lm Mushroom PVA binder 9 mF cm�2 @ 0.5mA cm�2/

15 000 cycles
39

Inert Coconut � � � Higher than PI @ 10mV s�1 42

Air

IR PFA GO addition 16 mF cm�2 @ 0.05mA cm�2/
>10 000 cycles

161

Mid-IR 1.06lm Grape molasses Heat-treatment 16 mF cm�2 @ 50mV s�1 158
Sensor

IR 10.6lm

Kraft lignin/CNF � � � Dopamine (5–40 lM) 48
Hydroxyethyl cellulose/lignin � � � Humidity (impedance span-

ning five orders of magnitude
per RH variation)

33

… Xylan Carboxymethyl Temperature (�1.29 X �C�1,
range between 20 and 45 �C)

47

Batteries Gelatin Phthalocyanine Reversible capacity of 992 mA
h g�1 at 0.2 A g�1 and excellent
rate capacity of 365 mA h g�1

at 2.0 A g�1

163
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of suitable sustainable production methods and “standard-grade” gra-
phene in the market; and (iii) the inexistence of prototypes to boost
and demonstrate its potential.156 In fact, these aspects are interlinked
with other relevant commercialization questions, namely, the percep-
tion of technological immaturity among potential investors and cus-
tomers and regulatory hurdles regarding graphene toxicology and
biocompatibility. Additionally, most of the advances on graphene pro-
duction are still performed at university/research centers’ levels and
the term “graphene” being used for many different types of products,
exhibiting a wide range of properties, further creates distrust on invest-
ors and customers. These commercialization issues have been mostly
addressed by optimizing and standardizing production methods. In
this context, LIG has been regarded as one of the most interesting
methods for graphene production. Although its properties cannot be
compared to single layer graphene, LIG ease of production and han-
dling offer many opportunities for applications that do not require the
optimal properties of the available graphene powders. As it was
described through this review, LIG opens the possibility for the simple,
cost effective and scalable production of technological components.
Since the first laser scribed conductive track, research on LIG has
exponentially grown, leading to the development of sensors, superca-
pacitors, resistors, among others. Again, these devices do not meet the
requirements and performance expected for high-end electronics but
are suitable for fast-patterning flexible and wearable applications.
Additionally, LIG production does not require controlled environ-
ments, expensive chemicals, or equipment, thus substantially reducing
production costs, while being a sustainable and environmentally
friendly subtractive manufacturing approach. It virtually produces
zero waste, and it can be performed in the biocompatible and biode-
gradable precursor.25,38,41 However, LIG is not meant for powder pro-
duction, eventually reducing some of its potential applications if the
devices cannot be directly patterned on a substrate. On the other
hand, it is a one-step manufacturing process that does not require
slurry preparation or any other deposition methods, once again lower-
ing production time and costs. Therefore, gLIG represents a very inter-
esting and promising approach for solving, or at least reducing, the
problems associated with the toxic and harmful e-waste. Additionally,
gLIG is also compatible with well-established production methods,
such as roll-to-roll, being poised for a quick implementation at indus-
trial level.2 Nevertheless, it is not common for new and emerging tech-
nologies to get in the market if they do not surpass the current state of
the art (SOTA) or if they do not follow the “ten times cheaper or ten
times better” rule.168 Therefore, it is very unlikely that gLIG based
devices will quickly surpass already available mature technologies,
which can be produced in mass at relatively low cost. However, nano-
materials, such as graphene, exhibit clear advantages for the produc-
tion and scale up of emerging flexible and wearable devices. Due to its
compatibility with flexible substrates and low-cost fabrication, gLIG-
based electronics can bring electronic functionality to markets unfit
for rigid and expensive silicon electronics.169 The technology readiness
levels (TRL) for these technologies is still low; therefore, there are
more opportunities for different processing methods, materials, and
products to get in the market. For instance, galvanized by the growing
demand for healthcare and Internet-of-Things (IoT) smart devices,
the global wearable market size is expected to grow from USD 116.2
billion in 2021 to USD 265.4 billion by 2026 at a growth rate of 18.0%
from 2021 to 2026.170 Along with other printing technologies, LIG

may play a relevant role on the future market of flexible technologies.
Therefore, LIG could become fundamental for device fabrication,
based on a trade-off between high performance and fast device pat-
terning. Nevertheless, one of the most important advantages of gLIG
processing is its sustainable nature and the capability of promoting a
greener, circular economy.

In terms of gLIG applicability in electronic component fabrica-
tion, this review aimed at showcasing the multifunctionality of this
material in a plethora of thin film, in-plane electronic components,
and systems. gLIG products present several advantages, such as the
ability to pattern complex geometries in a one-step process, while
allowing for a simultaneous tuning of surface properties, namely,
electrical conductivity, wettability among other aspects such as mor-
phology, giving rise to its multifunctional properties. Furthermore, in-
plane components can be readily designed and studied using gLIG,
reducing material usage and improving the efficiency when compared
to non-planar geometries. However, due to the subtractive, transfor-
mative nature of the laser graphitization process, gLIG thin films are
eventually restricted and bound to the precursor substrate, slightly
restricting their application in thin film technologies where complex
layer stacking may be required, a disadvantage when compared to gra-
phene in powder form. Another aspect relevant when developing
applications with gLIG is substrate compatibility and durability.
Green, bio-based materials have been intensely studied in the electron-
ics field for various purposes, such as transistor fabrication,171 soft and
flexible electronics,172,173 and even disposable and transient electron-
ics.174 These efforts ultimately result in pushing several avenues for the
advancement of more sustainable fabrication processes, based on cir-
cular approaches that promote reusability, recyclability, reducing car-
bon footprint, and energy consumption in fabrication.175 As such, the
intrinsic properties of natural materials must be carefully selected to
meet the requirements of any target application. Both mechanical
properties and the ability to be readily converted to gLIG with appro-
priate characteristics should be taken in consideration, while preserv-
ing all the necessary sustainability aspects. Some natural substrates,
such as wood and other rigid biomass, are great candidates to be used
in rigid application, namely, printed circuit boards.176 Flexible cel-
lulose or lignin films are attractive for soft, flexible, and wearable
technologies. Careful engineering of natural materials’ composi-
tion and resulting mechanical and thermal properties is a key
aspect for their applicability in specific technologies,177 also reflect-
ing on gLIG synthesis and applicability. As such, future develop-
ment on natural composites, using blending and coating
approaches are envisioned to improve several aspects of gLIG syn-
thesis, including precursor substrates compatibility and resulting
gLIG mechanical, morphological, and conductive properties. In
addition, promising work is being presented, regarding the use of
new chemical treatments, such as the use of nontoxic, green cata-
lysts, that improve the efficiency and outcome of laser graphitiza-
tion processes, paired with meticulous control of the laser
irradiation process. With the concepts and recent developments
discussed in this review and futures work on the synthesis and
application of gLIG, challenges related to devices performance,
durability, and lifetime may be tackled, while enabling the multi-
level integration of different components, using other compatible
fabrication technologies such as screen or inkjet printing, to pro-
duce hybrid laser engraved and printed systems.
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149N. Tasić, L. Sousa de Oliveira, T. Paix~ao, and L. Moreira Gonçalves, Med.
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