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GRAPHICAL ABSTRACT

ABSTRACT

In this work, a bio-based aerogel with axially oriented morphology was used as a substrate for laser induced
graphene (LIG) conversion to fabricate carbon-based electrodes for energy harvesting and storage devices. The
substrate materials provide intrinsic flame-retardancy and, together with the anisotropic structure, enable facile
and controlled laser writing. The resulting LIG preserves the directional anisotropy of the aerogel, guiding heat
propagation. Dye-Sensitized Solar Cells (DSSCs) including the developed material, achieved a fill factor of 0.72
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and photoconversion efficiency of 2.2 % under indoor conditions (1000 lux) using y-valerolactone (GVL) as the
electrolyte solvent. Supercapacitors (SCs) were also developed employing LIG electrodes, exhibiting typical

electrical double layer capacitor (EDLC) behaviour and remarkable rate capabilities under both cyclic voltam-
metry and galvanostatic cycling tests, with negligible resistive losses. The areal capacitance reached 1.49 mF/
cm?, and the Ragone plot showed areal energy and power densities comparable to other sustainable LIG-based
SCs. Overall, the aerogel has proven to be a sustainable alternative compatible with laser conversion processes.
Remarkably, the aerogel's initial structure is preserved after the laser conversion process, allowing for substrate
morphology pre-design to control the final LIG structure. These aerogels' features allow for tailoring carbon-
based electrode morphologies toward optimized energy harvesting and storage.

1. Introduction

Since its first isolation in 2004, graphene has captured enduring
attention from both academia and industry thanks to its outstanding
combination of electrical and thermal conductivity, high current-
carrying capacity, mechanical robustness, flexibility, and optical trans-
parency [1]. These unique characteristics have enabled a wide range of
emerging applications, including sensors, batteries, supercapacitors,
and electrocatalysis [2]. Different methods can be used for graphene
production, such as mechanical exfoliation from graphite, chemical
vapor deposition, liquid-phase exfoliation, oxidation and reduction
processes starting from graphite [3-5]. However, these conventional
approaches suffer from several limitations, including low scalability,
time-consuming procedures, use of expensive equipment or hazardous
chemicals and introduction of structural defects and chemical impurities
[1,3-7].

In parallel, extensive research has focused on alternative preparation
routes for graphitic and porous carbon materials. Conventional strate-
gies, such as chemical activation and controlled pyrolysis of polymeric
precursors, often rely on harsh chemical agents and energy-intensive
processing conditions [8,9]. Consequently, increasing attention has
been directed toward the development of sustainable carbon synthesis
approaches that prioritize scalability, low cost, and environmental
compatibility [10,11].

In response to these challenges, laser-induced graphene (LIG) has
emerged as a safer and more sustainable alternative [12,13]. The
laser-scribing approach offers significant advantages in terms of scal-
ability, cost-effectiveness, and production yield. LIG was discovered by
scanning the surface of a polyimide film with a CO2 laser. When the
substrate is irradiated, the laser energy induces a rapid rise in temper-
ature, leading to a photothermal pyrolysis process [14]. Because of the
ultrafast temperature rise, the substrate does not have enough time to
dissipate heat and stress to its surroundings. As a result, a localized
environment with extremely high temperature and pressure is created,
which promotes the formation of graphene [15]. This thermal effect
helps breaking bonds like C-O, C=0, and N-C, allowing the carbon atoms
to reorganize into a sp>-hybridized lattice [16]. In addition, the gas
evolution acts as template during the process, resulting in the formation
of porous graphene-like structure [17].

In recent years, significant progress has been made in extending LIG
fabrication to various polymeric substrates, many of which share high-
thermal stability and flame retardancy [18]. Particularly, increasing
attention has been directed towards bio-based and sustainable materials,
such as those derived from cellulose or lignin, which not only come from
renewable resources but also exhibit high char-forming ability [19,20].
For instance, LIG can be synthesized from paper. However, undesired
combustion and ablation must be controlled. To this end, paper and
other cellulose-based substrates are often coated with flame-retardant
[21] or heat-insulating layers [22]. Beyond sustainability, the intrinsic
anisotropy of fibrous bio-based substrates can provide directional heat
dissipation and enhanced electrical conductivity, which can be exploited
to tailor LIG properties [23].

An emerging bio-based substrate of interest is sodium alginate, a
linear polysaccharide polymer derived from brown algae. To date, only a

few studies have reported its use for LIG production [24,25]. Alginates
inherently exhibit high resistance to flame and do not release harmful
gases upon combustion [26]. This property can be further enhanced
through the incorporation of tannic acid (TA), a natural polyphenolic
compound that also undergoes direct laser writing [27]. Due to its ar-
omatic structure containing sp’-hybridized carbon atoms, TA can be
efficiently converted into LIG [28]. Zhao et al., 2025, successfully
employed a composite film of TA and polyvinyl alcohol to fabricate
three-dimensional porous graphene using direct laser writing [28].

Aside of precursor selection, electrode architecture has been widely
recognized as a critical parameter governing electrochemical perfor-
mance [29,30], as hierarchical porosity and high surface area are of
paramount importance for electrochemical performance. While most
LIG studies focus on the optimization of laser parameters for porosity
control, only a few have explored laser processing of hierarchical porous
substrates. To the best of authors’ knowledge, only one paper has
demonstrated laser writing on an aerogel precursor. Through laser
processing, a resorcinol-formaldehyde aerogel undergoes a trans-
formation into conductive carbon aerogel, retaining its hierarchical
porosity [31].

The unique combination of chemical stability, electrical conductiv-
ity, and mechanical robustness makes LIG a promising electrode mate-
rial for energy conversion and storage. One particularly underexplored
application is its implementation as a counter electrode (CE) in dye-
sensitized solar cells (DSSCs). In these cells, light absorption by a dye
injects electrons into a semiconductor (typically TiO2), which then flow
through an external circuit to generate electricity, while an electrolyte
with a redox mediator regenerates the dye. LIG offers a sustainable
alternative to the conventional platinum CE and redox catalyst, a costly
and critical raw material. The high electrical conductivity, large surface
area and porous architecture of LIG provide abundant catalytic sites and
facilitate electrolyte diffusion, potentially enhancing device efficiency
[32].

Similarly, in supercapacitors, LIG is well suited as an electric doble-
layer capacitor (EDLC) electrode material. In EDLCs, energy storage
occurs through the electrostatic accumulation of ions at the electrode-
electrolyte interface, making the performance dependent on the acces-
sible surface area and electrode material electrical conductivity. LIG
offers easily tuneable fabrication on various substrates without the use
of binders, solvents or other processing steps typically required for
current collector-based routes. Such a method can reduce production
costs and process limitations associated with electrode integration,
enabling the development of scalable and flexible devices [33].

In this work, we demonstrate for the first time the conversion of a
fully bio-derived, flame-retardant composite aerogel featuring axially
aligned hierarchical pores into LIG. The study elucidates the influence of
aerogel architecture on LIG formation and demonstrates its imple-
mentation as a multifunctional electrode in both DSSCs and super-
capacitors. The results show that LIG can be successfully generated
while preserving the intrinsic aerogel porosity, establishing a low-cost
and sustainable electrode alternative with strong potential for
advanced energy conversion and storage applications.
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2. Experimental section
2.1. Materials

Ammonium alginate (AA) (Cecalgum A 500, 350-450 mPa s) with a
mannuronic to guluronic acid ratio of 1.37 was purchased from Algaia
(Paris, France). Sodium montmorillonite (MMT) clay (PGW grade, p =
2.6 g/cm3) from Nanocor (Hoffman Estates, IL, USA). Tannic Acid (TA)
in powder form 1701.2 g/mol from Merck (Barcelona, Spain). Fluorine-
doped tin oxide (FTO)-coated glass (7 Q sq’l) and Ruthenizer 535-
bisTBA (N719, dye) form Solaronix. Transparent nanoparticle TiOy
paste from Dyesol (18NR-T). Sodium Iodide, Iodine and y-valerolactone
(GVL) from Sigma-Aldrich while Methoxypropionitrile (MPN) and 4-
tert-butylpyridine from Merck. Activated carbon (AC) YP-50F powder
from Kuraray. Carbon black (CB) C65 powder from Imerys. Hydrox-
ypropyl cellulose (HPC) Mw 370,000, from Sigma-Aldrich. [PYR14]
[TFSI] ionic liquid, 99.9 % purity, was purchased by Solvionic. What-
man Glass microfiber grade GF/D (675 pm thickness) from Sigma-
Aldich.

2.2. Aerogel preparation

Following the synthesis proposed in Ref. [34] the aerogels were
prepared as outlined. The gel precursors were prepared by separately
dispersing 5 g of ammonium alginate (AA) and 2 g of MMT clay (C) in 40
mL of DI water, while dissolving 2g tannic acid (TA) powder in 20 mL of
DI water. The MMT dispersion was mixed with the TA-alginate blend
and homogenized 9000 rpm (IKA T-25 Ultra-Turrax) for 20 min. The
mixture was casted onto copper plates with a thickness of ~1 mm and
aged for 3 h. To achieve axial orientation, the copper plate supporting
the samples was brought into contact with liquid nitrogen (—196 °C) to
allow freezing from the bottom upwards, lastly the frozen samples were
freeze-dried at —80 °C and 0.02 mbar (Telstar, Terrassa, Barcelona,
Spain).

2.3. LIG conversion

A CO; laser engraver (Colibri — Laser Veronese, A = 10.6 pm, Pyax =
10 W) was employed to fabricate LIG patterns onto aerogels substrates.
Prior to laser processing, aerogels underwent dehydration in a Biichi
oven at 60 °C for 5 h to eliminate residual moisture. Laser patterning was
conducted under ambient atmospheric conditions, with all sample
positioned at the focal plane. Lasing power was varied from 7 to 8 W in
0.5 W increments. Scanning speed was tested at 500, 1200 and 2000
mm/s while pulsed frequency was fixed at 5 Hz.

2.4. Pseudo-reference and counter electrode fabrication

For three electrodes measurements a slurry with the same composi-
tion as above (85 wt% AC, 10 wt% CB, 5 wt% HPC) prepared in water
(17 wt% solid fraction) was cast onto Al foil by the doctor blade method
(150 pm wet thickness). Rectangular electrodes were employed as
counter and pseudo-reference in a three-electrode configuration.

2.5. Materials characterization

Cross sections were observed under optical microscopy using a KERN
optics OBN 135.

The morphological microstructure of both the pristine aerogel and
the inducted LIG were observed using a SUPRA 40 (Zeiss) scanning
electron microscope (SEM) operating at 10 kV accelerating voltage and
30 pm aperture. To make samples conductive and mitigate charging
effects during imaging, they were sputter-coated with a 20 nm platinum
layer using a Q150T ES sample preparation system (Quorum Technol-
ogies Ltd). Energy-Dispersive X-ray (EDX) analysis was carried out on
LIG samples using a Si(Li) detector (Oxford Instruments) and employing
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an accelerating voltage of 15 kV and 60 pm aperture.

Fourier transform infrared (FTIR) spectra of pristine aerogel were
recorded using a Nicolet 6700 spectrophotometer with a resolution of 1
cm ! (Thermo Fisher Scientific, Waltham, MA, USA) in the attenuated
total reflectance mode.

ThermoGravimetric Analysis (TGA) was used to assess thermal sta-
bility of the aerogel, using a Mettler Toledo TGA/DSC 1 instrument
(Mettler Toledo, Columbus, OH, USA). Approximately 10 mg of the
samples were placed in aluminium pans and heated from 30 to 600 °C at
a rate of 10 °C/min under a dry nitrogen atmosphere. Thermal transi-
tions of pristine aerogel were analyzed using differential scanning
calorimetry (DSC) performed with a Q2000 model (TA Instruments,
New Castle, DE, USA). Approximately 5 mg of the samples were
encapsulated and subjected to a controlled heating rate of 10 °C/min
between 0 and 80 °C. The tests were conducted in an inert nitrogen
atmosphere with a gas flow rate of 50 mL/min.

Chemical structure analysis of LIG samples was performed using a
Renishaw micro-Raman spectrophotometer with a A = 514 nm excita-
tion source. For each sample, triplicate single-point measurements were
carried out at randomized locations. Peak deconvolution was carried out
by fitting the D, G, and, when applicable, D' peaks with three Pseudo-
Voigt functions. Gaussian functions were used for the D* and D’
peaks, following the commonly adopted method reported in the litera-
ture [35-38]. For the second order region [2400-3000] crn’l, three
Lorentzian functions were applied, consistent with previous studies [38,
39]. Ip/Ig and Iyp/Ig ratios were quantified from post-processed spectra.

X-Ray Photoelectron Spectroscopy (XPS) was performed on pristine
aerogel sample and LIG samples using a PHI VersaProbe II Hybrid sys-
tem (Physical Electronics, Inc. (PHI), Chanhassen, MN, USA). Mono-
chromatic Al Ka (1486.6 eV) was used as X-ray source The C-C sp? peak
in graphitic structures (284.5 eV) was used as reference for calibration.
Wide-energy and high-resolution (HR) XPS spectra were collected and
processed using CasaXPS software (version 2.3.26) [40]. HR spectra
deconvolution into individual mixed Gaussian-Lorentzian and asym-
metric peaks was obtained after Shirley background subtraction and
binding energy (BE) calibration.

The porosity of both the aerogel and the LIG was calculated using eq.
(1). Where p; is the relative density determined by calculating the ratio
of the bulk density (pp) to the skeletal density (ps) performed using a
helium pycnometer (Micromeritics AccuPyc 1330, Norcross, GA, USA).

P=(1-p,)-100 )}

Specific Surface Area (SSA) measurements were carried out on both
aerogel and LIG in order to examine the impact of laser writing settings
on the active material effective SSA. At 77 K, N sorption porosimetry
was carried out using ASAP2020 Plus, Micromeritics.

2.6. Devices assembly and characterization

For DSSCs fabrication, FTO-coated conductive glass substrates were
cleaned for 30 min in an ultrasonic bath with deionized water and
detergent, acetone, and ethanol, then heated at 100 °C for 10 min to
ensure complete solvent removal. To prepare the photoanodes, trans-
parent TiO; layers were deposited by screen printing (61-64 mesh, two
layers), each dried at 100 °C for 10 min. The films were then sintered by
heating to 475 °C at 120 °C h™!, holding for 30 min, and cooling to
70 °C, over 5 h. The resulting photoanodes had an active area of 0.36
cm? and a thickness of 7-8 pm. After calcination, they were immersed
overnight in N719 dye solution (0.3 mM in ethanol). Counter electrodes
were prepared as follows: (i) LIG-aerogel (as described above); (ii) Pt-
coated FTO, fabricated via sputtering of a thin Pt film from a platinum
target with a Q150T ES system (Quorum Technologies Ltd.); (iii) AC
slurry cast onto aerogel by the doctor blade method (150 pm wet
thickness). The slurry composition was 85 wt% AC, 10 wt% CB, and 5 wt
% HPC, with a 17 % solid fraction in ethanol. Cell assembly was per-
formed as follows: for LIG/aerogel and AC/aerogel electrodes, a
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titanium grid was placed on top of the active material as current col-
lector, and a glass slide was placed on top of the Ti grid to keep it in place
and to allow sealing. The other side of the aerogel layer interfaced with
the photoanode and was filled with the electrolyte (Fig. 1a). For Pt-
coated FTO electrodes, two configurations were used. In one case the
pristine aerogel was positioned between counter electrode and photo-
anode and filled with the electrolyte (Fig. 1b). In the other case the
aerogel was used only as a spacer to maintain the interelectrode distance
equal to the previous cases, with the free space between the photoanode
and the counter electrode was fully filled by liquid electrolyte (Fig. 1c).
Finally, the assembled cells, were locked in place applying pressure, and
sealed with UV glue.

For SCs preparation, pouch cells were assembled under argon at-
mosphere within a glovebox. Each cell employed a glass fiber separator
soaked with 300-400 pL of [PYR14][TFSI] as electrolyte. Battery-grade
Al foil (15 pm thickness) was used as current collector to probe LIG
contacts. For the three-electrode characterization, the laser-processed
aerogel was employed as the working electrode, while an activated
carbon (AC) electrode served as the quasi-reference electrode [41], and
a second AC electrode was used as the counter electrode (Fig. 1d). A
sandwich architecture was adopted in order to replicate the conditions
of the final stack. For device testing, LIG electrodes were employed in
symmetrical EDLC design and assembled in a stacked configuration, as
displayed in Fig. le.

DSSCs were characterized by means of an Autolab PGSTAT128
potentiostat with a FRA32M module, EIS measurements were carried
out in the dark at 0.6 V. EIS measurements were carried out at V. biases
with a signal amplitude of 10 mV in the frequency range of 100 kHz to
100 mHz. The DSSC current density—voltage (J-V) response was
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recorded using the same device. The scan rate used to record the J-V
curves was 20 mV/s. Measurements under AM 1.5 G light spectrum were
conducted using a Newport 91195 A solar simulator (using a mask to
obtain an area of 0.25 cmz), while measurements under indoor illumi-
nation conditions were conducted using a Delta OhmHD 2102.2 photo/
radiometer and a warm white LED lamp (12-60 V AC/DC, 10W, 3000 K,
810 Im from SPL).

All electrochemical measurements for SCs were carried out at room
temperature using a BioLogic VMP-3 multichannel potentiostat
controlled by EC-Lab software. The produced LIG was characterized in a
three-electrode configuration prior to device assembly to perform
charge balancing. The LIG electrode was stabilized by symmetric cyclic
voltammetry (CV) cycling at + 0.1 V vs. Open Circuit Potential (OCP) at
5 mV/s for 20 cycles, followed by a stepwise polarization in 0.1 V in-
crements. Independent tests were conducted to determine LIG anodic
and cathodic polarization limits. Electrochemical impedance spectros-
copy (EIS) was exploited as benchmarking test to ensure that anodic and
cathodic experiments were run on equivalent nominal cells. Coulombic
efficiency was adopted to determine anodic and cathodic polarization
limits. For electrode balancing, the following relationship must be
satisfied:

Q+ =Q (2)

where Q; and Q_ are the areal discharge charges of the LIG electrodes
under anodic and cathodic polarization, respectively. The ratio between
these values defines the electrode area ratio for a balanced device.
Device characterization included EIS, cyclic voltammetry (CV), and
galvanostatic charge-discharge (GCD). EIS was conducted with 5 mV

Fig. 1. Configurations used for the DSSCs: (a) AC and LIG CE; (b) Pt CE and aerogel as separator; and (c) Pt CE and liquid electrolyte, maintaining the same
interelectrode distance as in the other cases. Setups used for SCs characterization: (d) three-electrodes measurement setup and (e) device assembly.
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signal amplitude sweeping frequencies from 1 MHz to 10 mHz, using 10
points per decade and averaging four cycles per frequency. CVs of the
assembled device were performed at {5, 10, 20, 50, 100, 200} mV/s.
GCD experiments were run at different current densities of {5, 10, 20,
50, 100, 200} pA/cmz. From the GCD measurements performed on the
device, the capacitance values were extracted using the following
expressions:
1@

C=3% ®

Where the energy E for the capacitive systems is computed as:

E= /V(t)l(t) dt “@
While the charge can be calculated by applying:
Q= / I(t) dt 5)
The power was derived from the relation:
E
=i (6)

Areal specific quantities were reported by dividing the computed
quantities by the LIG electrodes area.

3. Results and discussion
3.1. Aerogel properties

A bio-based aerogel based on AA, TA, and MMT was prepared by
freeze-drying and using a bottom-up freezing method to achieve axial
alignment of the pores, with a formulation similar to that studied in a
previous work, but with a lower clay content [34]. This adjustment was
made to retain the structural reinforcement provided by MMT clay while
minimizing its proportion, given that the clay acts as a “passive”
component that cannot be converted into laser-induced graphene.
Scanning electron microscopy (SEM) was performed to evaluate the
aerogel structure. Although the reduced clay content, SEM observations

Journal of Power Sources 670 (2026) 239495

show that the overall lamellar architecture and pore orientation are
preserved, exhibiting no significant structural changes. The sample re-
tains a well-aligned, honeycomb-like structure along the freezing di-
rection (Fig. 2). Pore dimensions are close to 10 um, with a porosity of
97.2 + 0.3 % and a SSA of 1.53 + 0.03 mz/g (S.1). These findings show
that the freeze-casting method successfully regulates the microstructure,
and the aerogel successfully maintains its oriented and interconnected
network.

FTIR/ATR analysis (Fig. 3a) enabled the study of the uniformity of
the aerogel matrix and the interaction between the different compo-
nents. The wide peak at 3217 cm™ is related to the —OH stretching and
to the asymmetric/symmetric stretching of N-H of the alginate back-
bone. Peaks at 1089 cm ™' and 1030 cm ™! are assigned to C-O stretching
of ether/ester groups, and C-O-C vibrations of the cyclic ether bridge in
the saccharide structure. The latter also overlaps with Si-O-Si vibrations
of MMT tetrahedral sheets, confirming the preservation of the clay
structure into the composite matrix [42]. The 3610 em! band, attrib-
uted to AI-OH, Si-OH, and Mg-OH vibrations, appears slightly
red-shifted compared with pristine MMT (3616 cm™1), suggesting the
formation of hydrogen bonds between the phenolic groups of TA and the
—OH/COO™ groups of MMT and alginate. The incorporation of TA is also
evidenced by the peaks at 1208 cm™! (C-O stretching of the phenolic
groups) and 1714 cm! (C=0 stretching) [43]. The red shift of the
phenolic C-O band compared with free phenols (1210-1240 cm 1)
confirms hydrogen bonding with alginate carboxylates. Additionally,
the 1319 ecm™! band, attributed to the C-O-H deformation of phenolic
groups in TA, supports these interactions [44-46]. In the low frequency
region (<500 crn’l), intense peaks corresponding to Si-O-Si, Al-O-Si,
and Al-O-Al bending vibrations are observed, with a distinct Al-O-Si
band confirming that the layered MMT structure remains intact within
the polymer matrix [47].

Thermogravimetric analysis (TGA) (Fig. 3b) was used to examine the
thermal characteristics of the composite aerogels. Physiosorbed water
was responsible for the initial 15 % weight reduction in the aerogel. The
composite exhibited higher thermal stability compared to pure alginate,
as evidenced by a higher onset of decomposition at 5 % mass loss after
water evaporation (Topset = 200 °C) and maximum decomposition
temperature (Tqmax = 226 °C), compared to 189 °C and 224 °C for the

Fig. 2. SEM micrographs of the alginate-MMT clay aerogel composite showing (a. And c.) cross-sectional and (b. And d.) top-view morphologies (scale bars: 100 pm

and 50 pm, respectively).
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Fig. 3. (a) FTIR spectra recorded in attenuated total reflectance (ATR) mode, and (b) ThermoGravimetric Analysis (TGA), of the pristine aerogel.

Fig. 4. Dosing tests performed on composite aerogel samples. Each panel of the rastering speed-power parameter matrix includes: (I) photograph of the sample after
lasing (scale bar: 1 mm); (II) optical micrograph of the cross section (scale bar: 0.5 mm); (III) and (IV) SEM micrographs at 100 pm and 10 pm resolution, respectively.
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pristine alginate, respectively, as previously reported [34]. Neverthe-
less, the aerogel remained stable up to 150 °C, exhibiting no phase
transitions (melting, glass transition, or crystallization) below 80 °C
(Fig. S.2).

3.2. Laser induced graphene characterization

The as-prepared composite aerogels were processed with an infrared
CO4 laser engraver (A = 10.6 pm) under ambient atmosphere. Pre-
liminary dosing tests indicated that this substrate is particularly suitable
for LIG formation. The penetration depth of LIG was observed and
measured in cross sections via optical microscopy (Fig. 4), showing a
clear dependence on scanning speed and laser power. Notably, the
penetration depth of LIG within the material is greater than that
observed for polyimide [48] or other film-like substrates [49], likely due
to the highly porous structure of the aerogel.

Morphological analysis was performed by SEM at multiple magnifi-
cations and is shown in Fig. 4. Examination of images acquired at 100
pm resolution confirms that the honeycomb structure of the pristine
composite aerogel (Fig. 2) remains intact following laser processing in
all examined samples. Slower scanning speeds correlate with the
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formation of larger pores due to the increased fluence delivered to the
material surface, thus enhancing the gasification of oxygen-containing
compounds. Consequently, samples processed at 1200 mm/s exhibit
larger pores than those processed at 2000 mm/s, while samples irradi-
ated at 500 mm/s showed the largest pores. Variation of laser power
revealed similar morphology for 7 W and 7.5 W, whereas at 8 W it
caused pronounced crumpling and collapse. High-magnification SEM
images (10 pm resolution) reveal the presence of flake-like structures
alongside rounded macroparticles (Fig. S.3a) of approximately 1 pm
distributed throughout all samples. EDX analysis identified Si, Al and O
as major elemental constituents of these macroparticles (Fig. S3b and
table S.1), suggesting their origin as aluminosilicate particles derived
from the MMT clay phase after high temperatures exposure (Fig. S3a).

The Nj adsorption-desorption isotherms of the pristine and LIG
samples are reported in Fig. S.1a. All samples display similar isotherm
shapes, consistent with a type IV isotherm with an H3 hysteresis loop
according to the IUPAC classification indicating the presence of not
completely filled macropores [50]. While the micropore region remains
almost unchanged, the most significant differences between the pristine
aerogel and laser-treated samples are the formation of larger meso and
macroporosities. This interpretation is further supported by the

Fig. 5. Averaged Raman spectra over three samples of composite aerogels irradiated at scanning speeds of 500, 1200, and 2000 mm/s and laser powers of (a) 7.0 W,
(b) 7.5 W, and (c) 8.0 W. (d) Averaged Ip/Ig and (e) I>p/Ig ratios with error bars. HR Cls spectra of (f) pristine composite aerogel sample, and samples processed at

(g) 7.5 W and 1200 mm/s and (h) 8.0 W and 500 mm/s.
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Non-Local Density Functional Theory (NLDFT) analysis (Fig. S1b). The
cumulative pore volume curve displays a pronounced increase below 50
nm, highlighting the crucial contribution of mesoporosity to the overall
surface area. A further rise in the curve is observed around 70 nm,
indicating that macropores also play a significant role in the pore
structure. Among the LIG samples, the one prepared with slower scan-
ning speed exhibits a larger meso and macropores’ area, resulting in an
increased specific surface area (max SSA = 14.03 + 0.06 m?/g for the
sample obtained with 7.5 W and 500 mm/s). It should be noted that the
reported SSA is calculated for the entire composite aerogel, which
contains inert MMT clay (density 2.6 g/cm®); the SSA of the LIG
component alone would likely be higher, as carbons from low-density
precursors generally exhibit higher surface area.

Raman spectra provide further insight into the transformation pro-
cess (Fig. 5; deconvoluted spectra in Fig. S.4a). Graphene-derived car-
bon structures exhibit three prominent Raman features, as observable in
the spectra of Fig. 5: the G band (~1580 cm_l), which reflects the in-
plane stretching vibration of sp-hybridized carbons [51]; the D band
(~1350 ecm™ 1), associated with ring-breathing modes activated by lat-
tice defects [39]; and the 2D band (~2700 cm’l), representing the
overtone of the D mode [37]. Additional features can also be resolved, as
shown in Fig. S4a. At powers of 7-7.5 W and a writing speed of 2000
mm/s, the Raman spectra (Fig. 5a and b) reveal pronounced structural
disorder, as evidenced by the broadening of the D and G bands and the
presence of a single, unresolved second-order feature. The Ip/Ig ratio of
~0.9 is most likely attributable to insufficient energy input to promote
the reorganization of sp? clusters into larger, well-ordered graphitic
domains, as further indicated by the significant convolution between the
D and G peaks. In contrast, at reduced scanning speeds of 500 and 1200
mm/s, the Raman spectra demonstrate the emergence of larger and
more ordered graphitic domains. This is reflected by the clearer sepa-
ration of the D and G bands and a progressive narrowing of their Full
Width at Half Maximum (FWHM) with decreasing speed, consistent with
the greater energy transferred into the material during the trans-
formation process (Fig. S4b). Additional evidence of improved structural
order is provided by the appearance of a more distinct 2D band,
accompanied by reduced convolution from second-order combination
modes. The Ip/Ig ratio (Fig. 5b) increases with rising fluence, shifting
from values below 1 to values approaching or exceeding 1. This trend,
together with the low FWHM values, indicates the formation of rela-
tively large, ordered graphitic grains, while also suggesting defect gen-
eration induced by the higher energy density delivered to the material
[52]. At 8 W, spectra in Fig. 5c, collected at different writing speeds,
exhibit comparable features, namely broader D and G bands and a
poorly defined second-order signal, all indicative of a defect-rich
structure. The consistently similar Ip/Ig values (~0.9) under these
conditions further support this conclusion. Moreover, the comparable
FWHM values across all samples (130-140 cm™! for the D band and
73-80 cm ™! for the G band) suggest that the observed defects arise not
from incomplete material conversion into LIG, but rather from the
excessive energy density delivered during processing [52]. Finally, the
low Iyp/Ig ratios across all samples (0.14-0.22) are consistent with the
formation of few-layer graphene-like structures (Fig. 5e) [53].

Taken together, SEM and Raman results reveal a coherent picture of
the structural evolution. At 7-7.5 W and 500 mm/s, wider pores suggest
pronounced degassing, consistent with the greater disorder observed in
Raman spectra. At higher scan speeds, comparable morphologies are
observed, with Raman features confirming LIG formation. Both analyses
indicate that 7-7.5 W samples share similar characteristics, whereas 8 W
results in more collapsed structures and spectra dominated by disorder-
related grain features.

These findings were further confirmed by XPS analyses, performed
on the pristine sample and on the samples lasered at 7.5 W - 1200 mm/s
and at 8 W - 500 mm/s. Initial surveys confirmed the presence of the
elements already detected by EDX analyses, with the addition of small
amounts of sodium from the clay in the pristine sample. However, the
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survey already highlighted a significantly higher amount of carbona-
ceous material in the sample prepared at a laser power of 7.5 W and
writing speed of 1200 mm/s (Table S.2). The High resolution (HR) Cls
spectrum of the pristine aerogel sample (Fig. 5f) presented typical peaks
related to its alginate and tannic acid components, with carbon atoms
predominantly bound to oxygen groups [54-56]. However, once sub-
jected to laser writing, the Cls spectrum is drastically reduced, con-
firming the successful conversion into partially ordered carbon
structures in the sample written at 7.5 W and 1200 mm/s (Fig. 5g) with
respect to the sample written at higher laser power (Fig. 5h). Indeed, in
this sample it is possible to see a significant increase of the typical
graphitic component at 284.5 eV, which was previously present in small
quantities due to the tannic acid in the aerogel, and which now becomes
the predominant peak of this spectrum, and of the small satellite peak at
291.3 eV. The deconvolution is then completed with the aliphatic peak
at 285.0 eV, and a smaller component still oxidized as evidenced by the
presence of the C-O, C=0 and COOH peaks at 286.4 eV, 287.8 eV and
289.2 eV, respectively. Conversely, the sample subjected to higher
power and lower writing speeds presents a more disordered carbon
structure, as evidenced by the bigger aliphatic peak at 285.0 eV and a
bigger peak related to C-O bonds [57].

3.3. Dye-sensitized solar cells

The physico-chemical characterisation of the prepared LIG/aerogel
composites revealed how writing speed and power strongly affect the
properties of the samples. Overall, this demonstrated the possibility of
preparing a composite material that works both as a separator and as a
porous, conductive electrode. Consequently, the prepared electrodes
were tested in DSSCs. The devices were assembled so that the non-
graphitized aerogel side faced the photoanode, avoiding short circuits
and retaining the electrolyte, while the LIG side served as a catalytic
counter electrode (Fig. 1a). Three writing conditions were chosen: 7.5 W
500 mm/s, 7.5 W 1200 mm/s, and 8 W 2000 mm/s. These were selected
as the most relevant to study how the different LIG properties, including
defects, surface area and writing depth, influenced device performance.
For each writing condition, two DSSCs were prepared with different
electrolytes. The first used MPN as the solvent, which is one of the most
commonly used solvents when low volatility and long term stability are
required [58-60]. The second used GVL, which our group recently re-
ported as a more sustainable and less toxic solvent for DSSCs electrolyte,
especially for indoor light illumination [61]. This test allowed to
investigate how different solvent properties would impact the electro-
lyte behaviour within the hierarchical porous structure of the aerogel
separator.

Fig. 6a presents the J-V characteristics of the DSSC recorded under
simulated outdoor conditions (standard AM1.5G spectrum at 1 sun
irradiance ~1000 W m’z), and under simulated indoor conditions
(calibrated CIE LED-B4 white light at 1000 lux-3 W m™2). The J-V
curves at 1 sun illumination revealed clear limitation for the fabricated
devices under strong irradiance conditions, as confirmed by the photo-
conversion efficiency values below 1 % for all writing conditions.
Nevertheless, for both solvents, a similar trend in device performance
with respect to laser parameters was observed, providing relevant in-
sights regarding the behaviour of these unprecedented composite ma-
terials in DSSC. The best photoconversion efficiencies were achieved
with the LIG/aerogel composites obtained at 7.5 W and 500 mm/s,
followed by the samples at 7.5 W and 1200 mm/s, with the worst per-
formance achieved at 8W and 2000 mm/s. It is clear how this trend is
strictly connected to the short circuit current density (Js) shown by the
DSSC, while no explicit correlation was observed in the fill factor (FF)
and open circuit voltage (Vo) (Table S.3). Indeed, at 7.5 W and 500 mm/
s, Jgc values of 3.3 and 2.1 mA/cm? were recorded for MPN and GVL,
respectively. These values dropped to 0.28 and 0.6 mA/cm? for MPN
and GVL using the electrodes made at 8 W and 2000 mm/s. These results
are in line with the physico-chemical properties observed previously.
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Fig. 6. (a) J-V curves of DSSCs with different tested electrodes and solvents (GVL and MPN) under 1 sun illumination; (b) J-V curves of the same cells under 1000
lux illumination; (c) electrochemical impedance spectroscopy (EIS) of cells with GVL; (d) EIS of cells with MPN.

The LIG/aerogel electrodes with the highest surface area (14.03 + 0.06
m?/g at 7.5W and 500 mm/s) are expected to enhance catalytic activity
for triiodide reduction at the counter electrode, as the larger fraction of
the aerogel converted to active LIG material provides more active sites
[62]. Apart from catalytic area, the deeper penetration of the LIG within
the aerogel structure also reduces the distance between the photoanode
and the active material at the counter electrode, shortening the diffusion
path for the electrolyte ions, allowing higher currents [61,63]. This is
one of the reasons why the LIG/aerogel composites obtained at 2000
mm/s resulted in the worst performance, especially in terms of Jg.
Indeed, in this case the LIG thickness is roughly 0.3 mm while the
portion of unconverted aerogel is higher than 1 mm (Fig. 4), which is
extremely high compared with standard DSSC device assembly reported
elsewhere [60,64]. The diffusion of the redox couple through the elec-
trolyte becomes significant in this situation, limiting the Js,. and
reducing device performances. In addition, the more defective LIG ob-
tained under fast-writing conditions impacts the material resistivity and
electrolyte diffusion.

Regarding the differences observed between the two solvents, the
DSSC with the MPN-based electrolyte achieved the highest overall
performances, especially in terms of photoconversion efficiency and J.
One of the reasons for this is the lower viscosity of MPN with respect to
GVL, which facilitate ions diffusion within the electrolyte allowing
higher current to flow within the DSSC [61]. On the other hand, all the
DSSC with GVL-based electrolyte showed a higher V,. with respect to
the MPN counterparts. This evidence was already observed in the
literature and has been associated, among other things, with the Lewis
basicity of GVL, which promotes interaction with the uncovered TiOs,
shifting upward the surface energy levels thus enhancing Vy. [61,65],
giving an effect similar to pyridine-based additives such as

4-tert-butylpyridine [66].

When the DSSCs were characterised under low intensity indoor
illumination at 1000 lux (3 W m’z), a significantly different behaviour
emerged (Fig. 6b). Indeed, the correlation between laser writing con-
ditions and device performance was less pronounced than under simu-
lated sunlight. The much lower irradiance reduces the photogenerated
current by two orders of magnitude, thereby diminishing the impact of
limitations from lower counter electrode catalytic activity and ion
diffusion associated with the higher interelectrode distance. Among the
DSSC with the MPN-based electrolyte, the best performing device was
still the one including the LIG/aerogel composite obtained at 7.5 W and
500 mm/s, with a photoconversion efficiency of 1.6 % (Table S.4).
However, only a slightly lower photoconversion efficiency (1.1 %) was
observed for the other two conditions (7.5 W, 1200 mm/s and 8 W,
2000 mm/s). In contrast, DSSCs using GVL as the solvent, particularly
under 7.5 W 500 mm/s and 7.5 W 1200 mm/s, outperformed those with
MPN in both Jsc and V.. Moreover, the 7.5 W 500 mm/s cell shows a
remarkable increase in fill factor (0.72), and photoconversion efficiency
(2.2 %), compared to the values shown under simulated sunlight illu-
mination, equal to 0.34 and 0.5 %, respectively. This improvement
aligns with the ability of GVL to improve the performance of DSSC under
reduced indoor illumination conditions. Finally, the DSSC with GVL
including the LIG/aerogel obtained at 8 W and 2000 mm/s showed a
much lower FF (0.4), with respect to the other devices, due to a strong
and unexpected resistive behaviour clearly visible in Fig. 6b.

Further insight into the electrical and electrochemical processes
impacting the device performances both under simulated outdoor and
indoor conditions were obtained performing EIS measurements of the
prepared DSSCs. Fig. 6¢ and d shows the Nyquist plot of the GVL and
MPN cells, respectively, under dark conditions and with an applied bias
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of 0.6 V, including the measured experimental values and the results of
the fitting performed with the equivalent circuit shown in Fig. S.5. Here,
R, represents the series resistance; Rcg//Qcg, corresponds to the charge
transfer at the counter electrode; R;//Q,, represents the recombination
processes at the photoanode (Fig. S5 description) [66]. EIS measure-
ments provide further confirmation of the observations made previ-
ously, based on the JV measurements. In particular, Rg and the Rcg
clearly depend on the writing conditions (Table S.5). For the MPN-based
DSSC, the sample at 7.5 W and 500 mm/s exhibits a lower Rg (70 Q) due
to a less defective and more conductive LIG structure. This effect is
evident also from the low FF recorded under outdoor conditions, where
ohmic losses are more visible due to higher generated currents. In the
worst case (8 W 2000 mm/s) the Ry is so high that the reduced FF effect is
visible even under low illumination, where the photogenerated current
is much lower and resistive behaviour in series are normally less im-
pactful. A similar trend can be observed looking at the Rcg: in
MPN-based DSSC, the lowest value of 169 Q is measured at 7.5 W and
500 mm/s, while strongly increased to 4112 Q at 8 W and 2000 mm/s.
This confirms that a higher surface area and a larger volume of active
material reduce the resistance for triiodide catalytic reduction. The same
trend was observed for the GVL-based DSSC, with values of Rg and R¢g
values that were overall higher with respect to the MPN-based coun-
terparts, consistent with previous observations [61].

The presented and discussed data confirm the potential of this sub-
strate to serve as a catalytic counter-electrode for DSSCs, particularly
under indoor illumination, and highlight its suitability as a low-cost
material for sensors and Internet of Things applications. However, the
obtained cell efficiency is still low (~2 %). Nevertheless, two important
factors must be considered. The first one is the already discussed
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thickness of the aerogel (~1 mm). Although most of the aerogel is
converted into LIG, the total thickness can still influence cell perfor-
mances. The second factor is the specific surface area (SSA). The best
result obtained in this work showed an SSA of only 14 m?/g. This value
is remarkably low compared to other carbon-based electrodes, such as
activated carbon [67], which can reach ~1950 m2/ g, and even biobased
carbons, clearly highlighting the very limited surface area of our ma-
terial [68,69].

For these reasons, the best results were compared with three
different cell configurations. In the first two, a conventional Pt counter-
electrode was used: one with the aerogel as a separator, and the other
sealed without a separator but maintaining the same electrode distance
as the aerogel thickness. These setups enable to distinguish the catalytic
activity of the counter electrode from the effects of inter-electrode
spacing and geometry. In the third configuration, an activated carbon
(AC) and carbon black composite ink was deposited onto the aerogel by
doctor blade to compare a high-surface-area carbon material with LIG,
evaluating the relationship between surface area and catalytic activity
under identical electrode spacing.

From J-V curves of these cells (Fig. 7), it is evident that the best
performance under all tested conditions was obtained when AC-based
ink was deposited on the aerogel. This cell performed comparably to
the cell containing free liquid electrolyte using a Pt counter-electrode,
except for a higher V,. observed for AC cell (Table S.6). This increased
Voc can be attributed to a lower recombination as it has been already
demonstrated that the high surface area and the porous structure are
beneficial for ionic transport minimizing the undesired reactions [62,68,
70].

Surprisingly, the LIG cell and the cell with a Pt counter-electrode

Fig. 7. (a) J-V curves of DSSCs with different electrodes and cell configurations under 1 sun illumination; (b) J-V curves of the same cells under indoor illumination;
(c) short-circuit current density (Jsc), (d) open-circuit voltage (V,.), () fill factor (FF), and (f) power conversion efficiency (PCE) of the cells measured at three indoor

illumination levels (1000, 500, and 200 lux).
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sealed using aerogel as an electrolyte scaffold exhibit almost identical
behaviour. Even though under outdoor conditions the Pt-based cell
shows a higher FF and overall efficiency, under indoor illuminations the
device characteristics of the two cells are very similar, with the carbon-
based LIG electrode, displaying a higher V,. and FF (Fig. 7d and e).
These findings confirm that, with the same cell geometry, the LIG
electrode exhibits interesting and promising catalytic properties. The
structure of the obtained LIG, which maintains the structural anisotropy
of the aerogel precursor, may have contributed to improved perfor-
mance by compensating for the overall SSA of the LIG-inorganic com-
posite material, which is much lower than other carbonaceous materials
such as AC [71]. This suggests that the internal anisotropic structure is a
crucial asset of the material, leading to cell performances comparable to
that of platinum electrodes under the same cell geometry conditions. By
appropriately modifying the substrate, in terms of thickness and surface
area, and increasing microporosities (easily achieved using alternative
aerogel synthesis techniques such as supercritical drying), significant
improvements in performance are expected.

3.4. Supercapacitor

Based on Raman, XPS and SEM analyses, the optimal laser-writing
parameters were determined to be a power of 7.5 W and a scanning
speed of 1200 mm/s. Under these conditions, the material exhibited a
trade-off between short range order and amorphous content (Fig. 5b)
while preserving the pristine aerogel structure (Fig. 4). Under these
conditions, carbon materials are expected to show capacitive perfor-
mances controlled by the long-range disordered structure while pre-
serving an overall multilayer graphene structure typical of LIG [72]. In
other conditions, we demonstrated the material not to be referred to as
LIG but rather amorphous carbons [73]. These parameters were there-
fore selected for evaluating the charge storage performance in the
supercapacitor (SC). The ionic liquid [PYR14][TFSI] was selected as
electrolyte since ionic liquid-based SCs demonstrated average
state-of-the-art areal energy and power densities, excellent coulombic
efficiency and specific capacitance, while maintaining negligible vola-
tility, low flammability, and chemical stability [74].

Fig. 8a shows the results of the three-electrode characterization
under anodic and cathodic scans for the determination of the device
voltage and, consequently, the areal charge balancing. The analysis
revealed a symmetric potential window with respect to the OCP. The
cutoff potentials selected in anodic and cathodic polarizations corre-
spond to the absolute deviation from OCP, enabling the use of a 1.6 V
operating range. The criterion for selecting the polarization limits was
based on the coulombic efficiency trends traded with the observable
evolution of electrolysis currents towards the polarization limits. The
calculated electrode area ratio S, /S_ is close to unity, confirming that
the two electrodes possess the same specific capacity. After optimiza-
tion, a symmetric sandwich-type device was fabricated by assembling
two electrodes with an active area of 48 mm? each and employing
[PYR14][TFSI] as electrolyte. The Nyquist plot of the full device is
presented in Fig. 8b. The equivalent circuit used to fit the Nyquist plot
and the fitting results are reported in Fig. S.6 and Table S.7, respectively.
Electrochemical capacitors can be modelled as an ideal capacitor in
series with an equivalent series resistance (ESR). In this case, a semi-
circle is also observed in the Nyquist plot, a feature characteristic of
carbon-based electrodes. This high-frequency semicircle is generally
attributed to limited electronic conductivity between carbon particles
and imperfect contact between the electrode material and the current
collector [75,76]. At low frequencies, the spectrum displays a nearly
vertical trend of the imaginary component, characteristic of capacitive
systems. These findings confirm the capacitive nature of the material,
while also highlighting a significant resistive contribution, most likely
associated with its highly porous morphology typical of aerogels. CVs
were performed at scan rates ranging from 5 to 200 mV/s with
quasi-logarithmic increments (Fig. 8c). This range was selected to assess
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the rate capability of the material, allowing for the evaluation of its
performance at different charge-discharge rates (Fig. S.7a) The CV
curves exhibit a nearly rectangular shape, characteristic of electric
double-layer capacitors (EDLCs), retained even at high scan rates. Gal-
vanostatic charge-discharge (GCD) measurements further corroborated
the purely capacitive storage mechanism, displaying triangular profiles
with negligible IR drops at low current densities (Fig. 8d). GCD tests
were conducted at current densities from 5 to 200 pA/cm?. These cur-
rent densities were chosen to further investigate the material rate
capability. From these measurements, areal capacitance values were
extracted (Fig. S7b), reaching a maximum of 1.49 mF/cm? at low cur-
rent densities, consistent with other symmetric EDLC devices employing
LIG electrodes derived from sustainable precursors [19,77]. The Ragone
plot demonstrates that composite aerogel-derived LIG achieves energy
and power density characteristics comparable or slightly higher than
SCs fabricated using LIG from other green substrates (Fig. 8e). A further
comparison of key performance parameters for SCs employing
laser-fabricated electrodes on both sustainable and non-sustainable
substrates is provided in Fig. S.8 and Table S.8.

4. Conclusions

In this work, a renewable-resource-derived aerogel with highly ori-
ented porosity (97.2 + 0.3 %) was employed as the substrate for LIG
formation, yielding a material in which the anisotropic architecture of
the pristine aerogel was preserved after laser processing. The results
demonstrate that laser scan speed has a pronounced influence on pore
morphology and structural order. Lower speeds lead to larger pores and
higher surface areas (up t014.03 + 0.06 m?/g), while Raman and XPS
analyses revealed that reduced scan speeds (500-1200 mm/s) promote
graphitic ordering. In contrast, higher power (8 W) induces structural
collapse and defect generation. Among the tested DSSCs, the best per-
formance was achieved with electrodes fabricated at 7.5 W and 500
mm/s, via enhanced surface area, penetration depth, and reduced inter-
electrode spacing. When using GVL as the solvent, cells illuminated at
1000 lux exhibited a marked improvement in fill factor (0.72) and
photoconversion efficiency (2.2 %) compared to simulated outdoor
conditions (0.34 and 0.5 %, respectively), confirming its indoor suit-
ability. The main limitations remain cell geometry, inter-electrode dis-
tance, and moderate surface area; crucially, at identical geometry, LIG
matches Pt performance while delivering higher Voc, as expected for
carbon-based electrodes. These findings highlight the potential of the
obtained material, whose anisotropic structure may enhance active
surface utilization and partially offset surface area constraints. For
supercapacitor applications, aerogel-derived LIG electrodes displayed
characteristic EDLC behaviour, with Nyquist plots showing finite resis-
tance and near-vertical low-frequency regions, rectangular CV profiles
even at high scan rates, and triangular GCD curves with minimal IR
drop. The areal capacitance reached 1.49 mF/cm? at low current den-
sities, and the Ragone analysis confirmed energy and power densities
comparable to or exceeding those of other sustainable LIG-based EDLCs.
Overall, the aerogel composed of tannic acid, alginate, and montmoril-
lonite demonstrated excellent laser-writing compatibility and promising
multifunctionality for both energy harvesting and storage. Future work
should focus on optimizing the formulation while maintaining the
anisotropic framework, particularly through control of substrate thick-
ness and increase of surface area, for example via supercritical drying.
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Fig. 8. (a) CV curves of anodic (dark grey) and cathodic (light grey) polarization tests performed in three-electrode configuration at 5 mV/s; (b) Nyquist plot of the
assembled device; (¢) CV curves within the optimized potential window at scan rates from 5 to 200 mV/s, with colour scale from dark to light corresponding to
increasing scan rate (quasi-logarithmic progression); (d) GCD profiles at current densities from 5 to 200 pA/cm?, with color scale from dark to light corresponding to
increasing current density (quasi-logarithmic progression). Extracted areal capacitance values are indicated on the corresponding curve; (e) Ragone plot derived from
GCD data and compared with literature reports on LIG-based supercapacitors from green precursors [19,25,78,79].
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