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Flexible electronics have emerged as a transformative technological trend in recent years, driven by their
versatile and compelling applications in display screens, wearable sensors, and implantable medical
devices. To power up these devices, considerable research efforts have been directed towards
developing advanced flexible supercapacitors, owing to their potential as a reliable and efficient energy
storage solution. The performance of supercapacitors is highly dependent on the design of their integral
components, including the current collector, which facilitates charge transfer by connecting the active
material to the external terminals. Herein, we report a high-performance, low-cost, and biodegradable
flexible current collector for supercapacitors, offering a sustainable solution for energy storage
applications. Wastepaper was transformed into a current collector through the incorporation of Fe** ions
into the wastepaper fibers via chemical crosslinking and performing femtosecond laser structuring in air
or inside a dilute agueous solution of FeCls. Among the different treatments, the current collector
structured in air demonstrated the highest performance. This was attributed to its superior electrical
conductivity, lower charge transfer resistance, and distinct superhydrophilicity, surpassing both the
in the FeCls solution. Furthermore, the
femtosecond laser-induced surface structures significantly contributed to improved ion diffusion and

unstructured counterpart and the sample structured

charge storage capability by increasing the electrochemically active area. The calculated areal
capacitance for a sample prepared in air at 5 mV s~! scan rate was 43.6 mF cm™2. In addition, the

current collector exhibited high areal-specific capacitance retention, which was 82% of its initial
Received 21st August 2025

Accepted 30th September 2025 capacitance after 5000 galvanostatic charge—discharge (GCD) cycles. These results significantly

outperform unstructured paper and highlight the pivotal role of laser-induced surface morphology in
DOI: 10.1035/d5ra06223c maximizing ion diffusion and charge storage. Our findings establish a simple yet powerful strategy for

rsc.li/rsc-advances converting waste into a valuable component for sustainable energy storage applications.

supply is derived from conventional energy sources, such as
fossil fuels, which contribute to significant challenges,

1. Introduction

Population growth, coupled with the advancements in tech-
nology and the increased prevalence of digital devices and
electronics, has led to a substantial surge in energy demand. It
is estimated that, by 2035, the average global energy demand
will reach about 778 etta joule.' The majority of the energy
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including pollution, climate change, and public health issues.?
While renewable sources, such as solar and wind energy, are
viable alternatives, their inherent intermittency presents
a challenge, with performance fluctuating depending on the
time of day, season, and other unpredictable factors.? This leads
to periods where the energy supply becomes either insufficient
or in excess compared to the demand. To address this issue,
energy storage devices (ESDs) play a critical role in storing the
excess energy during peak production periods and supplying
the saved energy during downtime.* Among the available ESDs,
supercapacitors have attracted significant interest as next-
generation devices owing to their rapid charge and discharge
characteristics, high performance, enhanced safety, prolonged
service life, high power and energy density, and cyclic
stability.»>® These characteristics also make supercapacitors
highly suitable for use in flexible and wearable electronic
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devices, such as health monitors, flexible displays, and foldable
screens, that have become a prominent technological trend in
recent years.”®

In general, the electrochemical performance of a super-
capacitor depends largely on the material of its components.
The principal components include the active electrode material,
that serves as the charge storage medium, the electrolyte/
membrane that allows for charge conduction, and the current
collector that transfers the current from the external source
during charging and delivers the stored energy during opera-
tion."* Among these components, the current collector plays
a crucial role in connecting the supercapacitor's active material
to the external terminals, ensuring efficient charge transfer.® An
ideal current collector must exhibit high electrical conductivity,
low contact resistance and strong adhesion with the active
material, high specific surface area, low weight and cost,
excellent mechanical, electrochemical, and thermal stability,
and high flexibility in case of flexible supercapacitors.'® Exten-
sive research efforts have been dedicated to developing and
utilizing highly efficient current collectors in flexible super-
capacitors, given their indispensable role in establishing strong
electrical contact between the active material and the external
terminals.

In this context, carbon, polymer, and metal-based flexible
current collectors have been proposed. For example, Notarianni
et al' employed carbon nanotube (CNT) film as a current
collector in a graphene-based flexible supercapacitor. It was
reported that the conductive CNT film was not only equivalent
to gold as a current collector but also formed a very strong bond
with the graphene film. The resulting electrode exhibited
a capacitance of ~4.3 mF ecm > and an energy density in the
range 8-14 Wh kg~ '. Shulga et al.** prepared flexible current
collectors based on graphene oxide (GO) and poly-
tetrafluoroethylene (PTFE) films. The specific capacitance in
this case exceeded 130 F g~" and remained stable over pro-
longed cycling. Hepowit et al.** proposed flexible polymer/
carbon-based current collector sheets consisting of acryloni-
trile-butadiene rubber (NBR) and vapor-grown carbon fiber
(VGCF). When used with polypyrrole (PPy) active material, the
PPy/VGCF/NBR composite electrode with 30 wt% VGCF ach-
ieved a maximum specific capacitance of 125.8 Fg~". Ren et al.™*
prepared a flexible current collector by electrodepositing Ni on
laser-drilled stainless-steel sheets filled with epoxy resin. In this
case, MnO, was employed as the active material. The maximum
specific capacitance in this case reached 2.4 F cm 2. Also, a high
cyclic stability was observed with a capacitance retention of 90%
after 5000 charge/discharge cycles at a current density of 31.8
mA cm > While these flexible current collectors show great
promise, their commercial implementation is hindered by
challenges such as high material costs, tedious synthesis
procedures, and limited environmental sustainability. As such,
there is a pressing need to develop flexible current collectors
and electrodes for supercapacitors that are inexpensive, easy to
synthesize, lightweight, sustainable, and environmentally
friendly.

One promising approach to develop flexible supercapacitors
is to exploit waste materials, such as paper, by repurposing
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them for sustainable and cost-effective fabrication of flexible
current collectors. Wastepaper offers several distinct advan-
tages, including very high flexibility and bendability, light-
weight, low cost, and porous structure for active material
deposition. Also, it is abundantly available, with approximately
400 million tons of wastepaper generated annually.” In addi-
tion, the inherent biodegradability of wastepaper makes it an
ideal candidate for advancing sustainable energy storage.
However, to utilize the inherently insulating wastepaper as
a current collector, modifications are necessary to incorporate
suitable electrically conductive materials into the matrix."
There have been attempts to modify paper to make it suitable as
a current collector for supercapacitors. For example, Yuan
et alV’ prepared flexible and high-performing electrodes by
depositing a thin film of Au on printing paper using an e-beam
evaporation system, followed by electrochemical growth of
polyaniline (PANI) nanowires via oxidation of aniline in a three-
electrode system. The resulting supercapacitor exhibited an
energy density of ~0.01 Wh cm > and a power density of ~3 W
cm . Despite the promising results, the fabrication process
was relatively sophisticated. Li et al.'® prepared flexible elec-
trodes using bacterial cellulose (BC), multiwalled carbon
nanotubes (MWCNTs), and PANI. First, BC paper was synthe-
sized from its suspension via vacuum filtration. Next, MWCNTs
ink solution was poured onto the paper to form BC-MWCNTSs
paper. In the final step, electrochemical polymerization was
employed to coat PANI on top of BC-MWCNTs paper. The
resulting BC-MWCNTSs-PANI electrode was flexible and exhibi-
ted a specific capacitance of 656 F g ' at a current density of
1 A g " Again, the fabrication procedure was relatively tedious,
and the high cost of MWCNTs presented an additional chal-
lenge. Li et al.*® employed an electroless deposition method to
prepare flexible current collectors consisting of metallic Ni
layer, composed of spiny Ni nanospheres of 400 nm diameter,
on top of a filter paper. When used with MnO, active material,
the areal specific capacitance was found to be 1095 mF cm 2 at
1 mA cm 2. The electrochemical performance was attributed to
the high contact area provided by the hierarchical porous fiber
structure of the paper and the low contact resistance between
the active material and the current collector. However, the
deposition method in this case involved the use of complex and
harsh chemicals, such as chloroplatinic acid and hydrazine.
Herein, we demonstrate that wastepaper can be transformed
into an efficient, low-cost, lightweight, and biodegradable
current collector for flexible supercapacitors. A two-step strategy
was employed for this purpose. First, wastepaper underwent
femtosecond laser surface structuring for enhancing the
electrochemical surface area. The femtosecond laser struc-
turing step was performed in air or inside a dilute aqueous
solution of FeCl; to systematically study the effect of processing
environment on the laser-induced surface structures and the
electrochemical performance of the resulting current collectors.
After the laser structuring step, the sample was allowed to
chemically crosslink in FeCl; aqueous solution for conductivity
enhancement by embedding Fe*" ions into the paper fibers. The
incorporation of Fe’" ions occurred via coordination bonds with
the surface polar groups, such as hydroxyl (-OH), carbonyl (C=
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0), and carboxyl (-COOH) groups. FeCl; was selected for
chemical crosslinking due to its low cost and ease of availability.
Although zirconyl(v) chloride (ZrOCl,) has been reported as an
effective crosslinking agent for wastepaper fibers, its higher
cost, limited availability, and additional safety considerations
make FeCl; a more practical and scalable choice.>*** The
electrochemical measurements were performed to probe the
intrinsic capacitive response and interfacial charge-transfer
characteristics of the wastepaper-based current collector. The
electrochemical performance of the prepared current collectors
was assessed using 1 M KOH electrolyte solution. For the
current collector prepared by laser structuring in air, the
calculated areal capacitance ata 5 mV s~ ' scan rate was 43.6 mF
cm 2, while 82% of the initial areal specific capacitance was
retained after 5000 GCD cycles. This current collector out-
performed those prepared without femtosecond laser struc-
turing and those processed inside the FeCl; solution, due to its
unique surface structures and superhydrophilic character. The
proposed methodology not only enables the fabrication of high-
performing current collectors for flexible supercapacitors but
also offers the added advantages of waste upcycling and
reducing the environmental impacts associated with waste-
paper disposal. Furthermore, the presented approach provides
a sustainable and eco-friendly route for fabricating efficient
current collectors by utilizing reagent-free femtosecond laser
processing and a very dilute FeCl; solution. The main contri-
bution of this work is demonstrating the substrate's conduc-
tivity, superhydrophilicity, mechanical robustness, and long-
term stability, which are the key current-collector-specific
advantages.

2. Experimental

2.1. Materials

Wastepaper was collected from offices at the American Univer-
sity of Sharjah, University City, Sharjah, United Arab Emirates.
The offices utilized A4 printing paper (basis weight: 80 g m™2,
Universal, NAVIGATOR Office Paper Solutions, Portugal). Ferric
chloride hexahydrate (FeCl;-6H,0, purity: =99%) was procured
from VWR International GmbH, Germany. For electrochemical
studies, analytical grade potassium hydroxide (KOH, ACS
reagent, assay: =85%) was used as an electrolyte and was
procured from Sigma Aldrich, USA. All chemicals were used as

received, without additional purification.

2.2. Current collector preparation

Wastepaper was first cut into a sample of appropriate size. The
sample subsequently underwent femtosecond laser structuring
in air under ambient conditions. A fiber-based femtosecond (fs)
laser (AFSUFFL-300-2000-1030-300, Active Fiber Systems GmbH,
Jena, Germany) was employed for this purpose. The laser source
generated Gaussian pulses with a central wavelength of
1030 nm. The maximum power, pulse duration, and repetition
rate were 300 W, 50 fs, and 50 kHz, respectively. A half-wave
plate and a thin-film polarizer (Thorlabs Inc., USA) were used
to attenuate and control the laser beam power. A Maestro
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galvanometric scan head (FARO, USA) fitted with a focusing f-
theta lens was used to raster scan the laser beam on the
sample. During laser structuring, an average power of 3 W was
utilized while the line spacing and scanning speed were set at
200 pm and 200 mm s~ *, respectively. The focal spot size on top
of the sample surface was ~50 pm. The laser beam was raster
scanned over the sample only once and in a crosshatch
configuration. Following laser structuring in air, the sample was
subjected to chemical crosslinking for 4 hours in an aqueous
solution of FeCl; (concentration: 50 mM) to embed Fe** ions
into the chemical structure of the wastepaper fibers. The
volume of FeCl; solution utilized was 0.5 mL per cm® of the
wastepaper. After crosslinking, the sample was thoroughly
rinsed with deionized water to remove any excess ions. In the
final step, the sample was dried for 2 hours in a laboratory
drying oven at 70 °C. The dried sample was then employed as
a current collector. This current collector, which was laser
structured in air, was designated as LS-air, where LS denoted
laser structuring. Using a similar methodology, another current
collector was prepared by performing femtosecond laser struc-
turing while the sample was immersed in a dilute aqueous
solution of FeCl;. Specifically, the sample was placed in a Petri
dish and a 50 mM aqueous FeCl; solution was added until the
liquid level was approximately 2 mm above the surface of the
sample. Subsequently, laser structuring was carried out on the
immersed sample. After laser structuring, the sample was sub-
jected to chemical crosslinking for 4 hours in a 50 mM aqueous
solution of FeCls, followed by drying for 2 hours in a laboratory
drying oven at 70 °C. This current collector sample was named
LS-solution. Additionally, a third current collector was prepared
through chemical crosslinking alone, without laser structuring,
using the same FeCl; solution, crosslinking time, and drying
conditions. This sample was designated as US, indicating an
unstructured sample. Fig. 1 shows the schematic diagram of
femtosecond laser structuring system employed in this study.

2.3. Characterizations

The morphology of the prepared current collectors was inves-
tigated using a scanning electron microscope (SEM, VEGA 3
LMU, TESCAN, Czech Republic). All samples were sputter-
coated with Au/Pd before imaging. An energy dispersive X-ray
spectroscopy (EDX, INCAx-act, Oxford Instruments) detector
fitted within the SEM was used for elemental and compositional
analysis. Fourier transform infrared spectroscopy (FTIR) anal-
ysis was performed using an FTIR spectroscope (IRSpirit, Shi-
madzu, Kyoto, Japan) in attenuated total reflectance mode
(ATR-FTIR). Water contact angles were measured at ambient
conditions using a drop shape analyzer (DSA100M, Kruss
GmbH, Germany). All contact angle measurements were con-
ducted using a 5 uL deionized water droplet. Chemical analysis
was performed using X-ray photoelectron spectroscopy (XPS).
For this, ESCALAB QXi XPS system (Thermo Fisher Scientific
Inc., Waltham, MA, USA) was employed. All XPS analyses were
carried out with Al Ko X-rays (hv = 1486.6 eV). Survey spectra
were acquired at an energy resolution of 1.0 eV over 25 scans,
while high-resolution spectra were collected at 0.1 eV resolution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Femtosecond laser

Fig.1 Femtosecond laser structuring system for preparing current collectors from wastepaper. TFP: thin-film polarizer, HWP: half-wave plate.

over 50 scans. XPSPEAK41 software was employed for spectral
deconvolution of the high-resolution spectra by applying
Gaussian-Lorentzian peak fitting.

2.4. Electrochemical analysis

All electrochemical investigations were conducted using the
CHI 660E electrochemical workstation (CH Instruments Inc.,
Austin, Texas, USA). Tests were performed using a three-
electrode setup containing 1 M KOH electrolyte solution. The
current collector derived from wastepaper was used as the
working electrode (1 x 1 cm?) (photos of the current collectors
are depicted in Fig. S1), while Pt and Hg/HgO served as the
counter and reference electrodes, respectively. In case of cyclic
voltammetry (CV) analysis, the areal capacitance (Cs,) in mF
cm ™2 was determined as follows:?*

_ [1dv
¥ 254AV @

where, [IdVrepresents the area under the CV curve, s is the scan
rate (V s~'), AV is the potential window (V), and 4 is the active
area of the studied working electrode (cm?).

In case of galvanostatic charge-discharge (GCD) analysis, the
following equation was used to calculate the areal-specific
capacitance:*

1At
v = n5 2

where, I is the applied current (mA) and At is the discharge
time (s).

3. Results and discussion

3.1. Surface morphology

The SEM images, along with the corresponding elemental
mapping and elemental compositions, of the three current
collectors prepared in this study are presented in Fig. 2 and
S2-S4 SI. The US current collector exhibited a morphology
similar to that of typical paper. A micro-fibrous structure was
observed, in which cellulose fibers of varying shapes and sizes

© 2025 The Author(s). Published by the Royal Society of Chemistry

were intertwined in a complex, interconnected, web-like
network. EDX analysis confirmed the incorporation of Fe**
ions into the fibers of the US current collector, with the sample
exhibiting an Fe content of 15.4 wt%. This indicated successful
crosslinking of the sample with Fe®* ions. The crosslinking
mechanism involved formation of coordination bonds between
Fe’" ions and the polar functional groups in the cellulose and
hemicellulose fibers of the wastepaper. Wastepaper fibers are
known to contain hairy nanofibrils that are rich in polar func-
tional groups, such as hydroxyl (-OH), carbonyl (C=0), and
carboxyl (-COOH) groups.?** Upon crosslinking, coordination
bonds were formed between the Fe** ions and these polar
functional groups present on the nanofibrils.** This process
resulted in the incorporation of Fe*" ions into the US current
collector.

For the LS-solution current collector, prepared by laser
structuring inside FeCl; solution, square-shaped patterns were
introduced on the surface. These patterns, appearing as vertical
and horizontal lines, were formed due to the ablation effects
induced by the femtosecond laser beam. The deposition of laser
energy onto the wastepaper sample led to surface ablation,
resulting in the ejection of material and formation of well-
defined, square-shaped surface patterns. The laser-induced
surface patterns were important for the electrochemical
performance of the LS-solution current collector. The square-
shaped surface features substantially increased the surface
area, offering more active sites for the electrochemical reactions
to occur. The Fe content for the LS-solution current collector
was also slightly higher (18.4 wt%) compared to the US current
collector. This can be attributed to the increased surface area
resulting from laser structuring, which exposed a greater
number of polar functional groups, thereby facilitating
increased crosslinking with the Fe*" ions.

In this study, laser-induced surface patterns were found to
play a critical role in enhancing the electrochemical perfor-
mance of the current collectors. These surface patterns resulted
directly from the interactions between the femtosecond laser
beam and the wastepaper substrate. For nonmetallic materials
with a low free electron density, such as wastepaper, the

RSC Adv, 2025, 15, 37152-37165 | 37155
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Fig. 2 SEM images and EDX elemental layered images of (a) US (b) LS-solution and (c) LS-air current collectors.

femtosecond laser ablation mechanism primarily proceeds in  photoionization and impact ionization mechanisms. In case of
two distinct stages. In the first stage, free electrons are gener- photoionization, free electrons are generated by two sub-
ated through ionization. This process involves both processes, namely, tunnel ionization and multiphoton
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ionization. Tunnel ionization is induced by the super-strong
electromagnetic field generated during the interaction
between the femtosecond laser and the non-metallic substrate.
This intense field lowers the Coulomb potential barrier for the
valence band electrons, allowing them to pass through the
barrier via tunneling effect and transition into the conduction
band, thereby becoming free electrons. Multiphoton ionization,
on the other hand, involves absorption of multiple photon
energies by the valence band electrons. This provides sufficient
energy for their excitation into the conduction band, allowing
them to become free electrons. Additionally, free electrons are
generated via impact ionization, a mechanism that is also
referred to as avalanche ionization. In this mechanism, free
electrons generated during photoionization are used as seed
electrons. Once the low-energy free electrons absorb more than
one photon and transition to a high-energy state in the
conduction band, the free electrons obtain higher levels of
kinetic energy. Upon colliding with other valence electrons,
energy transfer takes place, which results in the generation of
two low-energy free electrons. These low-energy free electrons
subsequently repeat the process by absorbing photons,
colliding, and finally ionizing again to create a chain reaction
that continues to generate free electrons. In the second stage of
ablation, a phase change occurs which is primarily driven by the
interaction of the free electrons with the lattice. Following
ionization and electron heating, a sufficiently large number of
free electrons accumulate inside the substrate, imparting
a transient metallic behavior to the originally non-metallic
substrate. The phase change primarily occurs due to impul-
sive Coulomb explosion, involving a dense, high-pressure
plasma. Due to the spatial confinement of the plasma in
a limited region and continuous absorption of the laser energy,
the plasma attains extremely high pressures and temperatures.
Consequently, the plasma undergoes a rapid and instantaneous
expansion and eventually bursts outward, leading to the ejec-
tion of ionized material from the substrate. This ejection of
ablated material results in the formation of surface micro-
structures and causes permanent damage to the substrate, as
observed in the case of LS-solution current collector.>*’

In case of the LS-air current collector, laser structuring in
ambient air led to the formation of more pronounced surface
patterns with significantly deeper surface channels compared to
the LS-solution current collector. This difference can be attrib-
uted to the more intense ablation in ambient air induced by the
femtosecond laser beam. In other words, the laser fluence at the
sample surface in air was higher compared to that during laser
structuring on the immersed sample. In the case of the LS-
solution sample, the focused laser beam induced bubble
generation due to localized water evaporation. The formation,
growth, and subsequent collapse of these bubbles at the laser-
liquid interface attenuated the laser beam through introduc-
tion of scattering and refraction effects. As a result, the effective
laser fluence reaching the sample surface reduced. Additionally,
the FeCl; solution further disturbed the optical pathway of the
laser beam through absorption and refractive index variations.
These effects caused the laser beam to diffuse and become
partially defocused, which further resulted in a lower fluence at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the sample surface.”®?' Taken together, the lower fluence
during laser structuring in FeCl; solution resulted in shallower
ablation features and less pronounced structural features on
the LS-solution current collector. On the other hand, laser
structuring in air involved direct delivery of the laser energy to
the sample surface, without any attenuation effects, which
produced higher fluence at the sample surface and promoted
more efficient material removal and more intense ablation in
case of LS-air current collector. The intense ablation, in turn,
exposed a significantly higher number of polar functional
groups on the surface of LS-air current collector. However, with
the given Fe®* concentration and crosslinking duration, not all
the exposed functional groups could be successfully cross-
linked. As a result, the Fe content on the LS-air current collector
was lower (10.9 wt%) compared to the LS-solution current
collector.

3.2. Surface chemistry analysis

Surface chemical analysis was conducted using FTIR spectros-
copy to verify the crosslinking process and the incorporation of
Fe’" ions into the chemical matrix of the wastepaper current
collectors. The FTIR spectra of wastepaper and US, LS-solution
and LS-air current collectors are presented in Fig. 3. All FTIR
spectra exhibited the characteristic peaks associated with
cellulose. These peaks appearing around 1371, 1207, 1161,
1100, and 900 cm ™" corresponded to the C-H bending, O-H
deformation, C-O-C asymmetric vibration, glucose ring stretch
(asymmetric), and glucose ring stretching, respectively.’>** In
addition, all samples displayed the characteristic peaks of
hemicellulose around 2926, 1745, 1309 and 1026 cm ™. These
corresponded to asymmetrical CH, stretching, C=0 stretching
in O=C-OH group, C-H vibration band, and C-O stretching,
respectively.”****> The observation of these bands indicated that
all the samples were primarily composed of cellulose and
hemicellulose. Upon crosslinking, specific changes were
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——LS-air
3
s
(4]
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c
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Fig. 3 FTIR spectra for pristine wastepaper and US, LS-solution, and
LS-air current collectors.
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observed in the FTIR spectra of the US, LS-solution, and LS-air
samples. The chemical crosslinking induced by Fe*" ions was
confirmed by distinct changes in the FTIR spectra involving the
appearance of a new band for Fe-O bond, shifts and intensity
changes in the bands associated with cellulose and hemi-
cellulose, and changes in the O-H stretching vibration region.
Unlike the wastepaper sample, the US, LS-solution and LS-air
samples displayed a band appearing at
560 cm . This band, absent in wastepaper sample, corre-
sponded to the Fe-O stretch band and confirmed the successful
incorporation of Fe®" ions via chemical crosslinking that
occurred within the chemical structure of the US, LS-solution,

characteristic
1

and LS-air samples.*® In addition, the FTIR spectra showed
that the C-H bending in the cellulose fraction of the US, LS-
solution, and LS-air samples shifted to lower wavenumber,
from 1371 to ~1363 cm™". Also, the ~O- stretching vibrations in
the cellulose shifted from 1161 to 1153 cm '. These results
indicated Fe*" ion-induced chemical crosslinking, changes in
the cellulose molecular environment, and coordination of the
Fe*" ions with the ring oxygens and -OH groups of the cellu-
lose.**” Similarly, in case of the hemicellulose fraction, the
glycosidic C-O stretching (900 cm ™) in the pristine wastepaper
shifted to lower wavenumbers in the US, LS-solution, LS-air
samples (~894 cm ). This again indicated successful coordi-
nation of the Fe*" ions with the ring oxygens and ~OH groups of
the hemicellulose fraction in the paper fibers.”* Additionally,
chemical crosslinking was confirmed by changes in the
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hemicellulose-related peak at 1745 cm ™. This peak, related to
C=0 stretching in the O=C-OH group, showed a reduction in
intensity for the US, LS-solution, and LS-air samples, indicating
that the Fe’* ions coordinated with the C=O group oxygen
atoms.?* Also, the peak at 3448 and 1647 cm ' in pristine
wastepaper was attributed to the hydroxyl groups and water
present on the surface of cellulose fibers. Upon crosslinking,
these peaks shifted to 3330 and 1645 cm ', suggesting the
modification of the chemical structure due to chemical cross-
linking and incorporation of Fe*" ions.*® In addition, the
stretching vibration of O-H, appearing around 3330 cm ’,
became more intense and broader for the US, LS-solution, and
LS-air samples. This indicated that, for these samples, the O-H
bond weakened because of its coordination with the Fe** ions
during the crosslinking reaction.* The wastepaper sample, on
the other hand, showed a narrow, less intense O-H band
around 3448 cm'. The appearance of this band at a higher
wavenumber along with its narrow shape indicated the pres-
ence of uncoordinated and isolated O-H groups, highlighting
the absence of crosslinking.*® Overall, the FTIR spectra of the
US, LS-solution, and LS-air samples indicated successful coor-
dination and chemical crosslinking of Fe®* ions within the
cellulose and hemicellulose fractions of the paper fibers.

To further confirm the crosslinking of Fe*" ions within the
chemical matrix of the wastepaper current collectors, XPS
analysis was conducted. Fig. 4 presents the XPS survey spectrum
for the US, LS-solution and LS-air current collectors. The survey
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Fig.4 XPS spectra for the US, LS-solution, and LS-air current collectors:
(D) O 1s.
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spectrum revealed characteristic peaks for C 1s and O 1s,
consistent with the cellulose and hemicellulose composition of
the wastepaper fibers. In addition, the XPS spectrum displayed
a peak for Fe 2p, indicating that Fe*" ions were successfully
incorporated into the chemical structure of all the current
collectors. Fig. 4(B) shows the core level spectra of Fe 2p of all
three current collectors, where two pairs of peaks were observed
at 710.9 and 724.5 eV corresponding to Fe 2p;,, and Fe 2p,,,
confirming the +3 oxidation state of Fe. The peaks observed at
713.0 and 726.4 eV are attributed to satellite peaks. Similar
peaks were observed for all three current collectors, which
confirmed the presence of Fe*" in all the current collectors.
Furthermore, the deconvoluted spectra of C 1s showed four
peaks at 284.8, 286.4, 287.9 and 288.7 eV, ascribed to C-C, C-O,
C=0/0-C-0 and OH-C=O0. A shift towards lower binding
energy was observed in the LS-solution and LS-air sample,
which could be due to the laser structuring (Fig. 4(C)). To gain
a deeper understanding of the chemical interactions, the high-
resolution O 1s spectrum was deconvoluted, as shown in
Fig. 4(D). Upon deconvolution, the high-resolution spectrum of
O 1s in LS-air current collector revealed three distinct peaks.
These peaks around 529.5, 531.6, and 532.8 eV corresponded to
Fe-O-C, C-O, and C=0 groups, respectively.”* While the C-O
and C=0 corresponded to the hydroxyl and carbonyl groups in
cellulose and hemicellulose, the presence of peak Fe-O-C
indicated that Fe** ions formed coordination bonds with these
oxygen-containing functional groups in the LS-air current
collector. Similar features were observed in the US and LS-
solution current collectors, where the presence of Fe 2p and
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Fe-O-C peaks in the survey and high-resolution O 1s spectra
confirmed the incorporation and chemical crosslinking of Fe**
ions in these samples as well. Overall, the XPS results, in
conjunction with the FTIR analysis, strongly suggested chem-
ical integration of Fe®*" ions into the wastepaper current
collectors, wherein stable bonds were formed with the oxygen
atoms in the cellulose and hemicellulose fractions.

3.3. Electrochemical analysis

The electrochemical performance of the prepared wastepaper-
based current collectors was evaluated using CV, GCD and
electrochemical impedance spectroscopy (EIS) analysis in 1 M
KOH electrolyte. The results revealed clear differences among
the three processing methods. The CV curves for the three
current collectors are shown in Fig. 5. In all cases, the CV curves
exhibited quasi-rectangular shapes, indicative of electric
double-layer capacitance (EDLC) behavior in the prepared
samples. This suggested that energy storage occurred through
the electrostatic accumulation of ions at the interface between
the current collector and the electrolyte, forming an electric
double layer.** For the sample that was only crosslinked for 4
hours in FeCl; solution without laser treatment (US sample), the
CV curves demonstrated the weakest current responses across
all scan rates (Fig. 5(A)). This is attributed to the smooth and
non-porous surface, as confirmed by the SEM images (Fig. 2(a)),
which showed a lack of structural modifications or increased
surface area in case of the US sample. Additionally, compared to
the pristine wastepaper, the crosslinking process increased the
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curves at 100 mV s~* scan rate for all the samples in 1 M KOH.
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hydrophobicity of the US current collector, as evidenced by
a water contact angle (WCA) of 128.6° (SI Fig. S5). This
enhancement in hydrophobicity upon crosslinking is attributed
to the coordination of Fe** ions with the surface polar groups,
such as hydroxyl (-OH), carbonyl (C=0), and carboxyl (-COOH)
groups. These interactions promoted the self-assembly of
cellulose nanofibrils in the wastepaper, resulting in formation
of compact structures with fewer -OH groups available for water
sorption.”* Consequently, the reduced number of polar groups
minimized interactions with water and the electrolyte, thereby
imparting a hydrophobic character to the US current collector.
The hydrophobic character in turn decreased the electrode-
electrolyte interface interaction, resulting in weak current
responses during CV.

In contrast, the sample treated with laser structuring in the
FeCl; solution (LS-solution sample) exhibited better electro-
chemical performance compared to the US current collector.
The CV curves for this sample showed significantly higher
current responses (Fig. 5(B)), indicating enhanced charge
storage and transfer capabilities. This can be attributed to the
patterned, rough surface created by the laser treatment, as
shown in the SEM images in Fig. 2(b). The formation of square-
shaped arrays via laser ablation increased the electrochemically
active surface area, thereby facilitating improved ion diffusion
compared to the US current collector. Additionally, the Fe
content for the LS-solution current collector was 18.4 wt%,
which was higher compared to that for the US current collector.
This resulted in enhanced current responses for the LS-solution
sample, owing to higher conductivity from the greater incor-
poration of Fe*" ions within its structure. The increase in Fe
content is attributed to the larger surface area generated by
femtosecond laser structuring, which exposed a larger number
of polar functional groups on the surface and made them
available for crosslinking with the Fe** ions. Additionally, the
ablation zones facilitated deeper penetration of Fe®' ions
during the crosslinking process, further increasing the likeli-
hood of crosslinking with the surface polar groups. Together,
the higher Fe content on the LS-solution sample and the
increased electrochemically active area contributed to the
enhanced electrochemical performance of the LS-solution
current collector.

The LS-air sample, which underwent femtosecond laser
structuring in air followed by 4 hours of crosslinking in FeCl;
solution, exhibited the best electrochemical performance
among all samples. The CV curves for this sample demonstrated
better current responses compared to the US and LS-solution
samples (Fig. 5(C)). The SEM images in Fig. 2(c) revealed
a grid-like structured surface with very deep laser ablated zones,
which could increase the electrochemical surface area.
Furthermore, contact angle measurements (SI Fig. S5)
confirmed the superhydrophilic nature of the LS-air current
collector, characterized by a WCA of 0° and rapid droplet
spreading upon surface contact (SI Video 1). The super-
hydrophilic nature of the LS-air current collector likely
enhanced the electrode-electrolyte interface interaction, facili-
tating more efficient ion transport and charge transfer during
electrochemical measurements. The superhydrophilicity of the
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LS-air sample was attributed to the deep laser ablation zones
created during laser structuring in air. The deep ablation zones
exposed a significantly larger number of polar functional
groups. However, not all these groups were crosslinked with
Fe*" ions within the given crosslinking time and the concen-
tration of the employed FeCl; aqueous solution. Consequently,
the Fe content on the LS-air sample was the lowest (only
10.9 wt%). Despite this lower Fe loading, the electrochemical
performance of the LS-air sample was better compared to the
LS-solution sample. Although the LS-solution sample exhibited
a higher Fe content, an inferior performance compared to the
LS-air sample was observed due to its significantly lower
hydrophilicity. The LS-solution sample was able to achieve more
extensive crosslinking after laser structuring due to lower
number of exposed surface polar groups compared to the LS-air
sample. The WCA of LS-solution sample was in fact 154.5° (SI
Fig. S5), which likely hindered electrolyte penetration during
electrochemical measurements. Thus, the LS-air sample ach-
ieved the best electrochemical performance due to the syner-
gistic effect of a highly structured surface that maximized the
electrochemically active surface area and a superhydrophilic
character that promoted efficient interaction with the
electrolyte.

The areal capacitance values for the fabricated current
collectors are provided in Table 1. Also, the areal capacitance
calculated using CV curves at different scan rates are compared
in Fig. S6(a). At a 5 mV s ' scan rate, the sample treated with
laser structuring in air exhibited the highest areal capacitance
value of 43.6 mF cm 2. For better understanding, the CV cycles
were compared at a scan rate of 100 mV s~ for all three samples
in Fig. 5(D). This sample achieved the highest current
responses, followed by the LS-solution sample, while the US
sample showed the weakest performance. As can be observed
from Fig. 5(D), a higher capacitive current response was
observed for the LS-air sample compared to LS-solution and US
sample. Usually, a larger capacitive (non-faradaic) current
response in the CV curves indicates higher double-layer capac-
itance (Cq;), which correlates with increased electrochemically
active surface area (ECSA). The enhanced performance of the
LS-air sample can be attributed to its increased hydrophilic
nature, which improved both ion accessibility and the elec-
trode-electrolyte interface reaction. On the other hand, the
limited low hydrophilicity of the US sample restricted the
electrode to electrolyte interface reaction, making it the least
effective current collector.

Further, we performed GCD testing of the three samples
under various current densities for further detailed electro-
chemical study. For all samples, the GCD curves exhibited
a nearly linear discharge slope with ideal triangular shapes.
This further confirmed the EDLC behavior of these samples.*
The sample processed without laser treatment, referred to as US
sample, showed the shortest charge-discharge times across all
current densities (Fig. 6(A)), indicating poor energy storage
capability. This performance was closely tied to its surface
morphology, as observed in the SEM images, which revealed
a smooth surface with limited electrochemical surface area and

activity. The LS-solution sample exhibited improved
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Table 1 Comparison of areal capacitance from CV and areal-specific capacitance from GCD

Areal capacitance (mF cm ™ ?)

Areal-specific capacitance (mF cm ™ ?)

Scan rate Current density
(mvs™) us LS-sol. LS-air (mA cm?) Us LS-sol. LS-air
5 30.4 35.4 43.6 0.5 11.8 18.5 19.9
10 26.2 33.4 37.4 1.0 9.8 13.5 18.2
20 23.6 29.0 32.9 1.5 9.0 12.0 14.5
40 21.4 25.7 29.7 2.0 8.7 11.3 13.3
60 20.4 23.9 28.0 2.5 8.3 10.4 12.9
80 19.7 22.6 26.9
100 19.1 21.4 25.8
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R (A) B)
% )
< £
Fo.a 0.4
" ==
; 2 — (0.5 mAIt:m2
% —05mAcm? | 2 ——1 mAlcm?
."30.2 ——1 mAlcm? g 0.2 —— 1.5 mAlcm?
% ——1.5mAlcm? 5 ——2 mAlcm?
o —2malcm? | © ——2.5mAlcm?
2 o
2.5 mA/cm
0.0+ T T 0.0+ T T
0 20 _. 40 60 0 0 _. 40 60
Time (s) Time (s)
0.6 0.6
©) (D)
g g
0.4 — 0.5 mAlcm2 %, 0.4
- —mAem® | T —Uus '
0 2 7] = LS-solution
> 1.5 mA/cm > ——LS-air
; ——2 mAlcm? §
-‘;‘Z 0.2 —— 2.5 mAlcm? -g 0.24
c c
2 2
<) °
o o
0.04 7 T 0.0 T T
0 20 40 60 0 20 40 60

Time (s)

Time (s)

Fig. 6 GCD curves of (A) US, (B) LS-solution, (C) LS-air current collectors at different current densities from 0.5 to 2.5 mA cm~2 and (D)
comparative GCD curves at 0.5 mA cm™2 current density for all the samples in 1 M KOH.

electrochemical performance, with longer charge-discharge
times in the GCD curves (Fig. 6(B)). As shown in the SEM
images, the textured surface created by laser treatment greatly
enhanced the electrochemically active area, allowing for effi-
cient ion diffusion and charge storage. The areal-specific
capacitance values calculated using GCD curves for this
sample were consistently higher than the US sample, particu-
larly at lower current densities, such as 18.5 mF cm ™2 at 0.5 mA
cm 2 (Table 1). The LS-air sample exhibited the best electro-
chemical performance among the prepared samples. A high
areal-specific capacitance value of 19.9 mF cm ™2 at 0.5 mA cm >
was calculated for the LS-air sample (Fig. 6(C)). The GCD curves
showed the longest charge-discharge time for the LS-air sample
than the US and LS-solution samples at 0.5 mA cm > (Fig. 6(D)).
This significant improvement is attributed to the synergistic

effect of laser-induced surface structures and the

© 2025 The Author(s). Published by the Royal Society of Chemistry

superhydrophilic nature of the LS-air sample, which optimized
the structural and chemical energy storage properties. Also, the
areal-specific capacitance was compared in Fig. S7(b). Overall,
the trend reflected the superior energy storage capacity of the
LS-air sample, which benefited from a superhydrophilic surface
and improved surface area and conductivity. The LS-solution
sample offered moderate improvements due to its less
pronounced surface structures and lower hydrophilicity. In
contrast, the US sample demonstrated the least energy storage
capability due to its smooth and passivated surface. The areal-
specific capacitance calculated at different current densities is
compared in Fig. S7(b) and Table 1. It can be observed from
Table 1 that the areal capacitance and areal-specific capacitance
decreased with increasing scan rate (in CV) and current density
(in GCD). This happens because at a lower scan rate or current
density, electrolyte ions have sufficient time to diffuse deeply
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into the porous structure and access the full electrochemically
active surface area of the electrode. As a result, a larger fraction
of the surface contributes to charge storage, yielding higher
capacitance values. However, at higher scan rate or current
density, the ion diffusion process becomes kinetically limited.
Only the outer and more easily accessible surface sites partici-
pate in charge storage, while the inner active sites remain
underutilized. This limited accessibility, coupled with increased
resistive losses at higher current flow, leads to a reduction in the
measured capacitance. Therefore, the observed decrease in
areal capacitance with increasing scan rate/current density is
attributed to the diffusion-controlled insertion.**** Further-
more, the coulombic efficiency of the current collectors was
calculated around 84.4% for LS-air, 100% for LS-solution and
81.4% for US sample at 0.5 mA cm 2. Also, the coulombic effi-
ciency for all the current collectors was calculated at different
current densities and was found to be above 90% for all the
samples at different current densities, which shows the fast and
efficient ion diffusion and electron transport processes through
the prepared current collectors.

Furthermore, to demonstrate the stability of the prepared
current collectors, 5000 GCD cycles were performed at a 1 mA
cm? current density, as depicted in Fig. 7(A). The stability test
demonstrated that even after 5000 GCD cycles, the LS-air
sample exhibited excellent electrochemical performance since
it retained almost 82% efficiency after 5000 GCD cycles
compared to the initial capacitance value (Fig. 7(A)). On the
other hand, the efficiency was reduced to 77% for the LS-
solution and 63% for the US sample. Further, to examine the
effect of laser structuring (in air and solution) on the conduc-
tivity of the resulting current collectors, all the prepared
samples were tested with electrochemical impedance spectros-
copy. The Nyquist plot in Fig. 7(B) offered further insights into
the impedance characteristics of the prepared current collec-
tors. In Fig. 7(B), the inset shows the equivalent electrical circuit
model that we used to fit the Nyquist plots and extract quanti-
tative electrochemical parameters. In the given circuit, Ry rep-
resented the resistance of the electrolyte between the working
and reference electrodes, while R.. corresponded to the resis-
tance at the electrode-electrolyte interface, related to charge
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transfer kinetics. A smaller R., in general, indicates better
conductivity and faster charge transfer, and C4 models the
capacitance formed at the electrode-electrolyte interface due to
the electrostatic accumulation of ions (EDLC behavior).* The
US sample exhibited the highest R, of 310 Q, reflecting poor
conductivity and slow charge transfer. The LS-solution sample
showed a lower R value of 184 Q, highlighting the improved
charge transfer capabilities due to laser structuring. The
enhanced electrochemical surface area created by the laser
treatment and higher Fe content enhanced the ion diffusion
and accessibility which resulted in improved conductivity.
Similarly, the LS-air sample demonstrated the highest conduc-
tivity with the lowest R value of 133 Q. This can be attributed to
its grid-like structure with very high electrochemical surface
area and superhydrophilic nature which facilitated better
charge transfer compared to the US and LS-solution sample.
Our results demonstrate that wastepaper can be effectively
transformed into efficient current collectors, offering a low-cost,
lightweight, and biodegradable platform for use in flexible
supercapacitors. Table 2 presents a comparison between the
best-performing current collector developed in this study (LS-
air) and other flexible current collectors and electrodes previ-
ously reported for supercapacitor applications. The electro-
chemical performance of LS-air current collector developed in
this study was comparable to, and in some cases on par with,
previously reported flexible current collectors and electrodes.
For example, Ramadoss et al.*’ reported a flexible electrode
based on graphene/graphite paper, which exhibited a capaci-
tance of 15.6 mF cm™ > at a scan rate of 5 mV s~ . Not only was
this capacitance lower than that achieved by the LS-air current
collector, but the electrode fabrication procedure also relied on
the use of graphene, the synthesis of which is costly via chem-
ical vapor deposition (CVD).** Wang et al* used vacuum
filtration method to prepare flexible electrode consisting of
graphene pillared with carbon black nanoparticles on top of
a polyvinylidene fluoride (PVDF) membrane. The reported
capacitance was 28 mF cm 2 at a scan rate of 10 mV s~ ', which
remains lower than that of LS-air sample fabricated in this
study. Moreover, the mechanical durability of electrodes
prepared via vacuum filtration is typically limited since the
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deposited graphene/carbon black layer does not adhere strongly
to the substrate. In contrast, the LS-air current collector exhibits
superior mechanical integrity due to the chemical embedding
of Fe*" ions within the wastepaper matrix, which contributes to
both conductivity and structural robustness. Overall, our results
demonstrate that wastepaper can be effectively transformed
into flexible current collector for supercapacitor applications
through a combination of femtosecond laser structuring and
chemical crosslinking with FeCl; solution. The resulting
current collector is low-cost, lightweight, biodegradable, and
exhibits excellent electrochemical performance, particularly
when laser structuring is conducted in air. Additionally, the
fabrication procedure involves reagent-free femtosecond laser
processing and the use of a very dilute FeCl; solution, making
the process environmentally friendly and sustainable.

4. Conclusions

We have successfully demonstrated that common wastepaper,
an abundant and biodegradable material, can be transformed
into a high-performance component, contributing to a cleaner
electronic waste stream. Our findings confirm that a two-step
process, femtosecond laser structuring in air followed by
chemical crosslinking with a dilute FeCl; solution, yields
a current collector with excellent performance. In the first step,
wastepaper underwent femtosecond structuring in air or inside
a dilute aqueous solution of FeCl; to generate controlled surface
structures that enhanced the electrochemical surface area.
Following that, the laser-structured sample was allowed to
crosslink in a 50 mM FeCl; solution for incorporating Fe*" ions
into the fibers of the wastepaper. The laser-induced surface
modifications in air created a rich, superhydrophilic surface
area that significantly improved ion accessibility and charge
transfer at the electrode-electrolyte interface. This resulted in
a high areal capacitance of 43.6 mF cm~> and robust stability,
with 82% capacitance retention after 5000 GCD cycles. These
results underscore the critical role of laser processing in
unlocking the potential of otherwise inert materials for energy
applications. Our primary objective was to address the growing
need for sustainable energy storage by developing a low-cost
and easily degradable current collector for flexible super-
capacitors. For future work, we plan to build upon this success
by synthesizing highly active supercapacitor materials and
coating them onto these wastepaper-derived current collectors.
This next step will aim to fabricate a complete, high-
performance electrode, further advancing the development of
fully sustainable and efficient flexible energy storage devices.
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