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Laser-Induced Graphene from Waste Almond Shells

Yulia Steksova, Anna Chiara Bressi, Marina Galliani, Attilio Marino, Gianni Ciofani,
Eduardo Machado-Charry, Hilda Gomez Bernal, Alessandra Francini, Luca Sebastiani,

and Francesco Greco™

Laser-induced graphene (LIG) is a 3D conductive carbon material typically
produced from petroleum-based polymers via a one-step laser-induced
pyrolysis in air, without chemicals. Recently, the focus has shifted toward
bioderived and biodegradable precursors as potentially sustainable

by the need to reduce environmental impact
and create innovative technologies that can
replace traditional, non-degradable materi-
als. Opportunities in this direction can be
offered by laser-induced graphene (LIG), a

alternatives. Here, this approach is advanced by repurposing almond
shells—an abundant raw agricultural by-product-blended with chitosan to
form almond shell composites (ASC). ASC exhibits over 60% weight loss after
90 days under soil burial. It serves both as a bioderived substrate for
electronics and as a precursor for LIG. ASC is converted into LIG through UV
and IR laser scribing, and its structure is thoroughly investigated. ASC-LIG
achieves sheet resistance values as low as 114.3 + 0.9 Q@ sq' (UV), and an
electrochemical impedance modulus [Z] ~ 1 kQ at 10° Hz (1 cm? electrodes).
It is implemented in proof-of-concept electronic devices, including circuits
with resistive and capacitive elements, and humidity sensors, which show
sensitivities of 2.25 + 0.13 pf%RH~" (30%-55% RH) and 19.8 + 2.69
pf%RH~T (55%-80% RH). These results highlight the potential of upcycling
agricultural by-products into functional materials, demonstrating the
suitability of ASC-LIG for transient electronic applications such as

environmental sensors.

1. Introduction

In recent years, there has been a growing interest in develop-
ing sustainable and degradable materials for electronics, driven

3D porous and conductive carbon structure
obtained by laser-induced pyrolysis of syn-
thetic polymers such as polyimide,[!l as well
as bioderived polymers or biomass-based
materials.>] LIG has attracted the atten-
tion of researchers due to its good conduc-
tivity, high porosity, ease of processing, and
the ability to be modified to suit various
technological tasks.[¢-#]

The application of LIG has gained
relevance in the context of zero-waste
electronic technologies, where circularity
and biodegradability are key challenges
for future electronics development.’] Re-
cently, LIG has been used as the sensitive
element in a variety of flexible/stretchable
sensors. Some examples include soft,
skin-interfaced  electrodes and strain
sensors,['%!11 electrochemical sensors to
monitor uric acid, tyrosine and pH in
human sweat,!?l strain sensors in soft
robotics, 1%l and environmental sensors for monitoring temper-
ature, gas, pressure, humidity, levels of pollutants in the air or wa-
ter, etc.!'>1 Originally, mainly synthetic polymer substrates were
used to form LIG,!! but the production of LIG from bioderived
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materials quickly emerged as an interesting alternative.l'’] The
use of bioderived substrates to form LIG has been widely re-
viewed and mainly focuses on cellulose and lignin-based mate-
rials. Recent articles have explored laser-induced graphene for-
mation from both synthetic and natural materials, highlighting
differences in morphology, graphitization, and application poten-
tial depending on the laser process type and substrate used.['®]
In view of the sustainable production of green electronics, the
use of waste biomass as LIG precursors and as device substrate
may represent a step forward in reducing the environmental im-
pact of electronics. Lignin is one of the main components of
plant-derived materials and dominates forestry and agricultural
products and by-products, such as wood residues, nut shells, and
husks. By-products of biomasses are globally produced in huge
volumes, and there is a great interest in converting them into
added-value functional materials.['! Lignin is also reported as
one of the best precursors for LIG,! often in combination with
cellulose, as typically found in plant-derived materials. A high
content of lignin has been correlated with high quality of the
LIG produced from different types of wood, in terms of crys-
talline carbon formation and low sheet resistance.l'’] LIG de-
rived from lignin and more broadly from plant biomass offers a
potentially environmentally friendly alternative to synthetic car-
bon materials, 2% particularly for the development of flexible and
degradable electronics.21-23] Advances in wood-based biodegrad-
able electronics highlight the feasibility of converting lignocellu-
losic biomass into functional printed devices, such as eco-friendly
transistors for neuromorphic or sensing applications.**! How-
ever, the use of these plant-derived LIG precursors often requires
a complex processing: the extraction/purification of lignin or
other polymeric precursors from raw bioderived materials, the
use of inert or reducing atmosphere during laser scribing, a pre-
treatment with flame retardants and/or catalytic agents, such as
iron-based inks, or a multi-step laser scribing procedure.!?>2]
This complex and often energy-intensive processing could, at
least in part, hamper the use in real applications and nega-
tively impact the overall environmental impact. Finding strate-
gies to reduce the processing burden is thus of paramount im-
portance in the aim of creating more sustainable technologies.
In this sense, the use of raw, unprocessed, or minimally pro-
cessed by-product materials should be preferred over compounds
that are extracted and purified. Nutshells, such as those of pis-
tachios, hazelnuts, and almonds, are particularly abundant by-
products of the agricultural and food industries. The shells rep-
resent a very large part of the crop’s yield, i.e., in almonds, 67%
in weight.[”] Given the large number of agricultural inputs and
natural resources for growing nuts, and considering that most
of the yield is commonly wasted or poorly valorized, there is
space for improving their overall environmental and economic
sustainability.

In our study, we focused on the use of almond shells (AS) by-
products, since almonds are one of the most cultivated nuts in the
world: their demand has increased almost 6 times over the past
20 years,?®] and the global annual production volume of shells
is ~800 000 tons.[*?! Such a volume of by-products requires the
adoption of effective valorization methods. Most of these shells
are currently used as energetic biomass (e.g., combustible for
ovens) or mulching substrate for gardening, with very low market
value (around 6-10 cents kg™! in Italy; Damiano S.p.A., personal
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communication: March 2022). For these reasons, there is a huge
interest in recycling this biomass by including it in the formu-
lation of biocomposites!**3!] or transforming it into added-value
functional materials like adsorbent materials and activated car-
bon, among others.[32-3]

Depending on the almond cultivars, the shells may contain 30—
40 wt.% lignin and 25-30 wt.% cellulose and hemicellulose,>*-38]
thus nutshells are potentially ideal to produce LIG.

Our aim was not only to investigate AS as a precursor for LIG,
but also to provide strategies to transform AS into a bioderived
substrate for electronics, in view of their applications in green
electronics. To these aims, we first investigated the composition
of two types of AS. Indeed, various almond cultivars exist, with
different properties and composition of their shells. Almond cul-
tivars are categorized into “hard shell” (high density ~ 480 kg
m~3) and “soft shell” (low density ~ 350 kg m~3), which may
have different relative concentrations of lignins, cellulose, and
hemicelluloses.?1:%]

The powders of the two types (H-ASP and S-ASP, respec-
tively for hard and soft types) were used as fillers for the realiza-
tion of composite films with chitosan, a polysaccharide extracted
from animal waste (e.g., crabs and arthropods’ exoskeletons),
acting as the matrix, or continuous phase of the composite.!*"]
The use of polysaccharides as a matrix to compound various
bioderived fillers has become increasingly popular as a poten-
tially more sustainable option compared to petroleum-derived
polymers. Among the most common polysaccharides, starch,
chitosan, pectin, alginate, and cellulose have been proposed in
various applications.*'**] They have several advantages: biocom-
patibility, degradability, ease of modification, non-toxicity, and
good mechanical characteristics. Chitosan, adopted in our study,
can be processed into various shapes, including porous struc-
tures, thin films, gels, membranes, and fibers. Moreover, recent
studies demonstrated that chitosan itself can be converted into
LIG by laser irradiation.l*”] However, it is worth noting that the
production of LIG from pure chitosan (i.e., without the use of
reinforcing materials or additives) requires a complex three-step
laser irradiation process using different types of lasers.

In this study, instead, we focused on developing chitosan com-
posites with a large concentration of ASP, which accounts for
more than 2/3 of the total mass of powder components. The AS
chemical composition and its effect on the mechanical proper-
ties of almond shell composite (ASC) were studied, providing a
basis for critical selection of the most promising AS type to use
as filler. A particle size analysis of the ASP was carried out, and
then ASC morphology was analyzed using optical microscopy
and scanning electron microscopy (SEM). The degradability in
soil of ASC was assessed by mass loss and Fourier transform in-
frared spectroscopy (FTIR).

LIG was obtained from ASC through direct scribing with ei-
ther an ultraviolet (UV) or an infrared (IR) laser. Each type of
laser has a different effect on the material, leading to the forma-
tion of different microstructures and properties of LIG, which
were studied in detail through SEM, Micro-CT, and Raman spec-
troscopy. An optimization of the laser parameters was carried
out to achieve the lowest sheet resistance. LIG-based electrical
circuitry elements and a proof-of-concept humidity sensor were
fabricated on ASC, demonstrating their potential for use in po-
tentially sustainable and degradable printed circuit boards.
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Figure 1. Schematic overview of the study. Synthesis of the Aimond Shell Composite (ASC) from waste almond shell powder (ASP) (composed of lignin,
cellulose, and hemicelluloses) and chitosan, followed by laser scribing of LIG conductive patterns and potential use as a capacitive humidity sensor.

2. Results and Discussion

The results section includes four main parts, and a schematic
overview of the overall study is shown in Figure 1.

The first section presents the chemical composition analysis
of the two types of biomass powder, H-ASP and S-ASP, in terms
of their cellulose, lignin, and hemicellulose content.

The second section details the synthesis of ASC based on ASP,
chitosan, and glycerol, followed by an evaluation of the ASC me-
chanical and degradability properties.

The third section describes the laser-assisted scribing of LIG
on the surface of ASC (ASC-LIG) and analyzes the differences in
its properties when obtained with an IR or a UV laser.

Finally, the last section demonstrates the fabrication of ASC-
LIG flexible transient electronics, such as capacitors and resis-
tors, and a humidity sensor.

2.1. Almond Shell Powder (ASP) Characterization

The chemical composition of almonds can exhibit significant
variability, not only among different almond varieties but also
within the same variety. These differences can be influenced
by several factors, including geographical origin, climatic con-
ditions, agricultural practices, and the year of the crop.[*®! It is
fair to assume that the shells, and thus the resulting ASP, are
also subjected to these variations. Understanding these changes
is crucial for characterizing the properties of specific ASP sam-
ples, ensuring the reproducibility of the results. Moreover, the
ASP chemical composition plays a key role in determining the
ASC properties (e.g., mechanical, moisture absorption) and the
possibility of using it as a precursor for LIG in direct laser writ-
ing pyrolysis. The cellulose content of the almond shells used in
this study was found to be 38.7 + 0.40% for the S-ASP and 37.8
+ 0.57% for the H-ASP, in line with literature values.*) Cellu-
lose content in almond shells is higher than that of other shells,
such as walnut, hazelnut, chestnut, and pine shells, but lower
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than pistachio and coconut.3*#°-1] Cellulose has a significant ef
fect on the mechanical properties of the composite, contributing
to their overall enhancement.>?]

On the other hand, almond shells also have high lignin con-
tent: 30.6 + 0.34% for the S-ASP and 32.7 + 0.43% for the H-ASP.
This is advantageous because lignin, even better than cellulose,
is known to be a good substrate for LIG.[>>>*]

The hemicellulose content is the same for both H-ASP and S-
ASP, 27.2 + 0.23% and 27 + 0.25%, respectively. Hemicellulose,
being amorphous, gives flexibility and elasticity to almond shells;
it serves as a link between cellulose and lignin, improving the
interaction between them.>]

Considering the results obtained, the general chemical com-
position of H-ASP and S-ASP is overall similar. A comparative
analysis of the cellulose, lignin, and hemicellulose content in sev-
eral types of nut shells is given in the Supporting Information
(Table S1, Supporting Information).

A granulometry analysis of ASP was carried out through an
automatic shape recognition software tool on optical microscope
images. It permitted the evaluation of ASP particle size distri-
bution after grinding and sieving. Representative microscopic
images of an S-ASP sample before and after the application of
the automatic shape recognition software tool are reported in
Figure S1a,b (Supporting Information), respectively. While a per-
fectly dispersed mixture was not achieved and some agglomer-
ates remained, most were excluded by the software. Most of the
ASP samples, both H-ASP and S-ASP, consist of particles with
a diameter < 5 um (Figure Slc, Supporting information). A nor-
malization based on particle volume rather than particle count
lets a different distribution pattern emerge (Figure S1d, Support-
ing information), indicating that, although fewer, larger particles
are significant due to their greater volume. The percentage val-
ues may not be of primary concern for our study, but the consis-
tency of results across different samples guarantees the reliabil-
ity of the grinding process. This consistency is critical for com-
posite manufacturing, as different granulometry corresponds to
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Figure 2. a) ASC synthesis schematic: the blend containing ASP, a solution of glycerol + acetic acid, and a solution of chitosan + acetic acid is mixed
and then cast to obtain the ASC film. b) ASC structure with images of the top and bottom surfaces (left SEM images, right optical microscope images).

a different surface-to-volume ratio, and this may influence the
particle-particle and particle-matrix interfaces. Granulometry can
thus affect the compactness, porosity of the composite, and the
binding properties of the continuous phase of the composite-in
this case, the chitosan polymer.

2.2. Almond Shell Composite (ASC)
2.2.1. Microscopic Morphology

Almond Shell Composites (ASC) are obtained using chitosan as a
matrix, ASP as a reinforcement, and glycerol as an additive. Both
H-ASP and S-ASP are used for ASC manufacturing, leading to
H-ASC and S-ASC, respectively. The choice of ASP contributed
to differences in the morphology of the composites. H-ASC has
many powder clusters on the bottom side, which can probably
be attributed to the distribution of powder particle sizes after
milling. Indeed, according to the granulometry results, H-ASP
and S-ASP have different distributions of particle size (Figure S1,
Supporting Information).

During composite preparation (Figure 2a), at the drying stage,
we observe the accumulation of almond powder (brown) at the
bottom of the cast mixture, and the resulting film presents a lay-
ered structure (Figure S2, Supporting Information).

The morphology of the resulting S-ASC is shown in Figure 2b.
The composite has a distinct two-layer structure with a clear strat-
ification of particles at the bottom. This granular morphology is
due to the ASC synthesis process. Indeed, the long 18-h drying
step allows the ASP particles dispersed in the liquid mixture to
stratify based on a size gradient. Bigger and heavier particles tend
to settle at the bottom, while finer particles accumulate at the top.
The top surface is darker and smoother, and it is richer in glyc-
erol, which interacts with the finer ASP particles, also inducing
their swelling, which consequently decreases their density.* Ac-
cumulation of glycerol promotes the sedimentation on the top
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layer, filling the gaps between the ASP and creating a more ho-
mogeneous structure, ultimately forming a thin film that “glues”
the material.

The bottom surface has a less dense, more granular, and
rougher structure due to the accumulation of larger almond shell
powder granules during the drying process.

2.2.2. Mechanical Test

Mechanical tests are conducted to assess the influence of the ASP
addition to the chitosan matrix in terms of Young’s modulus E
and tensile elongation at break ¢, (Table S2, Supporting Infor-
mation). The results of mechanical tests show that the rigidity of
ASC increases significantly compared to pure chitosan film, hav-
ing E = 2.45 + 0.06 MPa. In particular, H-ASC shows a slightly
higher E = 18 + 1.64 MPa compared to the S-ASC E = 13.97 +
0.51 MPa (Figure 3a), which confirms the influence of the chem-
ical composition of the shell on the rigidity of the material. At the
same time, the addition of ASP also reduces the maximum elon-
gation at break for both H-ASC and S-ASC (g, & 10%) with re-
spect to chitosan (¢, & 55%), indicating an increased brittleness
of the film. These changes are associated with the hydrophobic
properties of the almond shell, which prevent plastic deformation
and reduce the ductility of the material.>’]

These results are in line with the literature,*®! in which an in-
crease in the content of ASP in biopolymer materials leads to
a significant increase in Young’s modulus. Another study’®! re-
veals that the incorporation of 5%-20% ASP into a starch-based
film slightly increases the E, while drastically decreasing the im-
pact resistance, the tensile and flexural strength at break.

It is worth noting that the mechanical properties of chitosan
film vary depending on the amount and concentration of glyc-
erol. For example, when adding glycerol, the tensile strength
decreases, making the film more elastic and flexible. Glycerol
acts as a plasticizer, weakening intermolecular interactions in
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Figure 3. a) Stress—strain curves for H-ASC, S-ASC and Chitosan film; b) Weight (wt.%) of H-ASC and S-ASC vs. time during degradation in soil and
corresponding images of the degraded S-ASC samples at different time points: T0=0, T1 =2, T2 =8, T3 =20, T4 = 40, T5 = 90 days; c) FTIR spectra
of the composite ingredients and of S-ASC samples at time TO and T5 during the degradation process (details in Figure S4 and Table S3, Supporting

Information).

chitosan and increasing the mobility of the polymer chains.[®]

Also, when adding plasticizers, E decreases, which indicates a de-
crease in film rigidity, while increasing the elongation at break,
making the film more elastic and flexible. For example, the use
of 20% glycerol in chitosan/polyethylene oxide resulted in a de-
crease of the tensile strength from 24.74 to 2.91 MPa.l®!]

The ASC remained quite flexible for several months after
preparation. Samples stored in ambient conditions (exposed to
air, light, and temperature variations in a non-closed container)
for around 12 months became brittle and stiffer. Some cracks
appeared in the same timeframe, despite the film retaining its
overall integrity. We attribute this to the gradual loss of moisture
or migration of components such as glycerol. Some images of
samples immediately after preparation and after 12 months are
shown in Figure S3 (Supporting Information).

2.2.3. Degradation Test

The degradability of ASC in soil was studied to demonstrate the
potential use for further application of these composites in tran-

sient/green electronics, as bioderived materials may be an opti-
mal choice for environmental sensor substrates capable of mon-
itoring various parameters (temperature, humidity, etc.).[6?]

Figure 3b shows all stages of sample degradation in soil. After
90 days (T5) in the soil, the H-ASC and S-ASC samples lost more
than 60% of their mass.

In order to investigate the degradation process, FTIR spectra
of the ingredients of ASC (chitosan, glycerol, and ASP) were ob-
tained, along with the spectra of S-ASC samples at every time
point of the degradation test TO-T5 (Figure 3c). For FTIR spec-
tra of each of the S-ASC components, we identified the relevant
bands, described in more detail in the Supporting Information
section (Figure S4 and Table S3, Supporting Information).

Atthe initial stage, in the S-ASC T0 sample, the FTIR spectrum
reflects the presence of all the ingredients. Pronounced peaks
in the region of 3500-3300 cm™' indicate the presence of OH
groups characteristic of glycerol and cellulose, as well as amide
groups inherent to chitosan (peaks around 1646 and 1321 cm™).
Also, the peak at 1026 cm™!, corresponding to C—O stretching,
indicates the presence of cellulose and glycerol. As the sample
degrades, a significant decrease in the intensity of the peaks
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associated with glycerol and chitosan is observed (T5). Partic-
ularly noticeable is the decrease in the intensity of the peaks
in the range of 1700-1400 and 995-850 cm™!, which indicates
the leaching of glycerol and the degradation of chitosan. The
change in spectra may also indicate the destruction of amide
structures, which leads to the decomposition of these compo-
nents. A decrease in the intensity of the peaks in the C—H re-
gion (2925 and 2877 cm™') confirms that both glycerol and chi-
tosan are decomposed during the process, which leads to a sig-
nificant change in the chemical composition of the composite.
Moreover, the change in structure in the 1700-1400 cm ™' region,
as well as weak peaks in the 850 cm™! region, indicate that de-
composition of almond shells and other biomass components
also takes place. Overall, around 40% of mass is retained after
90 days. It is reasonable to assume that this leftover mass is
mainly constituted of ASP filler, for which a complete degrada-
tion is expected at longer times. Indeed, in the case of degra-
dation of pure almond shells, mass loss is up to 55% in 360
days.[%%] Chitosan, instead, is readily degradable in soil, like other
polysaccharides.!%]

2.3. Laser-Induced Graphene from ASC

The main objective of this study was to create ASCs to be used
as substrates and precursors for LIG. A compromise was thus
required between good mechanical properties, such as flexibility
and integrity under load, as provided by the matrix chitosan-and
a high amount of lignin-rich filler, thought of as a good LIG pre-
cursor. Based on the results of the studies of composites, as well
as some preliminary scribing tests, the S-ASC type was selected
for further work on LIG scribing. The full comparative analy-
sis presented in Table S4 (Supporting Information) summarizes
the main differences between S-ASC and H-ASC in terms of the
ASP granulometry, sheet resistance, Raman performance, and
mechanical properties, and provides the rationale for choosing
S-ASC as the LIG precursor for further investigations. Another
factor taken into account was the ASC thickness. Based on an
initial screening, a thickness of 0.6 mm was found to be opti-
mal. Indeed, a larger thickness was unnecessary and could re-
duce the overall substrate flexibility. On the other hand, thinner
ASCs would risk being perforated or structurally compromised
due to laser beam exposure during the scribing process. The se-
lected thickness ensures sufficient ASC conversion into LIG on
the surface, while maintaining mechanical support and homo-
geneity in the bottom part of the composite. The same ASC thick-
ness was maintained across all samples, apart from the vertical
capacitor used as a sensor, where a thicker (1.2 mm) ASC was
used. The study on LIG formation is performed for both sides
of the S-ASC composites, with significant differences due to the
stratification of the composite discussed in the previous section.
Such structural features of the composite significantly affect its
further transformation into LIG. In addition, the difference in
heat dissipation during laser processing of the top and bottom
sides, as well as differences in UV or IR absorption and subse-
quent photochemical modification of the surface, also cause dif-
ferences in the resulting LIG.

In the case of UV laser irradiation, surface graphitization is
successful on both surfaces. In the case of IR laser irradiation,
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surface graphitization is successful only on the bottom surface,
while just ablation occurs on the top surface. Due to these differ-
ences, the bottom side of the ASC was chosen as a substrate for
further optimization of the laser parameters and study of the LIG
structure.

The sets of laser scribing parameters have been screened and
optimized for the two types of lasers used. For UV laser, the
set included power (P), speed (S), Q-switch frequency CW, fill
interval, and laser-scribing direction parameter (pattern). For
IR, the set included P, S, focus (Z), number of scribing repeti-
tions (N), resolution (PPI), and image density (i.e., distance be-
tween successive raster lines). Optimized scribing protocols for
such parameters (reported in Experimental section) were created
for H-ASC and S-ASC separately, with an emphasis on obtain-
ing LIG with the best conductivity (i.e., lowest sheet resistance
R).
UV-scribed LIG (UV-LIG) showed a minimum sheet resis-
tance R, = 114.3 + 0.9 Q sq~! on the bottom side and R, = 91
+ 10.1 Q sq7! on the top side. It is important to notice that for
UV, the optimized parameters included focused conditions (Z =
0mm) and a “cross” scribing (i.e., alternate scribing along x and y
axes on the plane). This method increased the number of laser ac-
tion points on the substrate. Figure 4a shows the scribing scheme
using the cross-scribing method for UV.

IR scribed LIG (IR-LIG) showed a minimum R, = 1.57 + 1.0
x 10° Q sq7'. The results show that the focus Z had a great in-
fluence on the final result; in the case of the IR laser, a system-
atic optimization was carried out by adopting a “wedge” setup, %]
which allowed the laser focal length to be continuously increased
in the range of Z = 0-5 mm along the length of the sample during
raster scribing. Also, it is important to notice that for IR, the op-
timized parameters included a defocused condition (Z = 5 mm)
and 3 scribing repetitions. The scribing repetition scheme for IR
is displayed in Figure 4f. A larger number of repetitions caused
the destruction of the composite.

To confirm the hypothesis that ASP is the real LIG precursor
in ASC, a chitosan film, not including any ASP, was also laser
scribed, trying to optimize the laser scribing settings described
above. Local melting and ablation of the chitosan occurred when
irradiated with both IR and UV lasers, without the formation of
any carbon-like structure (Figure S5, Supporting Information).
In our case, we tried to use a simple one-step (one laser only)
scribing process to obtain LIG, which, however, could not be ob-
tained from chitosan-based films. A recent study demonstrated
the possibility of obtaining LIG from chitosan films, but in that
case, a complex three-step laser irradiation was used, with pre-
liminary material treatment with a low-power IR laser, further
exposure to a diode laser, and a final stage of high-power IR laser
processing.[®! In another example, a chitosan film,[*’] containing
only chitosan, acetic acid, glycerol, and water, as in the present
study, could be converted into a porous 3D graphene with a dif-
ferent three-step laser fabrication method. The process included
irradiation with an IR laser (10.6 um, 2.1 W) and visible (405 nm,
0.5 W) laser engravers. Since our primary objective was not to ob-
tain LIG on chitosan but rather to maintain the same LIG scrib-
ing process used for ASC to demonstrate the key role of ASP—
which was successfully confirmed — exploring complex alterna-
tives for scribing LIG on chitosan-only films was not deemed
necessary.
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Figure 4. Laser-Induced Graphene from ASC. a) UV laser scribing scheme using the cross-patterning method (left — right, right — left). The distance
d represents the fill interval parameter. b) cross-sectional micro-CT image along the xz plane of the UV-LIG. c) 3D image reconstruction by micro-CT of
UV-LIG layers (light blue — top layer, dark blue — middle layer, brown — bottom layer). d) SEM images of UV-LIG. Left: cross-sectional view at the border
zone, with purple line marking the boundary between the LIG and the pristine ASC. Right: cross-sectional view evidencing needle-like structure of the
LIG top layer. €) UV-LIG Raman spectra (average over 3 spectra, standard deviations as shaded areas). f) Laser scribing repetition scheme for IR-LIG.
g) Cross-sectional micro-CT image along the xz plane of the IR-LIG. h) 3D image reconstruction by micro-CT of IR-LIG layers (light blue — top layer, dark
blue — middle layer, brown — bottom layer). i) SEM images of IR-LIG. Left: cross-sectional view at the border zone, with red line marking the boundary
between the LIG and the pristine ASC. Right: cross-sectional view of the "foamy” mixed structure of the LIG top layer. j) IR-LIG Raman spectra (average

over 3 spectra, standard deviations as shaded areas).

2.3.1. SEM and Micro-CT

To study in detail the structure of the obtained LIG, scanning
electron microscopy (SEM) analysis was performed. Figure 4d,i
shows the cross-sectional microstructures of the laser-scribed
ASC (laser scribing performed on the bottom surface of the com-
posite) for UV and IR, respectively. The carbonized structure pro-
duced by UV laser scribing (Figure 4d) has a needle-like structure
at the top, with each needle having a layered structure. The aver-
age distance between consecutive needles is 24.3 um, which cor-
responds to a laser fill interval of 25 pm (needle dimensions and
inter-needle spacing are shown in Figure S6, Supporting Infor-
mation). Below this, a second layer is clearly visible, which con-
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sists of a continuous “foamy” mixed structure. It can be assumed
that this layer, in addition to graphene, contains amorphous car-
bon and other carbon forms. In the case of IR laser scribing, no
needles are evidenced in SEM (Figure 4i), and the structure ex-
hibits a distinct single-layer “foamy” dense graphene configura-
tion, which may also include various forms of carbon.

A detailed structural analysis of the materials, including the
native ASC substrate and the graphitized parts, has been per-
formed through micro-CT imaging. A similar study has been car-
ried out on LIG from other precursors in a recent study,?’! which
permitted highlighting the porosity and layered structure of LIG,
correlated with the Heat Affected Zone (HAZ) induced by laser
scribing.
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The 3D image reconstructions obtained from micro-CT im-
ages of the UV-LIG (Figure 4b,c) and of the IR-LIG (Figure 4g,h)
display the structural transformations obtained upon scribing
on the pristine ASC material (evidenced in brown). The laser-
affected areas display a layered structure: a top layer (light blue)
and a middle layer (dark blue).

Notably, the surface area of the carbonized region differs be-
tween the two laser types: the UV-scribed structure has a thick-
ness tyy. e ~ 300 um, approximately half the one of the original
composite (+ = 730 pm). The thickness of the IR-scribed struc-
ture tp ¢ & 240 um, is significantly smaller, indicating a lower
penetration depth of the IR laser into the substrate, despite the
3 repetitions. Furthermore, both UV and IR types exhibit a pecu-
liar transition zone, the boundary between the graphitized region
and the composite.

For UV-LIG, at the boundary of the scribed area (cross-
sectional micro-CT image along the xz plane, Figure 4b on the
right), the effect of laser irradiation (and thus HAZ) is incom-
plete; thus, a smaller ablation is observed along the rim. Also,
the porous graphitized material (evidenced in light blue) is lim-
ited to a slightly smaller thickness compared to the rest of the
scribed area. In the central part of the scribed area (Figure 4b,
on the left), where energy is applied more evenly, the penetra-
tion depth and ablation are greater. The scribed area has a lay-
ered structure. Here, a highly porous LIG top layer is clearly dis-
tinguished, followed by a denser LIG middle layer with a mixed
carbon structure, while the bottom layer is the pristine ASC.

A detailed study of the Micro-CT 3D images (Figure 4c) at the
central part of the scribing area for the UV-LIG identifies signif-
icant changes in the microstructure. The top layer (light blue)
has a thickness of ty,,, = 80-120 um; exposed to intense laser
radiation, it is more graphitized and consists of multi-layered
graphene sheets with a highly porous, rough structure. As we
move deeper inside the material, the carbon structure becomes
smoother and denser. The middle layer (dark blue), which is
denser and more heterogeneous than the top, has a thickness
of tyy g = 140-200 um. It probably combines graphene, amor-
phous carbon, and other carbon forms. This structure results
from both the lower intensity of the laser exposure and the inher-
ent morphological features of the pristine composite. As men-
tioned previously, the ASP accumulates in the lower part of the
Petri dish during the drying process, forming a two-layer com-
posite structure. Because scribing is performed on the bottom
part, the high concentration of powder on the surface quickly ei-
ther is ablated (hence the evident reduction in thickness) or turns
into a porous graphenic carbon. The bottom layer (brown) is the
pristine top layer of ASC unaffected by the laser, with a residual
thickness t ~ 210 um, out of the initial t = 730 um. Thus, the ab-
lation accounts for around 220 pm. For a more detailed analysis
of the porosity of each layer, we used Otsu’s thresholding algo-
rithm, separating the foreground and background. The porosity
assessment showed a decrease in porosity values from the top
to the bottom layer of the UV laser-scribed ASC, from ~ 76.52%
in the top layer to &~ 34.54% in the middle layer and ~ 0.02% in
the bottom layer (corresponding approximately to the top layer of
ASQ).

A similar analysis was also performed for the IR-LIG samples.
The boundary of laser action for the IR laser (Figure 4g, on the
right) is less pronounced than for the UV laser, and the bound-
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ary zone encompasses only the middle layer, without the highly
porous top graphene layer. The latter is only displayed in the cen-
tral part of the scribed area (Figure 4g, on the left) and occupies
a smaller volume compared to the UV case, having a thickness
of t1p 45, < 50 pm (Figure 4h). The middle layer thickness of 1z 4
= 220-300 pm is thicker than the corresponding layer in the UV
structure. The bottom layer (brown) is the pristine top layer of
ASC unaffected by the laser, with a residual thickness of t ~ 330
um, out of the initial ¢ = 730 pm. Thus, the ablation accounts for
around 100 um, much less compared to the UV case. The porosity
values measured in the IR-scribed structure show a similar trend
to the UV-scribed sample, with porosity decreasing from 81.75%
in the upper layer to 33.86% in the middle layer. The bottom layer
retains the same porosity as the top layer of ASC, unaffected by
the laser scribing.

In summary, we can conclude that the type of laser used for
scribing (and the consequent difference in number of laser steps
needed) has a significant effect on the structural evolution of LIG,
as well as on its porosity and thickness. UV-LIG is characterized
by high porosity and a thicker overall carbonized layer (top +
middle) compared to IR-LIG. The thickness and porosity of the
carbonized layers directly impact the material’s properties, sug-
gesting that UV-LIG is more suitable for applications requiring
high conductivity, such as sensors. This, however, comes at the
expense of a much higher ablation, so that less pristine ASC re-
mains as a supporting substrate.

2.3.2. Raman Spectroscopy

The chemical structure of LIG obtained from S-ASC through
both UV and IR laser scribing was studied by Raman spec-
troscopy Figure 4e,j (Raman spectra for the H-ASP sample in
Figure S7, Supporting Information). All spectra show the three
characteristic bands of graphene-based materials at around 1335
cm! (peak D), 1580 cm™! (peak G), and 2670 cm™! (peak 2D).
A strong D band-due to a breathing mode forbidden in perfect
graphene-highlights the presence of lattice defects. The 2D band
is obtained from the stacking of graphene sheets along the out-
of-plane axis and is associated with the properties of multilayer
graphene.[17:67:68]

The band intensity ratios I, /I; and I/l for each sample
were analyzed and compared with values obtained for LIG from
some other bioderived and synthetic precursors (Table S5, Sup-
porting information). Based on the obtained results of Raman
spectroscopy, it can be stated that in both cases (IR and UV scrib-
ing), LIG with a multilayer structure was obtained. However, ac-
cording to the results of the I, /I ratios, the IR-LIG samples have
a more chaotic planar structure compared to the UV-LIG sam-
ples. In both UV and IR cases, the I,,/I ratios for S-ASC were
lower than for H-ASC, which means that the LIG structure of
S-ASC has a less defective structure and a higher graphitization
degree. The I, /1, ratio can also be used to evaluate the crystalline
size, according to Equation (1) (Experimental Section), and it is
found to be L, = 24 nm and L, = 14 nm for UV-LIG and IR-LIG
from S-ASC, and L, = 17 nm and L, = 13 nm for UV-LIG and
IR-LIG from H-ASC. In order to confirm the hypothesis that less
crystalline carbon is formed deeper in the sample, as suggested
during the discussion about Micro-CT observations, Raman
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spectra have also been collected on LIG created deeper inside
the ASC. This was done by a simple experiment with tape: after
laser scribing, a first Raman spectrum was obtained, then the top-
most layer of LIG was removed using an adhesive tape, and a sec-
ond Raman spectrum was obtained. From the spectra of this re-
maining LIG (Figure S8, Supporting Information), it is clear that
the 2D band is absent, evidence of the presence of amorphous
carbon.

2.4. ASC-LIG in Transient Electronics
2.4.1. ASC-LIG Circuits

The direct and fast laser patterning of LIG on ASC allows
the manufacturing of a variety of flexible electrical components
and devices with desired geometries. Compared to other con-
ducting materials commonly used in printed electronics, such
as carbon-based and conducting polymer inks, the low sheet re-
sistance of ASC-LIG makes it a good alternative to printed inks.
Table S6 (Supporting Information) reports the sheet resistance
values from the literature, evidencing the ASC-LIG readiness to
be adopted as a valid substitute. To validate the wide applica-
bility of LIG obtained from ASC, we fabricated different proof-
of-concept designs of planar capacitors with interdigitated elec-
trodes (Figure 5a left, top right). These can be used as proxim-
ity, pressure, humidity, or chemical sensors. Besides, conductive
LIG traces can be used as interconnection lines, the equivalent of
printed wires in printed electronics, such as in a circuit that light-
ens up an integrated LED (Figure 5a bottom right). Moreover, it
is worth noting that the ASC has high heat resistance thanks to
the ASP composition. This feature allows for soldering wires with
tin, as is done for standard PCBs. As visible in Figure 5a (top right
and bottom right inset), the tin soldering drop electrically con-
nects the wire and the Ag-paste drop deposited onto the ASC-LIG
without damaging it, even though a high temperature is locally
reached. The possibility of soldering electrical components with
tin directly on the ASC makes the biobased composite a promis-
ing green electronics substitute for standard plastic-based PCBs.

The resistivity of the ASC-LIG is also suitable for integrating
resistors into circuits printed on the ASC to fabricate bioderived
flexible boards. Figure 5b shows resistors of different geometries
and combinations connected through printed silver tracks; the
plot in Figure Sc reports the measured resistances sampled at
10° Hz. The R, consists of a 10x5 mm? LIG rectangle with a
resistance of 9180 + 14 Q, while the R, type resistor is a 5x5
mm? LIG square owing to a resistance of 432 + 8.9 Q. Other
passive linear circuits (e.g., voltage dividers) can be created by
either changing the geometry of individual resistive elements or
combining them in series/parallel, with some examples shown in
Figure 5b. The overall resistance R, of different combinations of
resistive elements is displayed in Figure 5c. In accordance with
Ohm’s law, when two resistors R, of 0.5 kQ each are connected
in series, a resistance & 1 kQ is measured, while the series com-
bination of one R, with two R, resistors connected in parallel
gives a slightly lower resistance value, among others. It is note-
worthy that the production of graphene resistors through laser
gives the possibility to tune the resistance values at will. Indeed,
by means of different scribing parameters, one can obtain more
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or less dense and thick graphene and different combinations of
graphene, graphite, and amorphous carbon/char. This approach
finds high applicability in the development of specific flexible and
transient electrical circuits from ASC, but it can be generalized
to other bio-sourced substrates, which are LIG precursors.*! Al-
together, these examples demonstrate the use of LIG-based elec-
trical components for the tailoring of potentially sustainable and
degradable circuit boards.

2.4.2. ASC and ASC-LIG Wettability and Water Uptake

Since some perspective applications of ASC and ASC-LIG in envi-
ronmental sensing could include the interaction with liquid wa-
ter and/or moisture, we characterized their wettability and wa-
ter uptake properties. The results of CA measurements, summa-
rized in Figure S9 (Supporting Information), reveal a distinct dif-
ference between the pristine S-ASC (top and bottom sides) and
the ASC-derived UV- and IR-LIG. Both ASC and LIG produced
from it are prone to wicking, and this significantly affects the CA
dynamics. However, in the case of S-ASC, the water uptake is
slower, and the CA measurements reveal hydrophobic behavior
(CA > 90°) for both top and bottom surfaces. A progressive re-
duction of CA over time is observed from t, =0 s CA = 98.32 +
4.60° and CA =95.33 +2.33° tot; =30 s CA = 84.48 + 4.96° and
CA =85.95 + 4.27° for top and bottom surfaces, respectively.

In the case of LIG, water wicking is more evident. At short
time (t, = 0 s), UV-LIG has a more pronounced hydrophobic-
ity with an apparent CA = 101.2 + 3.32° to be compared with
CA = 76.40 + 8.56° obtained for IR-LIG. These results are in
line with the wettability behavior of PI-LIG.[%°! As discussed in
the cited study, these results of apparent CA and the difference
observed between UV- and IR-LIG can be ascribed to the com-
bined effect of surface chemistry (presence of oxygen defects, po-
lar groups), surface roughness, and porosity. Water wicking is,
however, prevailing, and the droplet rapidly disappears in a few
seconds, making any meaningful CA measurement impossible
after 30 s (Figure S9 and Video S1, Supporting Information). The
water absorption has been quantitatively assessed in dedicated
experiments by measuring the mass change of rounded samples
after soaking in water, and the results are reported in Figure S10
(Supporting Information). We estimated the ASC, the UV-LIG,
and the IR-LIG to absorb up to ~ 49.6,13.8, and 11.6%, respec-
tively, of their initial weight.

2.4.3. ASC-LIG Electrochemical Properties

As previously discussed, the ASC and the ASC-LIG both show
a heterogeneous structure with different levels of porosity. This
characteristic suggests functional electrochemical properties of
this novel material when introduced in an aqueous environ-
ment. To investigate this aspect, we performed electrochemi-
cal impedance spectroscopy (EIS) of 1 cm? ASC-LIG electrodes
(Figure S11a, Supporting Information), obtained from soft ASC
through UV laser scribing. The Bode plot of a representative sam-
ple reported in Figure 5d shows an impedance modulus of [Z|
~ 1 kQ at high frequencies (v = 10° Hz) and a higher modu-
lus at lower frequencies. We found a resistive-capacitive behavior
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Figure 5. Application of ASC-LIG in flexible transient electronics. a) Proof-of-concept designs of planar capacitors with interdigitated LIG electrodes with
snap button interconnection (left), of a planar capacitor with wires soldered with tin as interconnectors (top right), and of LIG connectors in a circuit
with an LED (bottom right). b) Series of LIG resistors of different sizes and circuit configurations. c¢) Measurements of the total resistance of the circuits
with LIG resistive elements are displayed in Figure 5b. d) Experimental and fitted data of the electrochemical impedance spectroscopy, modulus, and
phase, of a 1cm? ASC-LIG electrode. e) Capacitance (C) values over frequency of 1 cm? S-ASC sample. Left: comparison of the C between thin (600 um)
and thick (1.2 mm) samples measured at ambient conditions. Right: comparison of the C of a thick sample at different dry, ambient, and wet conditions.
The plotted data are the averages and the standard errors of measurements repeated three times. f) ASC-LIG vertical capacitive RH sensor. Left: photo
of the sensor together with its cross-section view. The scale bar in the inset represents 1 mm. Center: capacitance C vs time of the Humidity sensor
when exposed to variable RH conditions. Right: RH sensor calibration curve within the RH range of 30%-80%. The plotted data are the average and the
standard error of three tests.

that slightly differs from the EIS spectrum of a LIG electrode ob-  EIS data can be fitted with an equivalent circuit composed of a
tained from polyimide (Figure S11b, Supporting Information),  resistor representing the electrolyte bulk resistance (Rg), and a
considered as a standard. Polyimide-derived LIG (PI-LIG) elec-  resistor and capacitor in parallel, representing respectively the
trode shows a resistive behavior for 10' < v <10° Hz and a ca-  electrode charge-transfer and ionic double layer capacitance. Dif-
pacitive one for 107! < v < 10 Hz. In the case of PI-LIG, the  ferently, the ASC-LIG electrode impedance can be fitted with a
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modified Randles circuit!”?! (inset of Figure 5d). Here, the Ry is
in series with the parallel combination of a constant phase ele-
ment (CPE) and a resistance (R) in series with a Warburg (W)
element. The CPE and W elements, respectively, model the im-
perfect double-layer capacitance and the mass transfer diffusion
resistance of the heterogeneous and more porous structure of the
ASC-LIG electrode. Comparable EIS spectra and equivalent cir-
cuits are found in screen-printed carbon electrodes and paper-
based LIG electrodes, 772! widely used in electrochemistry appli-
cations, suggesting a great potential of the ASC-LIG electrodes as
a sustainable alternative in this field of application. For instance,
a three-electrode cell can be scribed to develop a three-electrode
sensor, as the layout reported in Figure S12a (Supporting Infor-
mation) is commonly used for printed sensors as point-of-care
devices. Furthermore, thanks to the high resolution and preci-
sion of the laser, one can fabricate miniaturized patterns as visi-
ble in Figure S12b (Supporting Information) for high-resolution
and complex electronic systems.

2.4.4. ASC-LIG-Based Humidity Sensor

The urgent call for more sustainable electronics demands the
implementation of a more environmentally friendly triad of
the materials’ origin, processing, and disposal. When consid-
ering carbon-based conducting materials, the most adopted so-
lution is the printing of petroleum-derived carbon inks. In
this framework, LIG appears as a potentially more sustainable
alternative.l”3]

In this work, we propose a fully biobased ASC-LIG relative hu-
midity (RH) sensor. The ASC shows variable dielectric proper-
ties upon exposure to different humidity conditions, making it
a suitable candidate as a substrate material for an RH capacitive
sensor. First, we measured the capacitance at ambient conditions
from 10? to 10° Hz of a thin (600 pm) and thick (1.2 mm) S-ASC
square (1 cm?) (Figure 5e left). The measurements on ASC capac-
itors resulted in relative permittivity values of ¢, = 1058 and ¢, =
1438 (at 10° Hz, Figure S13, Supporting Information) for thin
and thick samples, respectively. The granular structure of ASC
allows a certain water absorption, which is expected to cause a
change in the capacitance. We evaluate this change by measuring
the capacitance of ASC (thick) samples at varying moisture lev-
els (see Experimental Section, ASC-LIG circuits, and RH sensor).
Figure 5e (right) reports the corresponding plots where the capac-
itance is at its minimum when the ASC is in fully dry conditions
(light blue line). When the ASC sample is kept in ambient condi-
tions, we expect it to absorb some water from the environment.
The hygroscopic behavior is confirmed by the increase in capac-
itance (blue line, ambient condition). Whereas, when the ASC is
completely wet, meaning its water uptake reaches the saturation
condition, the measured capacitance is at maximum (dark blue
line). This comparison confirms the progressive capacitance in-
crease in direct correlation with the water amount absorbed by
the ASC. Considering the correlation between the ASC capaci-
tance and water amount, we designed a vertical capacitive RH
sensor. Two LIG squares (1 cm?) are scribed on both sides of
a thick ASC sample (Figure 5f left) to act as the parallel plates
between the ASC dielectric material of the vertical capacitor. As
visible in the sensor cross-section photo, upon LIG scribing on
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both ASC faces, the ASC dielectric thickness results to be around
470 pm. The capacitance at ambient conditions of this sensor is
found to be frequency-related within the range of 10>-10* Hz
(Figure S14, Supporting Information). To test the response of the
sensor to RH changes, we monitored the capacitance changes
at 1 kHz while varying the RH at constant temperature (20 °C).
The sensors exhibit a variable capacitance upon exposure to RH,
as found in other literature works.l”+7¢] Specifically, the sensors
signal increases and decreases with ramping the RH from low-
to-high and high-to-low values, respectively. The time vs. capaci-
tance graph (Figure 5f, center) reports the continuous sensor re-
sponse and shows the reversibility of the ASC dielectric changes
when exposed to variable conditions in the humidity. The sen-
sor calibration curve (Figure 5f, right) evidences an exponential
dependence between RH conditions and sensor output. To de-
termine the sensor sensitivity, data are fitted with two linear re-
gressions (Figure 5f, green and orange dashed lines). The sensor
response within the RH range of 30%-55% is well fitted with
a linear regression (R? = 0.99) that gives a sensitivity of 2.25 +
0.13 pf %RH™'. While within the RH range of 55%-80%, the lin-
ear regression (R? = 0.96) determines a higher sensitivity of 19.8
+ 2.69 pf%RH™'. By comparing the sensor output when ramp-
ing RH from low-to-high and high-to-low values (Figure 5f, right,
blue and red dots respectively), we observed a comparable signal
within the RH range of 30%-50% and a slight signal hysteresis
within the RH range 60%-80%. We attribute this behavior to the
higher water amount absorbed by the ASC at higher RH: the rate
of water desorption inside the ASC voids is lower, as a result of
a slower equilibrium state process. The design and dimensions
of the sensor play a crucial role in determining its response ve-
locity. A direct approach lies in decreasing the LIG electrode size
to increase the sensor response speed and reduce the hysteresis.
A comparison between the ASC-LIG RH sensor and previously
reported LIG-based RH sensors is provided in Table S7 (Support-
ing Information). The proposed RH sensor is flexible, degrad-
able, and fabricated with a low-cost process. All together, these
features make it an ideal candidate for applications such as en-
vironmental and plant monitoring. Specifically, RH and soil wa-
ter availability represent key environmental factors to monitor in
crop plants. Indeed, unbalanced local levels of humidity nega-
tively impact the healthy growth of plants.”#””] Lately, there has
been a high interest in the implementation of novel technologies
and transient electronic devices into this field to move toward
digital agriculture to optimize water use and increase yields.

3. Conclusion

In this work, a novel almond shell-based composite was devel-
oped and subjected to laser-induced pyrolysis to obtain LIG. Two
types of ASP (soft and hard shells cultivars) were investigated
as waste biomass to be included in composites with a chitosan-
based matrix. S-ASP, containing 38.7 + 0.40% cellulose and 30.6
+ 0.34% lignin, was selected as the most suitable precursor for
the synthesis of ASC with further conversion to LIG, as it pro-
vided the lowest sheet resistance while maintaining good me-
chanical properties of the material. The ASC composites showed
good degradation profiles in soil, highlighting their potential as
substrates for bioderived transient electronics. The laser scribing
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process was investigated with both UV and IR laser scribing sys-
tems. The combined Micro-CT and SEM analysis showed that the
LIG structure obtained by UV laser was more porous and multi-
layered with respect to the one obtained by IR laser. A top porous
layer with a thickness up to 120 um is obtained for UV, which
makes it ideal for sensor applications.

ASC-LIG was tested for the fabrication of flexible electron-
ics and sensors. Resistors, capacitors, and interconnect lines for
printed circuit boards were successfully produced. The electrical
properties of ASC-LIG make it suitable for use as an electrode in
various applications, including sensors and batteries. In addition,
a proof-of-concept humidity sensor based on ASC-LIG was de-
veloped, showing good sensitivity to changes in humidity. Such a
sensor, being flexible, fully bioderived, degradable, and inexpen-
sive, can be used in environmental monitoring, for example, for
agriculture.

Overall, this study highlights the potential of ASC and ASC-
LIG as part of a circular economy approach. By repurposing
an agricultural by-product into functional and degradable elec-
tronic substrate and components-possibly used in agriculture:
from field to field-this work contributes to reducing electronic
waste and promoting the use of potentially sustainable materials
in next-generation technologies.

4. Experimental Section

Materials: ~ Glycerol (>99.5% CAS No. 56-81-5), glacial acetic acid (>
99% CAS No. 64-19-7), chitosan (chitosan medium molecular weight,
deacetylated chitin, poly(D-glucosamine) CAS No. 9012-76-4), hexane
(CAS-No. 110-54-3), ethanol (CAS No. 64-14-5), sulfuric acid (96%, CAS
No. 7664-3-9), sodium chlorite (80%, CAS No. 7758-19-2) and sodium
hydroxide (>97.0%, 1310-73-2) were purchased from Sigma—-Aldrich, and
used without further modifications. Deionized water was obtained with the
Millipore Elix Advantage 10 Water Purification System. Almond shells of
two types from different almond cultivars (soft type — Vairo cultivar, hard
type — Filippo Ceo) were obtained from Damiano S.p.A. The shells were
grinded with a coffee grinder (Amazon Basics, CG9402-UL, max power
150 W) and sieved with Endecott 200SIW 106 Stainless Steel Test Sieve sys-
tem (certification 1ISO 3310-1) to obtain two almond shell powder (ASP)
types (Hard ASP, Soft ASP) having a granulometry of < 50 um, for chemi-
cal composition part the almond shells were ground with a LORDS XTRA
GRINDING MACHINE (brand XTRA, power 2060 Watt), powder average
particle size was 500 um.

Almond Shell Chemical Composition: ~ Lignin, cellulose, and hemicellu-
lose in hard and soft almond shell types were extracted and determined
using the characterization method for wood composition reported by
Sluiter et al.l’® and Lengerr et al.l’] and for non-wood biomass by Al-
varez et al.,[8%with some modifications.[®"] Ground ASP (average particle
size of 500 pm) was washed with distilled (DI) water and dried in the oven
at 45 °Cfor 24 h until a constant weight was achieved. First, 10 g of ASP was
placed in a Soxhlet apparatus and extraction was carried out using hexane
as a solvent to remove lipids and fats, for 6 h at the boiling point of the
solvent (68 °C). Then the ASP was washed in boiling water for 3 h with con-
stant stirring, maintaining a constant volume, rinsed two times with water,
then dried for 12 h at 50 °C, obtaining almond shell extractive-free biomass
(ASP-EFB). Then, to separate the components, ASP-EFB was treated with
a strong acid (H,SO,) using the Klason method.[38] This action destroyed
the cellulose and hemicellulose molecules, leaving lignin as a dark solid.
Briefly, sulfuric acid H,SO, 72% (w/w) was added to the ASP sample for
20 min and then stirred for 2 h at 18-20 °C. The mixture was maintained
in an ice bath to maintain a constant temperature, despite the exothermic
reaction. After this, the whole mixture with H,SO, was diluted with water
up to 3% (v/v) in a 100 mL Erlenmeyer flask and boiled for 4 h while main-
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taining a constant volume (by periodically adding a pre-prepared 3% v/v
H,SO, solution). After the reaction, the sample was filtered, and the re-
maining solid precipitate (mainly lignin) was washed and dried in the oven
at 50 °C. The exact mass of lignin was determined by drying in a desiccator
and repeating the drying and weighing until the weight became constant.
The second step was to determine the content of cellulose and hemicellu-
lose remaining dissolved in the filtrate. 1% NaClO, was added to the fil-
trate, then the mixture was stirred continuously (with a magnetic stirrer) at
80 °C for 4 h. Acetic acid was added to the mixture to keep the pH between
4 and 5 to oxidize the lignin residues and isolate holocellulose, which con-
sisted of cellulose and hemicellulose. The residual material resulting from
holocellulose extraction was added to a 2% NaOH solution and stirred
for 1 h at 80 °C to hydrolyze the hemicellulose chains and obtain cellu-
lose as a white solid. The resulting cellulose was rinsed with water, dried,
weighed, and its percentage in the original sample was calculated. The
percentage of hemicellulose was determined by the difference in weight
of holocellulose and cellulose, while the residual hydrolysis material was
isolated after precipitation with a mixture of ethanol and acetic acid (5%
v/v). The procedure was performed on three samples for each ASP type. A
schematic of the extraction process is provided in Figure S15 (Supporting
Information).

Preparation of Almond Shell-Based Composites:  Almond shell compos-
ite (ASC) was prepared according to the method described in Figure 2a.

The first mixture was prepared by mixing 3.2 g of glycerol, 12.8 mL of
DI water, and 64 mL of 2% acetic acid (AA). In the second mixture, 2 g of
chitosan powder was mixed with 40 mL of 2% AA solution, since acidic pH
promoted the dissolution of chitosan.[82] Both mixtures were stirred sep-
arately for 20 min at room temperature and then blended. The resulting
mixture was continuously stirred for T h until the chitosan was completely
dissolved. Then, 4 g of ASP (particle size < 50 um) was added to the mix-
ture, which constituted 2/3 of the total powder mass. The final mixture
was stirred with a magnetic stirrer for 15 h at room temperature. The re-
sulting solution was poured into a square Petri dish and dried in an oven
at 45 °C for 6 h and then in air at room temperature for 12 h. The resulting
composite film (typical thickness t & 600 um, as measured with a digital
caliper) was carefully removed from the Petri dish (size n = 120 mm x
120 mm). For the realization of ASC-LIG circuits and sensors described in
the application part, thicker samples (t & 1.2 mm) were prepared, using
the same chemical amounts but casting the mixture in a smaller Petri dish
(circular shape, radius 45 mm).

A chitosan film was prepared as a reference using the same synthesis
process and ingredient amounts as the ASC, but without adding ASP. The
two mixtures (3.2 g of glycerol, 12.8 mL DI water with 64 mL 2% AA, and
2 g of chitosan with 40 mL 2% AA) were stirred separately for 20 min at
room temperature, then combined and mixed on a magnetic stirrer for
16 h. The mixture was then poured into a Petri dish as for ASC. After drying,
the resulting film had a thickness t ~ 0.3 mm.

It is worth noting that the synthesis procedure was optimized. Dif-
ferent formulations were systematically tested by adjusting the relative
amounts of glycerol, shell powder, and chitosan (Figure S16, Supporting
Information). A critical balance between the filler, matrix, and plasticizer
contents that minimized phase separation and ensured structural homo-
geneity during the synthesis process was identified. This formulation was
then consistently used for all the experiments.

Laser Scribing:  The LIG was created on the surface of ASC in two ways.
In the first case, LIG was scribed with an IR laser cutter/engraver (Uni-
versal Laser Systems VLS 3.50, Pmax = 50 W, laser emission wavelength
A=10.6 um) equipped with a 2.0 beam collimator (nominal beam size 130
um) under ambient conditions. The IR laser was operated in raster mode
with different parameter ranges to optimize the LIG resistivity: power P
= 5%-20%, speed S = 5%-30%, dots per inch PPl = 500, image den-
sity ID = 5 (defining an interval between consecutive raster lines of 280
um), and laser beam focus Z = (0-5) mm. To optimize the focusing con-
ditions and find the best set of laser scribing parameters, a continuous
defocus sweep was applied through a 3D printed wedge/sample holder
with a 5° tilt that could accommodate 75 X 25 mm? samples, with a proce-
dure described elsewhere.[“3] Also, the number of repetitions of scribing
varied to achieve the lowest sheet resistance (R,), measured with a source
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measure unit (SMU, Keithley 2604B) in two probes configuration: 1cm? of
ASC-LIG was scribed, silver paste contacts (Cl-1036, Marabu) were man-
ually painted at two of the sides of the square and cured at 70 °C. The
resistance was measured by contacting the 2 SMU probes from the silver
contacts. The best performance for the IR laser scribing was found at 3
repetitions.

In the second case, the LIG was scribed with a UV laser galvo scribing
system (Keyence MD-U1000C, Pmax = 2.5 W, laser emission wavelength
A =355 nm, nominal beam size 2 pm) under ambient conditions. The UV
laser was operated in fill mode (in cross patterning along consecutive x
and y directions, left->right, right->left), with different parameter ranges
to optimize the LIG resistivity: P = 10%-30%, S = 5-10 mm s~', Q-switch
frequency continuous wave CW = 100 kHz, fill interval = 0.025 mm, and
laser beam focus Z =0 mm, i.e., in focused state.

Microscopic Morphology:  The microstructure and morphology of ASC
and the derived LIG were investigated with a digital optical microscope
(Hirox HR 5000 (E)) equipped with a High-Range Motorized Triple Zoom
Lens, and with an SEM (Phenom XL, ThermoFisher Scientific) equipped
with EDS/EDX and operating at 5 kV acceleration voltage.

For granulometry tests, S-ASP and H-ASP samples (m = 8 mg) were dis-
persed in deionized water (800 pL) with a vortex mixer (Velp Scientifica,
CLASSIC Advanced Vortex Mixer) and an ultrasound cleaner (Branson,
2510). A droplet of the dispersed solution (30 uL) was placed on a glass
slide and covered with a microscope slide cover glass, and right after, ob-
served at the optical microscope. An automatic shape recognition system
software tool of the optical microscope was used to assess the average di-
ameter of the ASP. The particle size distribution was normalized over the
total number of particles for each sample and averaged over three sam-
ples. Alternatively, the diameter was used to evaluate the volume of the
particle (approximated as a sphere), and the volume distribution was nor-
malized over the total volume of particles for each sample and averaged
over three samples. Normalizing before averaging ensures that each sam-
ple contributes equally to the final distribution, regardless of differences
in total particle volume.

The Raman spectroscopy was carried out with a LabRAM HR Evolution
Raman microscope at a wavelength of A; = 532 nm, with a power percent-
age of 3.2% (nominal power = 3.2 mW). An integration time of 3 s per 15
accumulations, a slit size of 300 um, and a x 100_VIS objective were used.
The obtained raw data were then post-processed with peak-conservative
smoothing, baseline correction, normalization on the I peak, and aver-
aged (over at least three samples). The peak ratios I/l and I,5 /15 were
obtained from the post-processed spectra. The Ip/l; ratio was used to
evaluate the crystalline size, according to Equation (1).

-1
L, (nm) = (2.4-1071°) Af<:—£’> (1

G

Composite Degradation Tests: Tests of materials degradability in soil
were conducted by burying ASC samples (disks, diameter 20 mm, thick-
ness 0.6 mm) in soil and evaluating their weight loss (WL) at different
time points over 90 days at room temperature. The tests were carried
out in polypropylene pots filled with 200 g of all-purpose potting soil (or-
ganic substrate obtained from the local market), moisturized with 25 mL
of tap water. For every time point, a set of three samples was weighed,
freeze-dried at —80 °C for 48 h, and weighed again. The dry weights at
time t, = 0 days were accounted for as W. The sets were then buried
in the pots at a soil depth of 50 mm from the pot top on a previously
placed fabric grid (this was done to make it easier to locate the samples
in the soil after the decomposition test), and then the soil was covered
with a punched aluminum foil to avoid excessive soil drying during the
test.

At each time point (¢; = 2 days, t, = 8 days, t; = 20 days, t, = 40 days, t;
=90 days), the samples were unburied and gently cleaned by brushing to
remove soil residuals. For more thorough cleaning, the samples were then
rinsed with water and soaked in 15 mL of deionized water and sonicated
for 15 min, this procedure was repeated three times. Excess water was
removed from wet samples with paper, then freezing at —80 °C (24 h), then
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freeze-dried at —80 °C for 48 h and weighed (W,). The WL was calculated
according to Equation (2).

WO_Wt

WL (%) = e

- 100 (2)

To inspect the effects of degradation, samples at each time point were
dried in a vacuum for at least 1 h, and SEM images and FTIR spectra
were recorded with a Shimadzu IR Affinity-1 instrument equipped with a
universal ATR (Attenuated Total Reflection) accessory (MIRacle 10). Each
sample was uniformly pressed against the crystal surface using a spring-
loaded anvil. Mid-IR spectra were obtained by averaging 64 scans over the
wavenumber range 4000-600 cm™' at 4 cm~" resolution.

Mechanical Test: An Instron 5965 series universal testing machine
equipped with a T kN load cell was employed for mechanical properties
assessment, coherently with ASTM D882 standards. For mechanical tests,
soft-type, hard-type, and chitosan film samples (dogbones) with ASTM
D882 standard (sample width 5 mm, length 10 cm) were prepared in three
pieces each. The thickness of the S-ASC and H-ASC samples was around
0.6 mm, and the thickness of the chitosan samples was around 0.3 mm.
Before mechanical tests, the samples were placed in a climatic chamber
overnight (T = 25 °C, humidity = 60%) to preserve the structure. A single
tensile elongation at break test was carried out at 5 mm min~". The elon-
gation at break values were evaluated as the maximum elongation reached
before breaking.

Micro-CT Measurement and Evaluation: Micro-CT scans were per-
formed using the UniTOM HR device (TESCAN ORSAY HOLDING, Brno,
Czech Republic). The samples were mechanically cut and introduced into
a Kapton tube with a 2 mm inner diameter. The acceleration X-ray voltage
was set to 60 kV, and the target current was 108 pA for all the scans in a
micro-focus mode. No filter was used to harden the beam. For each scan,
1749 projections were acquired with an angular range of 360°. Each pro-
jection was taken with a DEXELA camera with an exposure of 1.7 s, seven
averages, and a two-times binning. The camera’s pixel matrix and the geo-
metrical magnification of ~124.7 resulted in an isotropic voxel size of 1.2
um. Each scan’s field of view was ~1.39 mm x 0.9 mm. The scans were re-
constructed with the Panthera (TESCAN XRE) software (Ghent, Belgium)
using a ring filter with a width of 10. The Dragonfly 3D World Software (Ver-
sion 2024.1, Comet Technologies Canada Inc.) was used to evaluate the
microstructure. The different layers were segmented using Otsu’s thresh-
olding algorithm, which is available in Dragonfly software.

ASC-LIG Circuits and Sensor:  The LIG circuit elements, resistors, and
planar capacitors, and the LIG electrode for electrochemical characteriza-
tion were obtained through UV laser irradiation (P = 18%, S =5 mm s
Q-switch frequency = 100 kHz, Z = 0) on 1.2 mm thick S-ASC samples
by laser scribing on the bottom side. A commercial silver paste (CI-1036,
Murabu) was manually deposited to pattern highly conducting tracks and
interconnections between the LIG elements and the electronic readout.
The ASC-LIG circuit elements were characterized with a source measure-
ment unit (Keithley 2604B). The electrochemical impedance spectroscopy
(EIS) of the ASC-LIG and PI-LIG squared (n = 1 cm?) electrodes was
measured with a potentiostat (Gamry Instruments 45082) using a glass
Ag/AgCl reference electrode and a platinum mesh as the counter elec-
trode. Three ASC-LIG (UV) electrodes were tested. The PI-LIG electrode
used as a reference in EIS was obtained on a 50 um thick polyimide (Kap-
ton, DuPont) foil by UV laser scribing (P=15%, S =20 mm s~', Q-switch
frequency = 210 kHz, Z = 0). The ASC-LIG and PI-LIG electrodes were
immersed in 10 mm phosphate buffer saline and conditioned for 10 min
before performing the EIS measurement. The EIS recording was set in po-
tentiometric mode with an applied sinusoidal signal of 10 mV within a fre-
quency range of 1071-10° Hz. The equivalent circuit EIS data fitting was
calculated with AfterMath software (Pine Research Instrumentation).

The capacitance of ASC thin (0.6 mm) and thick (1.2 mm) 1cm? sam-
ples was measured with an LCR meter (BK Precision 895) within the fre-
quency range of 102-10® Hz before storing the samples at ambient condi-
tions (T~ 20 °C and RH = 70%). Analogously, the capacitance of the ASC
sample labeled as dry, ambient, and wet was obtained, respectively, after
keeping the sample in the oven at 50 °C for 2 h first, keeping it at ambient
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conditions for 2 h later, and soaking it in deionized water for 1 h lastly.
Three measurements were collected from the sample for each condition.
The relative permittivity €, at ambient conditions was calculated according
to Equation (3).

Cd
= e @)
where C is the measured capacitance value, d is the thickness of the ASC,
Ais the ASC sample area, and ¢ is the permittivity of free space.

To estimate the ASC and ASC-LIG water uptake capacity, a puncher was
used to cut round (5 mm in diameter) specimens. Five specimens were
used for each sample type: ASC, ASC-LIG UV, and ASC-LIG IR. These were
kept in the oven at 50 °C for 2 h and weighed. Then they were kept dipped
in deionized water for 2 h and weighed again before removing the water in
excess, with absorbent paper, gliding on the samples’ surface. The water
contact angle measurements were performed on S-ASC (top and bottom
surface) and ASC-LIG (UV and IR scribed) with a tensiometer (Biolin Theta
Flex Optical tensiometer) using the sessile drop technique with droplets
of deionized water with a volume of 5 uL. Samples were attached to glass
slides with a double-sided adhesive to prevent bending due to water up-
take/swelling. The measurements were repeated 3 times for each type of
sample. The contact angle (CA) was measured with the One Attension
software. Given the change of CA due to the rapid uptake of water, the CA
was evaluated for 30 s, and values are given at t, = 0 s (right after the
micropipette dispensed the droplet) and at t; = 30 s.

The RH sensor was obtained by scribing a square (n = 1cm?) of LIG on
both sides of a 1.2 mm thick S-ASC specimen. To characterize the sensor,
it was placed inside a climatic chamber (ESPEC 242 SH) and connected
to an LCR meter (BK Precision 895). The temperature was fixed at 20 °C
while the RH was ramped from 30% to 80% (low-to-high) and from 80%
to 30% (high-to-low) with steps of 10%, composed of 10 min ramping and
50 min steady state condition. The sensor calibration curve was obtained
by sampling the sensor output (capacitance C) at each RH step (50 min).
The sensor response test was repeated three times.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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