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foregoing issues, researchers are taking aim at natural fibers as
sustainable alternatives. Flax fiber, derived from the stem of the
flax plant (Linum usitatissimum), is a natural cellulose-based
material renowned for its mechanical strength, lightweight
nature, moisture-wicking properties and biodegradability.20,21

As a renewable substrate for functional coatings, flax fabric
provides an eco-friendly substitute for synthetic fabrics given
its large surface area and porous nature, specifically for flexible
electronics and smart textiles.22 Once coated with Gr, flax fabric
acquires multifunctional characteristics while maintaining its
textile-like comfort and flexibility. The fabric can function as a
flexible Joule heater or photo-responsive textile owing to the
electrical conductivity that the Gr layer provides.23

Previous studies on Gr-coated textiles have demonstrated
notable potential for applications such as thermal regulation,
sensing, and flexible electronics.24–27 However, many of these
works relied on high Gr loadings, often exceeding 5 wt%, which
can compromise the fabric’s flexibility, breathability, and com-
fort, which are key attributes for wearable applications. For
example, Kim et al.28 developed an electrical heating element
by applying a Gr/waterborne Polyurethane composite onto
polyester fabrics. The composite containing 16 wt% Gr reached
a maximum temperature of 71.3 1C when a 50 V voltage was
applied. In a separate study, Zhang et al.29 employed doctor
blading to apply 6 wt% of Gr/WPU slurry onto polyethylene
terephthalate (PET) fabrics. A continuously increasing tempera-
ture was observed as the input voltage increased. At 20 V, the
heater reached a high temperature of 118.2 1C. In another
study, Wu et al.30 reported a flexible electrical heater based on
the Gr coated cotton fibers. In this study, the sample containing
5 wt% of Gr reached a surface temperature of 70 1C at a voltage
of 20 V. Importantly, lower graphene loadings were system-
atically investigated, with the highest content limited to
only 3 wt%, maintaining the inherent softness, breathability,
and flexibility of the textile, which are essential for wearable
applications. Moreover, the fabrication processes frequently
involved toxic solvents or complex chemical treatments, raising
concerns regarding environmental sustainability and scalabil-
ity. In contrast, the present work emphasizes a green, water-
based fabrication process for coating flax fabric with Gr,
avoiding harmful chemicals and ensuring environmental
compatibility.

In this work, Gr-coated flax fiber fabrics were developed
using a straightforward and, green approach based on water-
dispersed graphene, avoiding toxic solvents and harsh
chemical treatments. Different low Gr loadings were system-
atically investigated to preserve the inherent flexibility,
breathability, and softness of the textile while introducing
multifunctional properties. While several studies have reported
graphene-coated natural-fiber textiles for conductive and Joule-
heating applications, most investigations have primarily
focused on electrical conductivity and electrothermal perfor-
mance. In contrast, the growing demand for next-generation
smart and wearable textiles requires the integration of multiple
functionalities within a single material system. In this context,
the present work proposes a multifunctional graphene-coated

natural-fiber textile that combines efficient electrothermal
heating, photothermal energy conversion, and antibacterial
activity in addition to electrical conductivity. Importantly, these
functionalities are achieved using a low graphene loading
(r 3 wt%), which helps preserve the intrinsic advantages of
the textile substrate, including flexibility, lightweight character,
comfort, breathability, and economic viability. The electrother-
mal performance of the fabrics was studied under various
applied voltages to assess their Joule heating capabilities, and
the photothermal behavior was evaluated by monitoring the
temperature evolution under solar light exposure. Electrical
conductivity measurements were performed to analyze the
formation of conductive pathways at different Gr concentra-
tions. Additional characterizations, including SEM, UV-Vis
spectroscopy, Raman spectroscopy, TGA, wettability, biode-
gradability, and flammability tests, were carried out to compre-
hensively evaluate the structural, thermal, surface, and
environmental properties of the Gr-coated fabrics.

2. Experimental
2.1. Gr-coating process

The flax fabrics (areal weight of 554 g m� 2) were coated using a
pad-dry-cure process according to the patented procedure
(WO2021260127A1). The coating was performed using a gra-
phene oxide (GO)/reducing agent-based ink developed by Graf-
ren, followed by drying through a rapid thermal annealing
system (JetFirst 100/150 furnace, Jipelec). Drying was carried
out under vacuum conditions (10� 3 Torr), and the drying time
was optimized to 2.5 min to ensure complete fabric dryness.

For the preparation of the coating formulation, commer-
cially available graphene oxide (GO) supplied as a paste with a
concentration of 20 wt% was used as the starting material. The
GO paste was dispersed in water to obtain a 1 wt% suspension
and ultrasonicated for 30 min to ensure homogeneous disper-
sion. The dispersion was then subjected to a proprietary GO
flake separation process developed and patented by Grafren AB
(WO2020260653A1), yielding GO flakes with an average lateral
size of 500 � 50 nm. These flakes were subsequently redis-
persed to obtain GO inks with concentrations ranging from
0.1 to 0.5 wt%.

The resulting Gr-treated flax fabrics were prepared with
different graphene (Gr) contents and were labeled UF, Gr-0.5,
Gr-1.5, Gr-2.5, and Gr-3. UF corresponds to the untreated native
flax fabric, whereas Gr-X denotes the flax textiles coated with
increasing Gr loadings.

2.2. Characterizations

2.2.1. Field emission scanning electron microscope (FE-
SEM).(FE-SEM) images were obtained with a Zeiss Gemini SEM
500 and Thermo Scientific Quanta 500 microscopes. The Gr-
coated fibers were observed without any sputtering treatment,
and observed in secondary electron mode at a tension of
2 kV.
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2.2.2. TGA. The thermal stability of the samples was
analysed using a TGA 400 thermogravimetric analyser
(PerkinElmer-USA) under Nitrogen flow. About 10 mg of the
fabric was placed on an alumina pan and heated from 30 to
850 1C at 10 1C min� 1 under N2 flow.

2.2.3. Contact angle.The contact angles were measured by
depositing a calibrated water droplet (20 mL) on a flat surface of
the fabric and photographing the images over time using a
Data physics OCA 20 analyser. The angle between the baseline
of the sample and the tangent at the drop boundary was
measured using a high-resolution CCD camera.

2.2.4. Disintegration under burial conditions. Disintegra-
tion tests under burial conditions were performed by placing
fabric samples (4 cm � 2 cm) at a depth of about 5 cm in soil
composed of vegetable compost, maintained at a temperature
of 58 1C. Water was sprayed once a week to sustain the moisture
of the compost. Samples were taken at different times and
photographed to visually track changes in the fabric over time.

2.2.5. Flammability. The flammability of the uncoated and
Gr-coated flax fabrics was evaluated using a vertical flame test.
Rectangular fabric samples were suspended vertically and
exposed to a standardized flame for a fixed duration of 32
seconds. Visual observations and digital imaging were used to
document the combustion process and residue morphology.

2.2.6. Vibrational spectroscopies. Fourier-transform infra-
red (FTIR) spectroscopy was carried out on a PerkinElmer
spectrometer in the 4000–400 cm� 1. Raman spectra were
recorded on a LabRAM analytical Raman using a He–Ne laser
source as the exciting radiation (l = 532 nm) and an air-cooled
CDD detector. The absorbance and reflectance spectra of the
samples were recorded in the wavelength range of 200 to
800 nm using a PerkinElmer UV-3600 spectrophotometer.

2.2.7. Conductivity measurements. The electrical conduc-
tivity of both untreated and Gr-coated flax fabrics was mea-
sured using a Novocontrol Broadband Dielectric Spectrometer
(BDS), equipped with an a analyzer and a Quarto temperature
controller. The WinDETA impedance analysis software was
used to record dielectric conductivity data.

2.2.8. Electrothermal characterization. The electrothermal
performance of the Gr-coated flax fabrics was evaluated using a
Joule heating setup. Rectangular fabric samples with dimen-
sions of 2 cm � 3 cm were connected to a DC power supply
using copper electrodes spacing of 2 cm attached at both ends
of the sample to ensure stable electrical contact. A range of
voltages (5–20 V) was applied, and the surface temperature
evolution was recorded using a Fluke infrared (IR) camera. The
IR images were used to visualize the heating uniformity across
the fabric surface during voltage application. The resistance of
each sample was also measured using a digital multimeter
prior to electrothermal testing, in order to correlate the con-
ductivity of the fabrics with their heating performance.

2.2.9. Photothermal characterization under solar irradia-
tion. The photothermal behavior of the Gr-coated fabrics was
assessed under direct natural sunlight, with ambient tempera-
tures ranging between 25 1C and 27 1C. During the measure-
ments, the solar irradiance ranged between 900 and 1000 W

m� 2, as measured using a solar power meter. The samples were
exposed to sunlight in an open environment, and their surface
temperature evolution was recorded in real time using a Fluke
infrared (IR) thermal camera (Fluke TiX580-UK).

2.2.10. Washability test protocol. Washability was evalu-
ated according to a modified ISO 6330 standard. Samples were
washed in a 0.5 wt% aqueous detergent solution at 40 1C for 20
min per cycle under gentle mechanical agitation. After washing,
the fabrics were rinsed thoroughly with deionized water and
air-dried at room temperature. Electrical and electrothermal
properties were measured after selected washing cycles to
assess functional durability.

2.2.11. Antibacterial tests. The antibacterial activity of the
fabrics was assessed by colony count method according to the
AATCC 100 using Escherichia coli (ATCC 25922). In brief, the
fabric cut in the form of 2 cm � 2 cm square pieces, was
irradiated with UV light on a sterile bench for 20 min to
eliminate any surface microorganism. Then, 50 mL of a bacterial
cell suspension (1 � 107 CFU mL� 1) was dropped onto the
fabric and spread on the surface. The fabric with the bacterial
solution was exposed to sunlight (spring season with outdoor
temperature of 20 1C for different time (0, 10, 20 and 40 min).
The control group was placed in a dark environment at the
same interval time. After the exposition, the fabric was trans-
ferred to a tube with 20 mL of phosphate-buffered saline (PBS),
and the sample was vortexed for 2 min to thoroughly remove
the bacteria from the fabric surface. A 50 mL aliquot of the
resulting eluent was diluted and dropped onto agar plates, and
the count of bacteria on each agar plate was registered after
incubation at 37 1C for 24 h (Each experimental group was
tested in triplicate using independent samples, and the results
were reported as the average of three measurements.) Bacterial
inhibition was calculated using the following equation,

Bacterial survival %ð Þ ¼
Nt

N0
� 100

where Nt, and N0 are the number of colonies after exposition
during a time t, and at initial.

3. Results and discussion
As outlined in the experimental section, the patented vacuum
infusion method used to coat flax fabrics with graphene (Gr)
offers several key advantages: it is simple to implement, relies
exclusively on water as a solvent, is readily scalable, and
ensures a uniform deposition of a thin graphene layer on the
textile surface. As illustrated in Fig. 1A, the coating process
results in a distinct black coloration of the fabric, while
preserving the physical integrity of the individual filaments.
In the following sections, a comprehensive characterization of
the coated fabric, encompassing morphological, spectroscopic,
thermal, and electrical analyses, is presented to elucidate the
impact of graphene immobilization on the properties of the flax
textile.
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3.1. Morphology of Gr-coated flax fiber fabric

The surface morphology of the Gr-coated flax fabrics was
examined using FE-SEM at different magnification levels
(Fig. 1B). The underlying flax fibers, with their distinctive
cylindrical and aligned structure, are visible at lower magnifi-
cation. For the Gr-0.5 sample, the Gr coating is present but
appears relatively thin and discontinuous, with the surface of
the fibers still predominantly visible. Gr starts to show up at
higher magnifications as thin, sheet-like lamellae lightly adher-
ing to the fiber surfaces. The fact that the Gr particles are
dispersed and not yet fully interconnected, indicating an initial
stage of coating.

In contrast, the Gr-2.5 sample shows a markedly different
morphology. The fibers appear more uniformly coated, and the
surface is significantly rougher, indicating a denser and more
continuous layer of Gr. At higher magnifications, localized
regions of wrinkled, sheet-like structures were also observed,

which can be ascribed to the stacking of Gr flakes on the
surface forming an interconnected in-plane network.

3.2. Spectroscopic characterization

Raman spectroscopy was used to confirm the presence of Gr on
the flax fiber fabric and to analyze its structural stability
following the coating process. The Raman spectra of the Gr-
coated flax fabrics are depicted in Fig. 2A. The obtained spectra
exhibit the characteristic D band, G band, and 2D band, which
are indicative of sp2 carbon materials. The first order G band,
centered around 1580 cm� 1 s is related to the CQC stretching
vibration of sp2-bonded carbon atoms, while the D band,
observed at about 1350 cm� 1, is associated with structural
defects or disorder in sp2 carbon. The 2D band, located around
2700 cm� 1, is a second-order overtone of the D band and
provides information on the number of graphene layers and
their stacking,31 by estimating the number of graphene layers is

Fig. 1 (A) SEM images of Gr-coated flax fiber fabrics at di�erent Gr loadings: untreated fabric (UF), Gr-0.5 and Gr-2.5. (B) Visual appearance of the Gr-
coated textile at di�erent content in Gr.
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the I2D/IG intensity ratio. For the Gr-coated flax fabric, I2D/IG was
determined to be approximately 0.23, which is significantly
lower than the values reported for monolayer (4 2) or bilayer
graphene (B 1).31 Such a low ratio, combined with the broad
and asymmetric shape of the 2D band, indicates the formation
of few-layer graphene rather than a monolayer structure. In
addition, the Raman spectrum of the uncoated flax fabric (UF)
was also analyzed for comparison. The UF sample exhibits a
distinct band at approximately 1115 cm� 1, which is attributed
to C–O and C–C stretching vibrations and is often considered
an indicator of cellulose structural features. Furthermore, the
region between 2800 and 3000 cm� 1 shows broad overlapping
bands corresponding to C–H and CH2 symmetric and asym-
metric stretching vibrations, characteristic of polysaccharide-
based natural fibers such as flax. These features are absent or
significantly attenuated/modified in the Gr-coated samples due
to the dominant contribution of the sp2 carbon network,
confirming the successful coverage of the fiber surface by
graphene.

The FTIR spectra of the Gr-coated flax fabrics (UF, Gr-0.5 and
Gr-3) are presented in Fig. 2(B and C). A broad band in the
range of 3600–3200 cm� 1 corresponds to the O–H stretching
vibrations of hydroxyl groups from cellulose, hemicellulose,
and adsorbed water.32 The absorption bands at B 2920 and

2850 cm� 1 are assigned to the asymmetric and symmetric C–H
stretching vibrations of aliphatic groups.33 Their increased
intensity in Gr-1.5 and Gr-3 suggests the incorporation of
aliphatic moieties into the fibers after the coating process. A
weak band in the 1700–1750 cm� 1 region, characteristic of
carbonyl (CQO) stretching, is absent in the untreated fabric
(UF) but appears after coating. This band likely originates from
additives employed either to stabilize the graphene oxide (GO)
precursor or formed during the reduction of GO to Gr. A
surfactant is a plausible candidate, given the emergence and
progressive intensification of CH2/CH3 bands in Gr-1.5 and Gr-
2.5. The absorption bands between 1200 and 1000 cm� 1,
arising from C–O–C and C–O stretching in cellulose, remain
unchanged in both position and intensity. The preservation of
their spectral positions and intensities indicates that the coat-
ing process does not alter the chemical structure of the cellu-
lose backbone, consistent with the mild conditions applied for
Gr immobilization on flax fibers.

FTIR spectra of the coated fabrics are dominated by the
vibrational modes of the flax fabric. No distinct graphene-related
bands are detected, which is expected for sp2 carbon: the in-plane
CQC stretching (G-band) is Raman-active and only weakly IR-
active, while any residual absorption near B 1580 cm� 1 is hidden
by the broad polysaccharide/lignin envelope.33

Fig. 2 (A) Raman spectra of Gr-coated flax fabrics. (B) and (C) FTIR spectra of Gr-coated flax fabrics. (D) UV-Vis absorption spectra of the fabrics
recorded from 230 to 800 nm. (E) Reflectance spectra of the fabrics in the 230�800 nm range.

Materials Advances Paper



UV-Vis spectroscopy was performed to investigate the optical
characteristics (Fig. 2D and E). The spectra reveal a broadband
absorption extending from the UV to the visible region (250–
800 nm), attributed to the p - p* electronic transitions of CQC
bonds in the sp2-hybridized carbon lattice and its conjugated
structure.34 This strong visible absorption explains the dar-
kened (gray/black) appearance of the fabric with increasing
graphene content. Moreover, the graphene coating markedly
reduces the light reflectivity of the fibers over the entire UV-
visible range. In contrast to untreated cotton, which strongly
reflects and scatters light due to its fibrous and porous struc-
ture, the graphene-coated textile exhibits lower reflectance as a
result of enhanced light absorption by the sp2 carbon network,
thereby improving the UV-blocking capability and confirming
the successful formation of a graphitic coating.

3.3. Wettability of Gr-coated fabric

The change in wettability of the flax fabric after graphene (Gr)
coating was evaluated by measuring the time-dependent water
contact angle (Fig. 3A). The untreated fabric exhibited a contact
angle of approximately 601, indicating moderate hydrophilicity.

This value is higher than that typically reported for pure
cellulose (r 40–451), which is highly hydrophilic due to the
abundance of surface hydroxyl groups. The increased contact
angle of flax is likely related to the presence of non-cellulosic
components such as lignin, waxes, and fats, which contribute
to surface hydrophobicity.35 Upon Gr coating, the water contact
angle increased markedly to values between 851 and 981,
depending on the Gr content, reaching 851, 931, and 971 for
Gr-0.5, Gr-1.5, and Gr-2.5, respectively, and the sample of Gr-3
display similar behaviour than Gr-2.5. Moreover, the contact
angle remained nearly constant over the entire measurement
period, even after 5 min (Fig. 3B), indicating a stable hydro-
phobic surface. This pronounced increase in contact angle
reflects a significant enhancement of the fabric’s hydrophobic
character, consistent with previous reports on Gr-coated
cotton.36

3.4. Thermal stability and Gr content

Thermogravimetric analysis (TGA) under a nitrogen atmo-
sphere was used to assess the thermal stability of the fabrics
and estimate the amount of immobilized graphene (Gr). This

Fig. 3 (A) Dynamic water contact angle on native flax fabric and Gr-coated fabric at di�erent Gr content. (B) Photos of the drop of water after 5 min od
depositing on the fabric. (C) TGA of native and Gr-coated fabric, and (D) magnification of the high temperature region.

Paper Materials Advances



© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

approach exploits the difference in thermal stability between
cellulosic fibers and Gr: while flax fibers undergo complete
degradation above 400 1C, Gr is highly thermally stable,
exhibiting minimal mass loss up to 800–900 1C. Therefore,
the char residue at 800 1C provides a semi-quantitative estimate
of Gr content, as previously reported for other Gr-coated
fibers.37

The TGA thermograms of the untreated fabric (UF) and Gr-
functionalized fabrics (Gr-F) at various loadings are shown in
Fig. 3C. All samples exhibited an initial mass loss of B 6%
between 60–130 1C, attributed to moisture evaporation. Nota-
bly, the presence of Gr did not significantly affect moisture
uptake, despite the reduced hydrophilicity observed in water
contact angle measurements, particularly for Gr-2.5 and Gr-3. A
second, more pronounced mass loss (4 60%) occurred between
280–400 1C, corresponding to the thermal degradation of
lignocellulosic components, including hemicellulose, lignin,
and cellulose. Gradual weight loss continued until stabilization
between 760 and 850 1C, depending on the Gr content, reflect-
ing decomposition of residual organic matter. The onset of the
final plateau occurred at B 760 1C for UF but shifted to higher
temperatures for Gr-F, starting around 800 1C for Gr-0.5, Gr-1.5,
and Gr-2.5, and 840 1C for Gr-3. Final char residues were 0.5%,
1.1%, 1.4%, 2.5%, and 3.3% for UF, Gr-0.5, Gr-1.5, Gr-2.5, and
Gr-3, respectively. Subtracting the char residue of UF from that
of Gr-F provides an estimate of Gr content of 0.6%, 0.9%, 2%,
and 3% for Gr-0.5, Gr-1.5, Gr-2.5, and Gr-3, respectively. These
results confirm that TGA under inert atmosphere is a reliable

semi-quantitative method for evaluating Gr content in coated
fibers and textiles.

3.5. Biodegradability aptitude

To assess the biodegradability of the Gr-coated textile, fabric
samples were buried in simulated soil (sand/compost) and
incubated at 58 1C. The changes in their appearance over time
were monitored. Fig. 4A shows the visual evolution of the UF,
Gr-0.5, Gr-1.5, and Gr-2.5 samples over a two-month period. As
expected, the native UF exhibited progressive disintegration,
with a gradual loss of structural integrity and complete degra-
dation after around 50 days. This behavior was expected, given
that UF is composed of naturally occurring flax fibers
composed of cellulose, hemicellulose, and lignin, all of which
are biodegradable. During the biodegradation process, the
polysaccharide structure of the flax fabric gradually breaks
down, leading to material fragmentation and mineralization.
Such process depends on several factors, including tempera-
ture, soil composition, humidity, and the material’s specific
surface area.38 In contrast, the Gr-coated fabrics showed no
significant signs of disintegration after 35 days of burial
exposure, maintaining their structural integrity throughout
the test period. Visible signs of degradation were first observed
after 56 days of burial. This suggests that the presence of the Gr
coating forms a protective barrier, limiting microbial access to
the underlying cellulose fibers and thus slowing down the
degradation process. Additionally, the hydrophobic nature of
Gr may reduce moisture absorption at the fiber surface, further

Fig. 4 (A) Evolution of the UF and Gr-F with burial times in the soil at 58 1C. (B) Vertical flammability test showing the flame spreading at di�erent times
for the UF and Gr-0.5 and Gr-2.5.
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restricting microbial activity and slowing the onset of
biodegradation.39

3.6. Flammability

The flammability behavior of both uncoated flax fabric and Gr-
coated flax fabric was evaluated under direct flame exposure.
The uncoated flax fabric exhibited rapid flame propagation,
with ignition occurring almost immediately upon exposure to

Fig. 5 (A) Electrical conductivity as a function of frequency. (B) Current versus voltage (I�V) characteristics.

Table 1 Electrical resistance of untreated and Gr-coated flax textiles

Sample Resistance (kO)

UF 247
Gr-0.5 16
Gr-1.5 3
Gr-2.5 1.2
Gr-3 0.8

Fig. 6 Infrared (IR) thermal images of the untreated and Gr-coated flax textiles under di�erent applied voltages (5, 10, 15 and 20 V).
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the flame, and complete flame spread taking place within
approximately 10 seconds. This rapid combustion highlights
the inherent high flammability of natural flax fibers, which are
primarily composed of cellulose, a material known for its high
combustibility.40,41

In the Gr-coated textiles, flame propagation was still
observed; however, the rate was markedly reduced relative to
the uncoated fabric. While complete flame spread occurred
within 13 s for the UF, this time increased to about 22 s for Gr-0.5
and 32 s for Gr-2.5. This retardancy likely acts as a partial physical
barrier, limiting oxygen access to the underlying fibers and
slowing their thermal degradation and flame spreading. In addi-
tion, the high thermal conductivity of graphene may facilitate
uniform heat distribution, reducing localized overheating and
thereby delaying the ignition of surrounding fibers. Despite these
effects, the graphene coating does not completely prevent com-
bustion but offers some degree of flame retardancy by modifying
the burning behavior and delaying the full flame spread.42,43

3.7. Electrical conductivity

The ability of a textile to function as an electrothermal heater is
governed by Joule’s law of heating. It refers to the conversion of

electrical energy into heat when an electric current passes
through a conductor.44 According to Joule’s law, the heat
generation (Q) is proportional to the square of the electrical
current (I), the electrical resistance (R), and the duration of
current flow (t), expressed as:

Q = I2Rt

On the other hand, the power (P) dissipated as heat in real-
time can be described by P = I2R or P = V2/R, where V is the
applied voltage. In this context, both electrical conductivity and
resistance constitute significant factors. Under safe operating
voltages, a suitable resistance level guarantees the efficient
conversion of electrical energy into heat, while high electrical
conductivity ensures effective charge transfer.45

The electrical conductivity of the fabrics is shown in Fig. 5A.
Untreated flax is inherently insulating, with a conductivity of
B 10� 10 S cm� 1. Incorporation of 3 wt% graphene (Gr)
increases conductivity dramatically to B 10� 8 S cm� 1, due to
the formation of percolated conductive pathways that enable
efficient electron transport via a percolation mechanism.46 In its
uncoated state, flax lacks sufficient conductive elements to

Fig. 7 (A) Diagram of measurement setup for Joule heating using an IR camera, (B) temperature versus time curves for graphene-coated fabrics with
di�erent graphene loadings at 20 V, (C) temperature versus time curves for Gr-3 under various applied voltages, (D) temperature variation of graphene-
coated fabric after multiple washing cycles.
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support charge transport, but after Gr coating, the fabric can
power a light-emitting diode (LED), demonstrating the establish-
ment of robust conductive networks. This conductivity enhance-
ment is accompanied by a marked decrease in electrical
resistance (Table 1), dropping from 247 kO for untreated fabric
to 0.8 kO for Gr-3, confirming the formation of effective electron
pathways. These results highlight the potential of Gr-coated
natural textiles for flexible, conductive applications in wearable
electronics.

3.8. Electrothermal performance and Joule heating behavior

The electrothermal or joule-heating performance of the fabrics
was evaluated under various applied voltages using a DC power
supply, with temperature evolution recorded by an infrared (IR)
thermal camera (Fig. 7A). Both the IR images (Fig. 6) and the
temperature–time curves (Fig. 7B and C) reveal a strong corre-
lation between graphene (Gr) content, applied voltage, and
heating efficiency. Untreated flax showed no significant tem-
perature increase, confirming its insulating nature. In contrast,
Gr-coated fabrics exhibited a rapid, voltage-dependent rise in
surface temperature, reflecting the formation of conductive
networks that enable efficient electron transport and Joule
heating.47,48 Maximum temperatures were reached within
B 20 s, with IR images demonstrating uniform heating across

the fabric surface. Increasing Gr content reduced electrical
resistance, allowing greater current flow and enhanced Joule
heating. Under 20 V, maximum surface temperatures reached
182 1C, 140 1C, and 60 1C for Gr-3, Gr-2.5, and Gr-1.5, respec-
tively, while Gr-0.5 and UF remained near 25 1C. This trend
aligns with Gr content, indicating that both the amount and
distribution of Gr platelets along the fibers influence electro-
thermal performance. Minor differences in Gr loading between
samples were reflected in the magnitude of the temperature
rise, suggesting that even small variations in conductive path-
way formation can significantly impact heating efficiency. We
limited the maximum voltage to 20 V to remain below the safety
threshold for human contact, which is less than 30 V. It is
worth mentioning that the maximum temperature achieved
under the applied voltage is among the highest reported so far
for graphene-coated (Gr-coated) textiles or fabrics (Table 2),
demonstrating that the coating strategy adopted for the gra-
phene coating of flax fabric is highly effective and well opti-
mized. A video showing the evolution of the temperature vs.
time of the fabric Gr-2.5 under 20 V tension is reported in the
following for sake of illustration.

3.9. E�ect of washability on electrothermal stability

To evaluate the stability of the Joule heating performance, the Gr-
coated textiles were subjected to washing treatments and their
electrothermal response was subsequently measured. Washability
tests performed on Gr-1.5, Gr-2.5, and Gr-3 fabrics (Fig. 7D)
revealed a decrease in the maximum surface temperature after
multiple washing cycles, with the extent of degradation strongly
dependent on the Gr content. The Gr-3 sample retained most of
its electrothermal efficiency, showing only a moderate tempera-
ture reduction, owing to its higher Gr loading that forms a robust
and well-interconnected conductive network. Even when partial
removal of Gr flakes occurs, this network remains sufficiently
continuous to sustain effective Joule heating. In contrast, Gr-1.5
and Gr-2.5 exhibited more pronounced temperature losses, as

Fig. 8 (A) Temperature evolution over time under solar exposition for the uncoated and Gr-coated flax fabrics. (B) Corresponding IR thermal images
captured after 1 minute of light exposure for each fabric (outdoor temperature = 25�27 1C).

Table 2 Comparison of the electrothermal performance of the present
Gr-coated flax fabric with previously reported Gr-based textile heaters

Conductive material
Gr amount
(%)

Temperature
(1C)

Voltage
(V) Ref.

Gr/waterborne Polyurethane 16 71.3 50 28
Gr/PVDF-HFP 16 124 50 49
Gr/WPU/polyethylene
terephthalate

8 118.2 20 29

Gr/cotton 5 70 20 30
Few-layer Gr/cotton 6 83 22 50
Gr/flax fabric 3 182 20 This

work
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their conductive pathways are closer to the percolation threshold
and are more susceptible to disruption by mechanical stresses
during washing.51 These results highlight the critical role of
adequate Gr loading and strong Gr–fabric adhesion in preserving
electrothermal performance under repeated use.

3.10. Photothermal response

The photothermal behavior of the fabrics was evaluated by
monitoring their temperature evolution under natural sunlight
exposure in Sfax-Tunisia (spring, May), with an outdoor tem-
perature of 25–27 1C. Fig. 8 presents the temperature-time

profiles of untreated and graphene (Gr)-coated flax fabrics,
together with corresponding infrared (IR) thermal images
recorded during exposition to sunlight.

Gr-coated textiles exhibited a pronounced light-to-heat con-
version capability, as evidenced by a rapid increase in surface
temperature within the first minute of exposure. For Gr-2.5 and
Gr-3, the temperature rose sharply and stabilized within
approximately 5 min, reaching plateau values between 65 and
70 1C, depending on Gr content. The highest temperature
(B 70 1C) was achieved for both Gr-2.5 and Gr-3 samples.
In contrast, the untreated flax fabric showed negligible

Fig. 9 (A) Bacterial colonies of E. coli that were detached from fabrics exposed to sunlight at di�erent time. (B) The corresponding survival rate after
di�erent time of exposition to sunlight.
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