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We present flexible textile triboelectric nanogenerators by electro-
nically dyeing polyester with two-dimensional tungsten disulfide
(2D WS,), thereby enhancing its triboelectric properties when
paired with nylon. Drop casting, immersion, and spray coating
were evaluated, demonstrating their effectiveness in tailoring the
fabric's triboelectric properties, showcasing 2D WS,’s potential for
self-powered sensors and energy-harvesting applications.

Textile-integrated  triboelectric ~ nanogenerators  (textile-
TENGs)' ™ have gained attention as promising energy-harvest-
ing and self-powered-sensor systems capable of converting
mechanical energy from activities like human motion into
usable electricity. Their integration with textiles offers versati-
lity, making them ideal for wearable energy and sensing
applications.®*? Scalability and compatibility with textile man-
ufacturing pose significant challenges for the large-scale
implementation of textile-TENGs. These challenges primarily
arise from the use of polymeric triboelectric materials, such as
polydimethylsiloxane (PDMS)"*'* and polytetrafluoroethylene
(PTFE),**'*> which often require fabrication techniques, such
as spin coating, dip coating, or layer-by-layer assembly. These
methods are less commonly used in textile manufacturing,
further complicating their integration into established pro-
duction processes. To address these limitations, novel
approaches are required to tailor the triboelectric properties of
textile fabrics for TENG applications.

Among various materials for TENGs, 2D materials such
as graphene,'®?” MoS,,**7° MoSe,,*'* and Ws,,**® stand
out due to their flexibility, stretchability, and washability. 2D
WS, offers a range of advantages®*™*® such as low cost, low tox-
icity, and structural tunability, along with high surface charge
density and mechanical flexibility, both crucial for efficient
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energy conversion. As a semiconductor, it exhibits the requi-
site electronic behaviour for generating and transferring
charge in TENGs. Furthermore, with its composition based on
tungsten and sulphur rather than other elements found in
related materials within the same family,*® 2D WS, offers
enhanced stability and performance. Its chemical stability and
low friction coefficient are promising for long-term durability
and efficient operation during repeated mechanical defor-
mation. These characteristics*®*® make 2D WS, an excellent
candidate for enhancing the triboelectric properties of textiles,
outperforming other 2D materials in many aspects.

Here, we introduce the concept of using 2D WS, as an elec-
tronic dye to enhance the performance of textile fabrics in
TENGSs. By applying a nanoscale 2D WS, coating on polyester
fabrics, we effectively modify its triboelectric properties,
enabling precise control over the fabric’s position in the tribo-
electric series, leveraging 2D WS,’s electronic properties. This
method preserves the fabric’s inherent flexibility while also
providing an eco-friendly and scalable processing solution by
using green solvents such as water and isopropanol. To apply
2D WS, on the polyester fabric, we employed three textile
dyeing methods—drop casting, immersion coating, and ultra-
sonic spray coating—with spray coating yielding the best per-
formance. These coating techniques offer versatile, scalable
methods for incorporating 2D materials into various pro-
duction stages, from fibres to garments, without compromis-
ing the textile characteristics.'®**>® We present a flexible
single-electrode textile-TENG by integrating 2D WS,-coated
polyester with nylon fabric as the triboelectric pair coupled to
a copper electrode. Comprehensive testing of the 2D WS,-
coated polyester was conducted using various counter tribo-
electric materials [Kapton, nitrile, polyester, meta-aramid,
paper, rubber, polyethylene terephthalate (PET), polyvinyl
chloride (PVC), and nylon] to evaluate device performance on
flat textile substrates. We also conducted bending tests with
varying radii to evaluate the flexibility of TENGs. Notably, the
spray-coated TENGs show minimal performance change after
bending, outperforming drop casting and immersion methods
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in flexibility. These devices also adapted well to different
bending radii. Our study paves the way for cost-effective, self-
powered textile sensors and highlights the transformative
potential of 2D material-based electronic dyeing in advancing
next-generation energy-harvesting and sensing textiles.

The exfoliation of 2D WS, was performed using a Silverson
L5M high-shear mixer following a procedure similar to that
demonstrated for graphene exfoliation.*® Specifically, 0.25 g of
bulk WS, powder (Sigma-Aldrich, 2 mm, 99%) was dispersed
in a solvent mixture of 75 mL of isopropanol (IPA) and 225 mL
of deionized water at a 1 : 3 ratio. The mixture was processed at
a rotation speed of 7000 rpm for 2 hours with the high-shear
mixer. X-ray diffraction and Raman spectroscopy were
employed to confirm the 2D nature of the exfoliated 2D WS,,
with detailed results shown in Fig. S1 in the ESI.}

We employed three methods to deposit 2D WS, layers onto
polyester textile fabrics (M-09305-A01, 0.32 mm thickness,
269 gsm, Heathcoat Fabrics Ltd): drop casting, immersion,
and spray coating. The drop casting method, illustrated in
Fig. 1(a), involved applying successive increments of 0.15 mL

Immersion

Fig. 1 Diagrams of the 3 deposition techniques used: drop casting (a),
immersion coating (b), and spray coating (c). Surface morphology and
topography of the polyester fabric coated with 2D WS, characterised
using a 3D light microscope for drop casting (d), immersion coating (e),
and spray coating (f) at 200 pm scale. (g)—(r) Corresponding SEM
images from 100 pm to 20 pm. (d), (g), (j). (m) and (p) are for the
optimal drop casting of 4 layers. The illustrations in (a), (b) and (c) were
generated by using Bing Al.
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of 2D WS, suspension onto the textile surface, followed by
drying inside an oven at 100 °C for 1 h between each layer
deposition. To optimize the layer thickness, one (0.15 mL) to
twenty (3 mL) successive layers were applied and their per-
formance was evaluated within a TENG device.

TENG testing demonstrated that a four-layer thickness deli-
vered superior performance compared to other configurations
(Fig. S6 in the ESIf). For immersion coating, illustrated in
Fig. 1(b), the textile substrate was submerged in a volume of
suspension ranging from 0.75 mL to 3 mL placed in a 6 cm
diameter glass Petri dish. The setup was heated to 70 °C until
the liquid completely evaporated. TENG testing for the immer-
sion method showed that a 0.75 mL suspension provided
better performance than the other configurations (Fig. S7 in
the ESIt). Spray coating, illustrated in Fig. 1(c), was performed
using a Sono-Tek ExactaCoat system with an ultrasonic nozzle
(48 kHz) to ensure the uniform dispersion of 2D WS,. The 2D
WS, dispersion (1.8 mL and 3 mL) was sprayed at an air
pressure of 6.5 bar and a flow rate of 0.7 mL min™" onto the
textile substrate placed on a 120 °C hot plate for rapid solvent
evaporation. TENG testing for the spray method revealed that a
3 mL suspension resulted in the optimal performance (Fig. S8
in the ESI{).

The surface morphology and topography of the fabric, both
before and after 2D WS, coating using the three methods, were
characterized using a 3D light digital microscope (VHX-7000
series, 4K high-precision) and a scanning electron microscope
(TESCAN VEGA3 SEM). Fig. 1(d)—(f) present the 3D microscopy
images of textiles coated using drop casting, immersion
coating and spray coating techniques, respectively, for a scale
of 200 pm.

Fig. 1(g)-(i) show the corresponding SEM images on a
100 pm scale, while Fig. 1(j)-(1) show those on a 50 um scale
and Fig. 1(m)-(o) show those on a 20 pm scale. The images are
for the optimal deposition for each method. Additional
images, ranging from 1 mm to 10 pm and covering various
layer thicknesses as well as the fabric surface before coating,
are shown in Fig. S2-S4 in the ESL.} These studies reveal a con-
formal coating over the texture of textile yarns extending from
fabric weaves down to the individual fibre level for all 2D WS,
coatings applied using the three techniques. For optimal depo-
sition—achieving the highest TENG output when the 2D WS,-
coated polyester is paired with a textile counter-triboelectric
layer—the spray coating method provides the most uniform
coverage at the fibre level. In comparison, other methods yield
only partial fibre coating, with immersion offering slightly
better coverage than drop casting. Cross-sectional SEM images
for all three deposition methods are shown in Fig. 1(p)-(r),
obtained by digital zooming in the low-magnification SEM
images at 100 um. From these images, we estimated the 2D
WS, coating thickness to be below pum, with comparable
average thickness across all deposition methods. However,
coating uniformity varies significantly. The ultrasonic spray
technique achieved the most consistent coverage, uniformly
coating surface fibres, whereas other methods resulted in flake
agglomerations primarily on the top of the fibres. We note that

Nanoscale, 2025, 17, 12080-12086 | 12081
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higher magnification imaging for precise thickness measure-
ment was hindered by charging effects due to the non-conduc-
tive fabric substrate.

Fig. 2(a) illustrates the flexible textile-TENG used in this
study, operating in a single-electrode configuration. As shown
in Fig. 2(b), the device (with an area of 1.5 cm x 2.5 cm) inte-
grates a 2D WS,-coated polyester fabric as one of the triboelec-
tric layers, fabricated using the three methods illustrated in
Fig. 1, paired with nylon as the triboelectric counterpart and
back-coated with copper as the electrode.

The TENGs were characterised in contact-separation mode
using a setup based on Dharmasena et al.’® comprising a hori-
zontal stage with a moving side and a fixed side, as shown in
Fig. S5 in the ESL.¥ The open-circuit voltage (V,.) and short-
circuit current (I;.) generated by the TENG devices were
recorded using a Keithley 6514 at a contact separation fre-
quency of 1 Hz and are shown in Fig. 2(c-h) for the three depo-
sition methods of 2D WS,. The TENG’s output parameters
were monitored during the contact and separation processes
of the 2D WS,-coated polyester and nylon fabrics. This inter-
action generates positively and negatively charged surfaces due
to charge transfer between the two fabrics. In separated mode,
a spatial gap between the layers facilitates electron flow from
the ground to the nylon coupled to the electrode under the
influence of triboelectric potential, while in contact mode, the
electrons return to the ground. These results demonstrate that
the integration of spray-coated 2D WS, into TENGs results in
superior voltage and current output (Fig. 2(g) and (h)), outper-
forming both the drop casting (Fig. 2(c) and (d)) and immer-
sion (Fig. 2(e) and (f)) methods, highlighting the enhanced
TENG performance achieved with spray coating.
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Fig. 2 (a) Schematic of the flexible textile-based triboelectric nanogen-

erator, working in a single-electrode configuration, fabricated using 2D
WS, coated onto the polyester fabric as a triboelectric layer, with nylon
serving as the counter triboelectric pair and copper acting (Cu) as an
electrode. (b) Photographs of the parts of the TENG device with an area
of 1.5 cm x 2.5 cm. Open-circuit voltage (V,c) and short-circuit current
(Isc) vs. time for 2D WS, coated via drop casting (c) and (d), respectively.
Voc and Is. for 2D WS, coated via immersion (e) and (f), respectively. Vo
and I, for 2D WS, coated via spray (g) and (h), respectively.
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Nylon was selected as the triboelectric pair for polyester
coated with 2D WS, due to its textile nature, aligning with the
goal of developing textile-TENGs. At the same time, an optimi-
sation study was carried out to investigate various counter tri-
boelectric materials, evaluating their performance when com-
bined with both uncoated polyester and polyester coated with
2D WS, layers (prepared by drop casting, immersion, and
spray coating) to determine the most effective combination for
enhanced TENG performance. This selection process aimed
not only to enhance TENG performance but also to ensure that
the output voltages are compatible with integration into micro-
controller systems for future wireless data collection. By care-
fully choosing materials with suitable triboelectric properties,
we optimised the voltage output, facilitating the potential for
self-powered sensing applications in wearable technology and
smart textiles. As shown in Fig. 3, each of the uncoated poly-
ester (Fig. 3a) and polyester coated with 2D WS, layers pre-
pared by drop casting (Fig. 3b), immersion (Fig. 3c), and spray
coating (Fig. 3d) was systematically tested with a range of
materials (Kapton, PVC, nitrile, polyester, meta-aramid, paper,
rubber, PET, and nylon) under consistent conditions to estab-
lish the triboelectric series. The triboelectric series established
using the short-circuit current data is shown in Fig. S9 in the
ESI.} Our data show that the 2D WS,-coated polyester obtained
by immersion/drop-casting paired with paper or PVC generates
a higher electrical output than the spray-coated 2D WS, poly-
ester paired with nylon due to greater differences in their elec-
tron affinity, as indicated by their relative positions in the tri-
boelectric series. Materials with larger electron affinity differ-
ences exhibit enhanced charge transfer, leading to increased
triboelectric TENG performance. However, since our study

focuses on textile-based triboelectric pairs, non-textile
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Fig. 3 Triboelectric series based on open-circuit voltage measure-
ments over time for different triboelectric layers of TENGs tested with
(@) uncoated polyester, (b) polyester coated with 2D WS, via drop
casting, (c) polyester coated with 2D WS, via immersion, and (d) poly-
ester coated with 2D WS; via spray.
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materials like paper and PVC were not considered for further
applications. Additionally, we observed that while the immer-
sion/drop-cast 2D WS, polyester paired with nylon produced a
lower electrical output than the spray-coated counterpart, the
spray-coated 2D WS, polyester with nylon demonstrated
improved performance, making it the preferred choice for
textile-integrated TENG applications. This configuration pro-
duced an open-circuit voltage of approximately 1.8 V.

The position of uncoated polyester in the triboelectric
series—between nitrile (less electropositive) and meta-aramid
(more electropositive)—reflects its balanced triboelectric pro-
perties, indicating its relative tendency to donate or accept
electrons when in contact with other materials, Fig. 3(a).
Specifically, polyester having a moderate electron affinity com-
pared to the other materials is less likely to donate electrons
than nitrile but more likely than meta-aramid, paper, and
rubber. Thus, pairing polyester with materials lower in the
series such as nylon maximizes its ability to donate electrons.
The data in Fig. 3(b and c) reflect the relative positions of the
2D WS,-coated polyester in the triboelectric series depending
on the coating method, highlighting how the coating tech-
nique influences the triboelectric properties.

Polyester coated with 2D WS, via drop casting appears near
the electropositive end (closer to rubber), suggesting a shift
toward weaker electron affinity compared to uncoated poly-
ester. The series shows significant rearrangement, with the 2D
WS,-coated polyester positioned closer to the electropositive
end, near meta-aramid and rubber. Materials such as Kapton
and PVC shift towards the middle, reflecting the altered inter-
actions due to the presence of 2D WS,. The partial coverage of
drop casting partially exposes the underlying polyester, contri-
buting to this intermediate position. The coating seems to
reduce the electron-donating capacity of polyester, which is
consistent with the drop casting method creating only partial
2D WS, coverage (Fig. 1g).

For the 2D WS,-coated polyester obtained via immersion, a
similar rearrangement occurs, but it shifts slightly further
toward the electropositive end compared to the 2D WS,-coated
polyester obtained via drop casting. This method positions
Kapton, PET, and nylon closer together in the middle of the
series. This is consistent with the immersion coating providing
more uniform coverage than drop casting (Fig. 1h), enhancing
the triboelectric properties but maintaining the trend of 2D
WS, reducing polyester’s electron affinity.

For the 2D WS,-coated polyester obtained via spray coating,
the series shows a pronounced shift, and it moves near the
electropositive extreme, beyond meta-aramid and close to
Kapton and rubber. Nylon, PET, and PVC cluster at the oppo-
site end, highlighting a clearer separation of materials with
different triboelectric affinities. This is again consistent with
spray coating, ensuring the most consistent and complete 2D
WS, coverage, maximizing its influence on the triboelectric
interactions (Fig. 1i).

These results demonstrate that the introduction of 2D WS,
and the chosen coating method significantly rearrange the tri-
boelectric series. The shifts are not limited to polyester; other

This journal is © The Royal Society of Chemistry 2025
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materials also adjust their relative positions based on their
interactions with the coated surface. Spray coating emerges as
the most effective method for enhancing the triboelectric pro-
perties, as it produces a uniform 2D WS, layer that strongly
influences the series, driving the 2D WS,-coated polyester to
the electropositive extreme and redefining the distribution of
other materials. This variability highlights the importance of
coating techniques in optimising TENG performance.

The data in Fig. 3 also revealed that 2D WS, consistently
exhibited strong electron-donating properties, making it an
effective triboelectric material for self-powered sensing appli-
cations when paired with electron-accepting materials like
nylon, paper, PET and PVC. On the other hand, 2D WS, exhibi-
ted electron-accepting properties when paired with electron-
donating materials like rubber. On the triboelectric series, 2D
WS, was positioned between Kapton and meta-aramid, indicat-
ing its intermediate electron affinity. This suggests that 2D
WS, can serve as a versatile triboelectric layer, offering tune-
able performance when paired with materials of higher or
lower positions on the series, thus enhancing the design flexi-
bility of TENG systems.

The TENGs based on 2D WS,-coated polyester produced via
the 3 methods were further evaluated for their properties
under flat and bent conditions for a fixed bending radius of
5 mm. The results are shown in Fig. 4, showing the perform-
ance of the 2D WS,-coated polyester obtained via immersion
and drop-casting paired with PVC, as well as the 2D WS, spray-
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Fig. 4 Open-circuit voltage and short-circuit current of TENG devices

in the flat position and after bending 5 mm with the 2D WS, device pre-

pared by immersion (a and d), drop casting (b and e), and spray coating

(c and f). The counter triboelectric layer is PVC for drop casting and

immersion and nylon for spray coating.
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coated polyester paired with nylon, the optimal triboelectric
pairing. The measurements for the 2D WS, spray-coated poly-
ester paired with PVC under flat and bent conditions are
shown in Fig. S10 in the ESL.{

The results revealed limited flexibility and stability for
immersion and drop casting with a significant reduction in
performance, as the output response drop ped by half under
bending compared to their flat configuration. In contrast, the
TENGs based on the 2D WS,-coated polyester produced via
spray coating demonstrated superior flexibility and stability.
Only minor variations in the output voltage and short-circuit
current were observed between the flat and bent states,
demonstrating the robustness of spray coating.

To further investigate 2D WS,’s flexibility and its capacity to
withstand textile distortion, bending tests with various
bending radii were conducted. Cylinders corresponding to
various bending radii were utilised as supports (Fig. 5a and b)
for each sample, ranging from no bending to 50 mm, with
measurements taken before and after bending. Fig. 5 shows
the performance dependence on the bending radius for the 2D
WS,-coated polyester obtained via immersion and drop-casting
paired with PVC, as well as for the 2D WS, spray-coated poly-
ester paired with nylon. For comparison, the performance of
the 2D WS, spray-coated polyester paired with PVC under both
flat and bent conditions is presented in Fig. S11 in the ESL}
Notably the device prepared by the spray coating method
exhibited an unchanged behaviour in both the output voltage
and short-circuit current. In contrast, significant alterations in
behaviour were observed in the drop casting and immersion
coating methods.

The bending test results overall highlight the advantages of
the spray coating method for 2D WS,-coated textiles, particu-
larly in terms of flexibility and mechanical stability. While
devices prepared via immersion and drop casting experienced
a reduction in performance under bending, they still demon-
strated functional capabilities. In contrast, TENGs based on
the 2D WS,-coated polyester produced via spray coating
showed superior performance with only minor variations in
the output voltage and short-circuit current between the flat
and bent states. These findings demonstrate the robustness of
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Fig. 5 Summary of measurements after bending tests with varying
bending radii, ranging from no bending to 50 mm, for the samples pro-
duced by the three different deposition methods. Panel (a) shows the
peak-to-peak short-circuit current (/,;) and panel (b) shows the open-
circuit voltage. The counter triboelectric layer is PVC for drop casting
and immersion and nylon for spray coating.
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the spray coating method, making it particularly suitable for
applications requiring frequent mechanical deformation, such
as wearable and flexible devices, while immersion and drop
casting remain viable options for less mechanically demand-
ing applications.

The enhanced flexibility of the spray-coated samples can be
attributed to the uniformity of the coating, as confirmed by
SEM analysis and supported by the water contact angle and
surface energy measurements shown in Fig. 6. Water adhesion
energy (W,) and surface free energy (y,) were calculated using
Young-Dupré equations: W, = y,(1 + cosf) and y, = y./4(1 +
cos ), where 6 is the contact angle at equilibrium and y,, is
the water surface energy (73 mJ m~>). The SEM images in
Fig. 1 show that the spray deposition method results in a more
continuous and conformal coating that evenly covers the fibre
surfaces, whereas drop casting and immersion lead to some
agglomerations and uneven coverage of the fibre surface. The
more uniform distribution in the spray-coated samples mini-
mises localized stress points that could otherwise cause crack-
ing and delamination during mechanical deformation, enhan-
cing the mechanical stability of the coating. Furthermore, the
significantly higher water contact angle of 135° for the spray-
coated samples corresponds to a much lower surface free
energy (1.6 mJ m~>) and water adhesion energy (21.4 mJ m™2),
indicating a more complete and hydrophobic coverage of the
2D WS, material. In contrast, drop-casting (20°) and immer-
sion (35°) exhibit much higher surface free energies (68.7 mJ
m™> and 60.4 m] m > respectively) and correspondingly
higher adhesion energies (141.6 mJ m™> and 132.8 m] m™2),
suggesting stronger interactions with water and a less uniform
coating. The uncoated polyester surface (25° contact angle)
also shows a relatively high surface free energy (66.3 mJ m?)
and adhesion energy (139.2 mJ m~?), further emphasizing the
distinct hydrophobic nature of the spray-coated layer. A lower
surface free energy reduces interfacial stress accumulation and
improves the coating’s ability to deform without cracking, as it
decreases strong intermolecular interactions that could lead to
mechanical failure under strain. Additionally, the hydrophobic
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Fig. 6 Photographs of the water contact angle for polyester (a) and
polyester coated with 2D WS, by drop casting (b), immersion (c), and
spray coating (d). The wettability measurement was carried out using a
goniometer and the contact angle (e) was analysed using an online
screen protractor. (f) Surface free energies and water adhesion energies
for the different samples.
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nature of the spray-coated layer prevents moisture absorption,
which could otherwise alter the coating’s mechanical pro-
perties and lead to premature degradation. Furthermore, the
water absorption behaviour of uncoated polyester, where the
droplet is fully absorbed within 30 seconds (Fig. 6a), contrasts
sharply with the 2D WS,-coated polyester, where the droplet
remains stable on the surface for all coating methods (Fig. 6b-
d). This indicates a significant shift from a hydrophilic to a
hydrophobic surface, as confirmed by the lower surface free
energy of the coated samples. This combination of a uniform
morphology, a lower surface free energy, and a reduced
adhesion energy contributes to greater mechanical flexibility,
allowing the spray-coated samples to withstand repeated
bending without significant loss of performance, ensuring
durability.

Conclusions

This study focuses on leveraging 2D WS, as a triboelectric
layer in textile TENGs, aiming to combine eco-friendly
materials with scalable manufacturing approaches for advan-
cing wearable self-powered sensing solutions. In this work, we
introduce the concept of electronic dyeing, referring to the
process of applying materials with desirable electronic pro-
perties—such as 2D WS,—onto textile fabrics to enhance their
functional characteristics. Inspired by conventional textile
dyeing processes, electronic dyeing modifies surface properties
such as triboelectric performance rather than colour. We
explored various deposition methods, including ultrasonic
spray coating, drop casting, and immersion techniques, to
integrate liquid-phase-exfoliated 2D WS, into textile fabrics.
These methods allow for the seamless incorporation of 2D
WS, while maintaining the flexibility and wearability of tex-
tiles, enhancing their triboelectric properties. Among the
approaches, spray coating demonstrated superior uniformity
and mechanical stability, making it particularly effective for
flexible applications. Our investigation highlights cost-effective
and straightforward approaches for manufacturing 2D WS, on
fabrics while emphasizing the exceptional suitability of 2D
WS, as a triboelectric layer. The results demonstrate the sig-
nificant potential of 2D WS,-based TENGs for use in flexible
and wearable technologies, providing a robust foundation for
advancing self-powered sensing and energy-harvesting appli-
cations using 2D WS, nanostructures.
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