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Biomass offers a low-cost and sustainable carbon source. Yet, conventional pyrolytic routes remain
energy intensive and require harsh processing conditions. Laser-induced carbonization provides a rapid,
efficient and green alternative for the conversion of biomass into carbon structures. Building on the
growing demand for sustainable alternatives to petroleum-derived polymers in laser writing, we
investigate laser-induced carbon (LIC) produced from cellulose acetate (CA) membranes, a widely
available biopolymer, via CO, laser irradiation. The flame-retardant bis[2-(methacryloyloxy)ethyl]
phosphate (BMEP) enables localized carbonization, overcoming CA’'s poor thermal stability. By tuning
laser parameters, namely the defocus distance and the number of passes, we selectively obtain
amorphous carbon, activated carbon (AC), graphene oxide (GO), and laser-induced graphene (LIG).
Among these, AC fabricated through a double-pass process at a defocus distance of 7.5 mm achieves
outstanding electrochemical performance as a microsupercapacitor (uSC) electrode, delivering an

2, an energy density of 3.3 pWh cm2,
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areal capacitance of up to 63 mF cm™ and a power density of

DOI: 10.1039/d6ma00155f 0.42 mW cm™2. These results outperform those of petroleum-based polymer-derived LIG while utilizing

a potentially upcycled precursor. This work expands the scope of LIG precursors and offers a versatile
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Introduction

The global transition towards renewable energy sources such as
solar and wind has intensified the need for efficient, reliable,
and sustainable electrochemical energy technologies capable of
mitigating power intermittency. Electrochemical systems for
energy storage and conversion, including supercapacitors, bat-
teries, and fuel cells, play a central role in this transition.”
Electrode materials are crucial in these applications, since their
structure, chemistry, and electronic properties govern device
performance, efficiency, and durability. In this context, carbon-
based materials have emerged as fundamental components
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platform for engineering sustainable carbon-based electrodes.

across a broad range of electrochemical applications due to
their chemical stability, electrical conductivity, tunable struc-
tures, and compatibility with sustainable precursors.”™* Carbon
materials exhibit exceptional structural diversity, ranging from
highly ordered crystalline graphite to amorphous and highly
disordered carbons, with ‘intermediate’ graphene-like materials.’
This structural diversity directly translates into different electro-
chemical behaviors. Graphitic carbons enable ion intercalation
and faradaic reactions, making them crucial for lithium- and
sodium-ion batteries.®” Highly disordered and porous carbons
predominantly store charge through electrostatic processes, as
observed in electric double-layer capacitors (EDLCs).>® Conse-
quently, tailoring the carbon phase represents a powerful strategy
for optimizing electrochemical performance across energy
storage and conversion technologies. Among carbon materials
employed in EDLCs, activated carbons (ACs) have traditionally
been regarded as benchmark electrodes due to their high sur-
face area and microporous structure.”'® However, extensive
studies have demonstrated that the specific surface area
alone does not correlate with capacitance or energy
density. Instead, recent advances have highlighted the critical
role of carbon structural disorder in enhancing electro-
chemical performance.""> These insights shift the design
paradigm from purely morphological considerations toward a

Mater. Adv.
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more fundamental focus on the carbon phase and the bonding
configuration.

Conventional fabrication methods typically involve furnace
pyrolysis and activation®'®** for AC, as well as templated
chemical vapor deposition (CVD)'* and carbide reactions with
halogens'>'® for three-dimensional porous graphene-like struc-
tures. These processes often require significant thermal energy
and prolonged chemical treatments, which can diminish the
overall environmental benefits. Current research is therefore
increasingly focused on simple, scalable, and environmentally
sustainable fabrication strategies for graphene and other
carbonaceous materials originating from green substrates."”
Particularly, laser-induced-graphene (LIG) has attracted signifi-
cant attention from the scientific community over the past
decade."®'® LIG is a foam-like, 3D porous material composed of
disordered graphene sheets that resemble graphene but lack
long-range lattice order.”’®>" It is produced through a rapid,
cost-effective bottom-up synthesis process in which a carbon-
rich substrate undergoes a laser-induced carbonization (LIC)
process through laser beam exposure. The irradiation induces
localized temperature ramps of up to 2000 °C, triggering
thermal-pyrolytic reactions.”’ These reactions carbonize the
material and release gases, forming the characteristic porous
structure of LIG."®?? The versatility of this material has driven its
application across a wide range of electrochemical and electronic
devices, including sensors,”>* batteries,”® supercapacitors,’”’*®
microfluidic systems,” and energy harvesters.’® Early studies
showed that polyimide substrates could be directly converted
into conductive carbon through laser irradiation under ambient
conditions, leveraging the aromatic nature of the polymer back-
bone to promote graphitic domain formation.’® Subsequent
research expanded the range of suitable precursors, including
both synthetic polymers®>** and natural materials.>* Biomass-
derived substrates such as wood,**”® coconut shells,®” and cork>®
were among the first natural precursors explored due to their
high lignin content, which favors aromatic char formation
and graphitization under rapid heating ramps. In contrast,
polysaccharide-based materials such as cellulose and chitosan
generally exhibit lower thermal stability and tend to decompose
into volatile species under rapid heating.?® To enable effective
LIC, chemical pretreatments using phosphorus- or boron-
containing compounds have been employed to catalyze dehy-
dration and oxygen elimination, thus inhibiting decomposition
into levoglucosan and other volatile compounds, and promoting
carbon network formation under ambient conditions.***® This
has allowed the transformation into LIG of paper***** and
chitosan.’®** Multiple irradiation strategies have also been
introduced to further promote the reorganization of initially
formed char into more conductive carbon structures.**

Among cellulose-derived polymers, cellulose acetate (CA)
represents a widely used yet largely unexplored precursor for
LIC. CA is extensively employed in industrial products such as
eyewear frames, cigarette filters, and photographic films, gen-
erating large volumes of waste with limited biodegradability
and significant environmental impact.***> From a circular
economy perspective, identifying value-added applications for
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CA waste is therefore of considerable interest. Recent studies
have demonstrated the recovery and reuse of CA waste for
membrane fabrication,*®*” as well as its suitability as a precursor
for carbon nanotubes and activated carbons through conven-
tional thermal and chemical routes.®*® However, the potential
use of cellulose acetate as a precursor for LIC and phase-tailored
carbon materials has not been previously reported.

In this work, we demonstrate the use of cellulose acetate
membranes as versatile precursors for LIC, enabling the for-
mation of distinct carbon phases ranging from amorphous and
activated carbons to graphene-like structures. Rather than
focusing on morphology control alone, this study emphasizes
carbon material control as a key design parameter governing
electrochemical behavior. By correlating the material structure,
disorder, and surface chemistry with the electrochemical per-
formance of symmetric supercapacitors, we show that disordered
carbon phases derived from cellulose acetate can outperform
conventional laser-induced graphene electrodes. These findings
highlight the importance of carbon phase engineering and
establish laser-induced carbonization as a powerful and sustain-
able route for designing high-performance carbon electrodes.

Experimental
Laser processing parameters

Commercially available cellulose acetate (CA) membranes (90-
100 pm thickness, 47 mm diameter, 0.45 pm pore size) by GVS
North America (Sandford) were soaked for 15-20 seconds in
bis[2-(methacryloyloxy) ethyl] phosphate (BMEP) fire retardant
by Sigma-Aldrich (USA) and then dried with a N, blow gun. This
allowed for a fire-retardant uptake of 148 £+ 20 mg, corres-
ponding to an ~66 wt% fire retardant content (untreated
membrane mass: 77 + 1 mg). Membranes were then positioned
onto glass slides and processed using a 10.6 pm CO, laser
(SIHAO, China) with a maximum power of 40 W. Samples were
produced varying the lasing parameters, namely the lasing
power, scanning speed, distance from the focal plane, and
number of lasing passes. The lasing power ranged from 4%
to 6% in increments of 0.5%, while the scanning speed varied
between 10 and 100 mm s~ ' in 10 mm s~ ' increments. Defocus
was investigated by varying the distance from the focal plane
(=7.5 mm, —4 mm, —3 mm, and 0 mm). Effects of single and
double passes were explored. Further details on laser para-
meters are reported in Table S1.

Physical-chemical characterization

Optical microscopy images of cross-sections were taken
employing a KERN optics OBN 135. Secondary electron scan-
ning electron microscopy (SEM) images were acquired using a
FEI Verios 460 (FEI) with an acceleration voltage of 2 kv.
Raman spectroscopy was performed using a LabRAM HR
Evolution (Horiba, Japan) employing a 532 nm laser. The
focusing of the laser beam was obtained through a Leica 10x
objective. Spectra were acquired at an ND filter of 50%, 5
accumulations and 20 s of acquisition time across the range

© 2026 The Author(s). Published by the Royal Society of Chemistry
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[1100-3000] cm ™. Spectrum analysis and baseline correction
were performed using the Fityk software.>

Peak fitting was performed by modeling the D, G and D’
peaks — where the D’ peaks were distinctly identified using
three pseudo-Voigt functions, while Gaussian functions were
applied to the D* and D" peaks, following the most used approach
reported in the literature.>>* For the second-order region [2400-
3000] cm ', three Lorentzian functions were employed in accor-
dance with prior studies.’*>°

X-ray photoelectron spectroscopy (XPS) was performed using
a PHI VersaProbe II Hybrid system (Physical Electronics,
Inc. (PHI), Chanhassen, MN, USA). Monochromatic Al Ko
(1486.6 eV) was used as the X-ray source. Different pass energy
and step values were used for the survey (187 eV and 0.8 eV) and
high-resolution (HR) spectra (23.5 eV and 0.1 eV) acquisition.
Charge compensation during the measurements was accom-
plished with a combined electron and Ar' neutralizer system.
Wide-energy and high-resolution (HR) XPS spectra were
collected and processed using CasaXPS software (version
2.3.25).°® HR spectra were deconvoluted into individual mixed
Gaussian-Lorentzian peaks (GL (30)) and asymmetric peaks
(LA (1.2,2.5,5)) after Shirley background subtraction and bind-
ing energy (BE) calibration. The asymmetric C-C sp> peak in
graphitic structures (284.5 eV) was used as the reference for the
calibration.

TEM images were obtained using a Tecnai G2 F20 S-twin
instrument (FEI) and image elaboration was performed using
Digital Micrograph by Gatan. Regarding sample preparation, a
dispersion of the lased CA material in high-purity ethanol
(>99.8%) was obtained by sonication and subsequently depos-
ited onto a lacey-carbon Cu TEM grid by drop-casting.

Device assembly and electrochemical characterization

Interdigitated lased-CA electrodes were fabricated under differ-
ent defocusing conditions, specifically at —3 mm and —7.5 mm.
Electrodes were produced employing the double pass technique,
setting a laser power of 1.8 W, and scan speeds of 10 mm s~ for
the first pass, and 30 mm s~ for the second lasing pass. Various
geometries (Fig. S1) were used to study the resulting materials
and their corresponding electrochemical performance in 0.5 M
H,SO,. Titanium grids were employed as current collectors
while a glass microfiber filter (£ = 675 um, Whatman) was used
to retain the aqueous electrolyte. A diagram of the assembly is
presented in Fig. S2.

Electrochemical characterization was performed in a two-
electrode configuration using a multichannel potentiostat
(VMP3, BioLogic). The measurements included electrochemical
impedance spectroscopy (EIS), performed in the frequency
range of 10 mHz to 1 MHz with 10 points per decade and a
voltage amplitude of 5 mV; cyclic voltammetry (CV), conducted
at scan rates of 10, 20, 50, 100, and 200 mV s *; and galvano-
static charge-discharge (GCD) measurements, carried out at
current densities of 0.1, 0.2, 0.5, 1, and 2 mA cm 2. Capacitance
values were determined from GCD tests by evaluating the
discharge capacity (Qq4) and discharge energy (Eq4) of the system
using eqn (1):

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3B, (1)

Cevice =
To account for the effects associated with the selected
electrode geometry and ensure comparability of the results,

the specific capacitance normalized to the electrode area
exposed to the electrolyte, S, was also calculated as shown in

eqn (2):

a

Carea - E (2)
The electrode area S exposed to the electrolyte taken into
consideration was obtained from the laser path files. The
specific energy and specific power were determined from the
GCD curves. The first was calculated by dividing the energy
provided by EC-Lab software by the exposed area, as expressed
in eqn (3):

Earea - (3)

Instead, the specific power was evaluated from the energy
and the time of discharge as shown in eqn (4):
Eq4

Parea = Sild (4)

Results and discussion

Physical-chemical characterization

Preliminary studies on the effect of the BMEP fire retardant and
lasing parameters were performed on 3 x 3 mm?® areas of the
CA membranes irradiated with a CO, laser scanned continu-
ously along parallel lines. As a first test, untreated membranes
were subjected to the lasing process, resulting in the complete
ablation of the material. When exposed to CO, laser radia-
tion, the material surface reaches local temperatures up to
2000 °C, with consequent degradation and volatilization of
the untreated CA (Fig. S3). For this reason, BMEP was employed
as a fire retardant, inhibiting the decomposition of the cellu-
losic membrane in such rapid heating conditions thanks to the
presence of a phosphate group at the center of its monomers. As
previously discussed in the literature for cellulose, the incorpora-
tion of a phosphate- or boron-based compound induces phos-
phorylation or borylation of cellulose. This modification
catalyzes dehydration and oxygen elimination reactions, inhibit-
ing its decomposition into levoglucosan and other volatile
compounds upon rapid heating under ambient conditions.*®*!
Indeed, immersing the membranes into the fire retardant
significantly improved their thermal properties under different
lasing conditions (Fig. S3b). It was observed that the minimum
power required to achieve material transformation in all cases
was 1.6 W. The optimal results were achieved using a power
setting of 1.8 W at a scanning speed of 10 mm s~ ', yielding
black squares with minimal substrate damage, as highlighted in
Fig. S3b with an orange square. Similarly, dosing tests revealed

Mater. Adv.
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Pristine material

1 lasing step

2 lasing steps

Fig.1 SEM micrographs showing the morphology evolution of CA membranes at two different magnifications. SEM images of the (a) pristine CA
membrane; SEM images of samples formed during the first irradiation step at (b) 3 mm and (c) 7.5 mm below the focal plane; SEM micrographs of samples

upon the second irradiation step at (d) 3 mm and (e) 7.5 mm.

that samples fabricated via a double-pass technique, employing
1.8 W of power, 10 mm s~ for the first pass, and 30 mm s~ for
the second lasing pass, exhibited superior performance, as
evidenced by visual inspection of the specimens (Fig. S3c).

Fig. 1 shows a morphological comparison between the
pristine CA membrane (Fig. 1a), samples produced with a
single irradiation step (Fig. 1b and c) and samples produced
with two irradiation steps (Fig. 1d and e). Further insights into
the impact of the distance from the focal plane are provided in
Fig. S5.

The pristine CA membrane (Fig. 1a) exhibits a uniform
macroporosity of 1 um~> pm and a net structure with elements
of approximately 200 nm. As illustrated in Fig. 1b and c, after
the first laser irradiation, the structure becomes denser. Nota-
bly, the sample produced at 3 mm of defocus (Fig. 1b) is
characterized by a morphology that appears to be remarkably
different from the one observed for the sample irradiated at
7.5 mm of defocus (Fig. 1c). While samples processed closer to
the focal plane appear denser (Fig. 1b), those treated farther
from the focal plane retains the morphology more similar to
that of the untreated membrane (Fig. 1c). This considerable
difference in morphology at varying defocus levels could be
attributed to changes in fluence experienced by the material
when altering the lasing plane. Upon the second, faster lasing
pass, additional energy is imparted to the previously formed
carbonaceous material. Double lased samples (Fig. 1d and e)
exhibit greater porosity than those produced in a single pass
(Fig. 1b and c). This increased porosity results from the

Mater. Adv.

degassing process that facilitates the release of oxygen-
containing gaseous compounds. In Fig. 1d, the sample lased
at 3 mm of defocus is characterized by a highly porous structure
with thin, interconnected, network-like features which, at
higher magnifications, display a rough surface. As illustrated
in Fig. 1e, the sample produced at 7.5 mm of defocus displays a
randomly and uniformly distributed porosity ranging from 2 to
10 pm, along with a granular structure. Inspection at higher
magnifications makes it possible to observe a homogeneous
and smooth surface with visible particle agglomerates charac-
terized by rough surfaces. A comparison of these two morphol-
ogies makes it evident that a lasing process closer to the focal
plane produces a more porous material, likely because of a
more powerful degassing process.

Further insights into the transformation process have been
extrapolated from Raman spectra analysis, as shown in Fig. 2
and further detailed in Fig. S6, Table S2 and Fig. S7. To improve
the visualization of information within the panels, the samples
have been labeled as P,_,, where x indicates the number of
passes and y represents the distance of the lasing plane from
the focal plane in millimeters.

Raman spectra of carbonaceous materials typically feature
three main peaks: the G peak (~1580 cm™ ), associated with in-
plane stretching of sp® carbon atoms (E,, phonon mode);”>>"~>
the D peak (~1350 cm™ ), arising from breathing modes of six-
membered rings and activated by structural defects;’>””*% the
2D peak (~2700 cm™ '), an overtone of the D peak.”*® While
the G and D peaks are consistently observed in all the spectra of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Raman spectra of samples produced in one irradiation step and
two irradiation steps at different distances from the focal plane. (b) The
correlation between the peak position and FWHM derived from peak
deconvolution. Dashed lines represent the theoretical positions of D and
G peaks in graphitic materials. The inset provides an enlarged view of the
main peaks in the first order region.

Fig. 2a, the 2D peak can present indistinct features or be totally
absent depending on the degree of disorder. Additional Raman
modes D*, D/, and D" appear in the 1100-2000 cm ™" range®*>*"”
while D + D" (~2500 cm™ ') and D + D’ (~2950 cm™ ') combina-
tions are observed in the second order region.’>>***3%% Samples
irradiated once (P1-7.5 and P1-3) lack a clear D’ peak near the G
peak, placing them in Stage 2 of the amorphization trajectory of
carbon materials,”® where an increasing amorphization corre-
sponds to a decreasing Ip/I ratio. In particular, P1-7.5 with an
Ip/Ig ratio of 0.81 displays a greater degree of amorphization and
can be assimilated to amorphous carbon (a-C).>® This appears to
be in great accordance with the SEM micrographs (Fig. 1c), as a
greater distance from the focal plane causes a lower energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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density to be delivered onto the material surface, leading mainly
to carbonization and amorphous char formation. The sample
P1-3, instead, with a ratio equal to 1.06 falls into the range typical
of nanocrystalline graphite (NC-graphite)®® and its spectrum also
exhibits features that may be recognized in graphene oxide (GO)
spectra.’*>%® Similarly, SEM micrographs reveal substantial
agglomeration (Fig. 1b), likely induced by inter- and intra-
molecular forces facilitated by the high content of oxygen- and
hydrogen-containing functional groups in GO. Double irradiation
samples show higher degrees of structural order (Fig. 2a). P2-7.5
displays an undifferentiated bump in its second order region and
lacks a D' peak, placing it again in Stage 2 of the amorphization
trajectory”® and suggesting the presence of GO*"***° or activated
carbon (AC).>**"?An increase of the Ip/I; ratio after the second
irradiation (from 0.81 to 0.97) also indicates the rearrangement of
previously formed sp® clusters into aromatic rings without full
ordering.>® However, the size of these clusters does not appear to
change after the second pass, as the FWHM of the G peak
remains nearly unchanged (Fig. 2b).>”*® P2-3, instead, exhibits
a less pronounced shoulder between the D and G peaks, distinct
D+D’, 2D, and D + D" peaks and a clear D’ peak,’” suggesting the
presence of laser-induced graphene (LIG).*"*%°, This is con-
firmed by an increase of the I/l ratio to 1.34 and is consistent
with the highly porous morphology observed in Fig. 1d, com-
pared to the dense structure in Fig. 1b. Furthermore, the G peak
downshift from the typical 1580 ecm™ ' position (Fig. 2b),>**
along with halved FWHM of D and G peaks after the second
lasing pass, suggests the increased sp® cluster size®® and a
possible residual tensile stress which elongates graphene sheets
and softens vibrational modes.®®®® This stress may originate
from thermal effects induced during laser interaction with the
substrate and the glass support.>®

XPS survey analyses initially revealed traces of nitrogen, and
a non-negligible presence of phosphorous, i.e. the fire retar-
dant, still on the surface of all the lased samples (Table S3). The
presence of the fire retardant still present on the lased samples
could dampen the graphitization signature after laser treat-
ment. Silicon was also found in all samples, with traces in
samples lased with only one pass and a few atomic percentages in
those subjected to two passes. This had already been documen-
ted in the literature in the case of multiple lasing processes on
chitosan substrates, and attributed to a partial interaction of the
laser beam with the glass substrate.®® Coherently with the fact
that CA mainly undergoes ablation when subjected to laser
writing, the interaction with the glass substrate appears to be
more present after the second pass. Furthermore, it appears that
after the second pass, the relative amount of carbon significantly
decreases. Although a relative decrease was expected due to the
partial ablation of CA when subjected to laser writing, this
reduction appeared more significant than what the authors
would have expected. Normalized high resolution scans of the
C 1s region with peak deconvolution of the pristine cellulose
acetate membrane and of the most significant lased samples are
reported in Fig. 3. Normalized C 1s HR spectra were deconvoluted
into the usual components for carbon-based materials with a
graphitic component,”® with the asymmetric C sp®> peak at

Mater. Adv.
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Fig. 3 High resolution normalized XPS spectra of the C 1s peak of (a)

pristine cellulose samples and samples produced with the (b) one-step

irradiation process at 3 mm and two-step irradiation process at (c) 7.5 mm
and (d) 3 mm below the focal plane.

284.5 €V as the calibration peak. In the case of the pristine
cellulose acetate sample, the position of the peaks was assigned
in order to be coherent with the lased samples, hence with the C
sp® peak at 285.0 eV. The full details of the position and relative
amount of the components are presented in Table S4. As
expected from natural polymers, all samples present a consider-
able fraction of C-O and C—O surface functional groups (respec-
tively, the green peaks at 286.6 eV and the yellow ones at 287.5 eV
in Fig. 3) with respect to synthetic polymers.”*”* Their amount is
significantly reduced after the laser treatment but does not seem
to vary much as a function of either the number of passes or the
defocus distance. One can also appreciate the presence of a
significant amount of carboxyl groups (at 289.1 eV, as depicted
in gray in Fig. 3), typical of both cellulose acetate and of the fire
retardant, which are not reduced during the lasing processes.”*
As previously said and evidenced by the presence of phos-
phorous in the survey spectra, i.e. the fire retardant, some of

Materials Advances

the signals typical of the carbonization processes might be
dampened. Indeed, peaks related to aliphatic carbons (at
285.0 eV and rose-colored in Fig. 3) that are minoritarian in
cellulosic structures are now predominant in all lased samples.
It is however possible to observe some differences in the sample
surface composition depending on the number of passes and
the defocus distance. By focusing first on the number of passes,
it is possible to see that the second pass seems to favor the
graphitization process, as evidenced by the increase of the sp>
component (depicted in dark blue, at 294.5 eV) in Fig. 3d with
respect to Fig. 3b. The relative amount of graphitic carbon
indeed doubles, as can also be seen in Table S4, and comple-
mentary the amount of C-O bonds is reduced by a third after
the second pass.”” This is well in accordance with what was
found by Raman spectroscopy which indicated the possibility
of having a LIG structure at low defocus distances after two
passes. This is also evidenced by a more prominent presence of
the satellite peak present at 291.3 eV (in violet in Fig. 3).
Instead, at higher defocus distances, one appears to have a
less graphitic structure even after two passes, with only around
6% of graphitic carbon, a value lower than the one obtained at
smaller defocus distances after only one pass, and significantly
more oxygen bonds, which should allow for a more hydrophilic
surface.

These hypotheses were confirmed via TEM analyses. The
micrographs revealed the presence of domains with a multi-
layered lamellar structure in the sample produced 3 mm below
the focal plane (Fig. 4a), supporting the hypothesis that the
second lasing pass leads to the formation of a graphite-like
material. The average interplanar distance found was day =
0.38 + 0.02 nm, in line with other results in the literature.””>

Comparing the morphological analysis conducted through
SEM with Raman spectroscopy results allows for a description
of the material’s evolution, which is further clarified by the
characterization provided by HR-TEM. When the material is
closer to the focal plane, it undergoes a more effective trans-
formation: the graphene oxide (GO) formed during the first
pass, characterized by few open pores and protrusions likely
resulting from closed porosity, is subsequently reduced to LIG
in the second pass, with gasification producing elevated por-
osity and ordering of the material into domains of multiple

Fig. 4 HR-TEM images of samples produced with the two-step irradiation process at (a) 3 mm and (b) 7.5 mm below the focal plane.
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graphene layers. Conversely, at greater defocus distances,
amorphous carbon is formed, characterized by a morphology
that results in being very similar to the pristine membrane.
Following the double pass, the sample displays a more ordered
structure likely due to the formation of activated carbon upon
the second radiation exposure. This can be confirmed by the
high disorder also observed in the TEM image. In contrast, at
7.5 mm of defocus, the structure is highly disordered (Fig. 4b),
where no well-defined graphene layer was found, typical of an
amorphous phase. Therefore, rather than GO, this material
appears to be activated carbon, likely formed due to the high
temperatures reached at the substrate surface induced by the
CO, laser combined with the presence of phosphorus from the
fire retardant.

In contrast, at 7.5 mm of defocus, the structure is highly
disordered (Fig. 4b), where no well-defined graphene layer was
found, typical of an amorphous phase. Therefore, rather than
GO, this material appears to be activated carbon, likely formed
due to the high temperatures reached at the substrate surface
induced by the CO, laser combined with the presence of
phosphorus from the fire retardant.

Electrochemical characterization

Following material characterization, symmetric supercapacitor
devices were fabricated using interdigitated electrodes. Nota-
bly, samples synthesized under P2-7.5 lasing conditions exhib-
ited superior electrochemical performance compared to those
fabricated under P2-3 conditions. For this reason, the study
concentrated on the P2-7.5 parameter set, which led to the
formation of AC. To systematically assess the influence of
electrode geometry on device performance, the dimensions of
the electrodes’ fingers were varied. Specifically, the finger lengths
(L) ranged from 1 mm to 5 mm in increments of 2 mm, while the
width (W) was either 1 mm or 0.5 mm, as detailed in Fig. S1a. In
the following, samples are therefore designated as L,W,, where x
denotes the finger length and y denotes the finger width. The
device assembly procedure is detailed in Fig. S2. Electrochemical
testing was performed in a two-electrode configuration using a
0.5 M H,SO, aqueous electrolyte and the corresponding results
are presented in Fig. 5. For comparison, electrodes fabricated
under P2-3 lasing conditions (Fig. S1b) were assembled using the
same methodology as the AC ones and subjected to identical
electrochemical testing. The electrochemical characterization of
LIG devices is reported in Fig. S8. EIS results are presented in
Fig. 5a, with further analysis provided in Fig. S9, Tables S5 and S6
and Fig. S10. An electrochemical capacitor can be modeled as an
ideal capacitor in series with an equivalent series resistance
(ESR), which primarily arises from the combined contributions
of electrolyte resistance, interparticle resistance within the active
material, and the contact resistance at the interface between the
active material and the current collector.”*””

As presented in Fig. 5a and as reported in Tables S5 and S6
and Fig. S10, the ESR generally decreases with decreasing finger
length in AC interdigitated electrodes, compatibly with Ohm’s
law prediction. At high frequencies, it is possible to observe a
wide semicircle for all samples, which may be attributed
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Fig. 5 Electrochemical characterization of devices using P2-7.5 as the
electrode material. (a) Nyquist plot, (b) CV curve recorded at 10 mV s72,
and (c) specific capacitances from GCD curves.

to limited electronic conductivity between the carbon parti-
cles.”®”” In the low-frequency range, a consistent vertical
increase in the imaginary part is observed, indicating a capa-
citive system (reflective boundary’”). A diffuse region at inter-
mediate frequencies is observed for all systems, which can be
ascribed to the restricted motion of ions within the porous
structure of the electrodes.”® Thus, the primary observation
from electrochemical impedance spectra is that the material
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shows capacitive behavior with a high resistive contribution.
Notably, comparative analysis of the Nyquist plots for AC
electrode devices (Fig. 5a) and LIG electrode devices (Fig. S8a)
demonstrates that the diffusive region amplitude for LIG-based
devices is almost equal to the total real component amplitude
of the AC ones. This suggests higher energy losses in LIG
electrodes arising from reduced ionic transport efficiency
within their porous architecture. The areal capacitances derived
from the EIS analyses and reported in Table S5 underestimate
the actual areal capacitances rated during both voltammetric
and galvanostatic experiments. The explanation for this incon-
gruence arises from considering that the reported EIS measure-
ments were recorded under open voltage conditions. Therefore,
contributions arising from pseudocapacitive effects due to sur-
face functional groups might not be accounted for. As reported
in the XPS analyses, both quinone (C—O) and carbonyl
(O-C=0) groups are present on the surface of the AC samples
usually considered for their potential faradaic contribution
throughout the whole voltage window.”®

Values obtained from the normalization of CV curves with
respect to the scanning voltage are presented in Fig. 5b. This
representation enables the plotting of areal capacitance as a
function of voltage, revealing that the capacitance decreases
with increasing finger length, while the width has a negligible
effect. This trend in capacitance retention is likely due to the
resistive properties of the material. Beyond a certain length,
significant electrode resistance limits its functionality, which
may be attributed to the restricted conductivity of the LIC.

Additional representations of CV measurements provided in
Fig. S11 offer further insights into electrochemical behavior.
Fig. S11a illustrates CV cycles at the lowest scan rate (10 mV s ),
which exhibit a predominantly rectangular shape. However,
deviations from the ideal rectangular profile are observed due
to the resistive contributions, consistent with earlier EIS results.
Fig. S11b illustrates current density versus voltage curves, indi-
cating that the finger length significantly influences current
density during electrochemical cycling within the selected vol-
tage window. Except for L1W1, all samples demonstrate rapid
responses at the limits of the voltage operational window despite
characteristic resistive behavior across all cells. Fig. S11c further
confirms this trend by normalizing the current axis to peak
values. Galvanostatic charge-discharge measurements in H,SO,
(Fig. 5¢) show a clear decrease in areal capacitance with increas-
ing electrode length, further supporting the trends previously
observed in the areal capacitance values derived from cyclic
voltammetry curves (Fig. 5b). The capacitance behavior at low
current densities is also consistent with the observations from
electrochemical impedance spectroscopy results (Fig. 5a and
Fig. $10), where lower ESR values correspond to higher capacitive
behavior. The comparison with LIG electrodes reveals that AC
electrodes are characterized by a capacitance that is one order of
magnitude higher (Fig. 5c and Fig. S8). This can be explained by
the findings of Liu et al.,"* who demonstrated that capacitance is
enhanced in carbon systems with greater disorder.

Fig. 6 presents the Ragone plots for all the devices tested in
H,S0, (0.5 M), with power and energy densities evaluated from

Mater. Adv.

Materials Advances

- ] —e—L1wo5
NE 10 1 1 L1W1
4 L3W1 4
O i —e—L3wo5 H,SO, AC
e ] —e—L5W1 e
= o] —@Lswos
= 1075 Lignin [63] Piper [80]
>
=
»n !
1 = i
% 10 —4 Leaves [81.]“ Kapton [82]
ge)
S ) LIG in this %
—< work \ -
5 1073 \
c
L
1 0-3 3 T T T =
10’ 102 103

Power density (uW/cm?)

Fig. 6 Ragone plot comparing the performance of the devices of this
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from the literature.

the GCD measurements. The highest performing device is the
one produced under P2-7.5 conditions with L =1 mm and W =
0.5 mm, as expected. This behavior can be explained by the
direct proportionality between energy density and the system’s
capacitance, while power is inversely proportional to the sys-
tem’s equivalent series resistance (ESR). Further analysis of the
Ragone plot reveals that the investigated electrodes demon-
strate higher performance under low power densities when
compared to state-of-the-art devices®*’®®! with LIG electrodes
from green materials, achieving energy densities nearly one
order of magnitude greater. The best performing device fea-
tured an energy density of 3.3 yWh cm ™ at low power rates and
a maximum power density of 0.42 mW cm™>. Furthermore, the
devices developed in this work outperform LIG devices fabri-
cated from Kapton," as well as supercapacitors employing LIG
from Kapton enhanced with activated carbon,®” in terms of
energy density. Based on the Ragone plot in Fig. 6, it can be
inferred that these devices are functional towards integration in
harvesting systems and direct system powering in the absence
of primary energy sources.®® Finally, this work presents an
attractive process to synthesize activated carbon electrodes with
the desired geometry directly from the precursor through laser
writing in addition to the most extended method of carboniza-
tion and chemical activation as powder.?*%°

Conclusions

In this study, different carbon-based materials were success-
fully synthesized by irradiating commercially available cellulose
acetate membranes with a CO, laser under varied focusing
conditions and irradiation passes. Consistent with prior litera-
ture studies on bioderived materials, the application of a fire
retardant was essential to prevent complete ablation of the CA
substrates. The results demonstrate that laser parameters
critically influence the nature of the carbon material produced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as well as its electrochemical properties. Specifically, double-
pass irradiation at a defocus distance of —3 mm and a power of
1.8 W yielded a discretely ordered LIG. In contrast, when
double lasing was performed further away from the focal plane
at —7.5 mm, activated carbon AC was obtained. This variation
is attributed to differences in local temperature profiles during
the photothermal pyrolysis process induced by the laser-sub-
strate interaction in conjunction with the P-based fire-retardant
treatment. Characterization by SEM, Raman spectroscopy, XPS
and TEM confirmed the structural distinctions between LIG and
AC. Electrochemical analyses of SCs with electrodes based on
these materials revealed that AC electrodes display significant
electrical resistance and the analysis on the contribution of
width and length resistance was conducted through PEIS mea-
surements. The resistance generally increased with increasing
finger length and width, indicating that electrodes with shorter
and narrower fingers exhibit superior electrochemical perfor-
mance. Cyclic voltammetry and galvanostatic charge-discharge
assessments confirmed that AC outperforms LIG as an electrode
material, likely due to its enhanced capacitive behavior driven
by increased structural disorder. The best performing AC device
with smaller digits rated more than 63 mF cm™> at 0.1 mA cm ™2,
and an overall energy density of 3.3 pWh cm™> and a maximum
power density of 0.42 mW cm 2. Overall, this work demon-
strates the potential of transforming cellulose acetate, biobased
and alternative to fully petroleum-based precursors into LIG.
Moreover, it reveals how precise tuning of laser parameters may
unlock the synthesis of different carbon-based materials using
the same precursor, opening new perspectives for advanced
functional material processing methods.
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