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In this work, we report the development of novel tungsten disulfide nanocomposites with
optical and electrical properties suitable for stereolithography (SL). The dispersion of
WS, nanosheets (WS,-2D) after exfoliation via liquid-phase in DMF could be directly
incorporated into commercial photopolymer resins, which allowed the successful printing
of WS,-2D nanocomposites with different degrees of complexity. The manufactured
nanocomposites, with measured WS,-2D ultra-low concentrations in the range of 0.001
to 0.005 wt.%, imparted a green coloration and red fluorescence to the printed parts while
maintaining their transparency due to the nanometric size and good exfoliation of the
filler. Interestingly, the electrical resistivity of the nanocomposites decreased by eight
orders of magnitude compared to the pristine resin, reaching values in the semiconductive
range. These findings highlight the potential of WS,-2D nanocomposites for the additive
manufacturing of functional components with applications in areas such as plasmonic,

photonics, and electronics.

KEYWORDS: Additive manufacturing, nanocomposites, transition metal

dichalcogenides, tungsten disulfide, functional materials.
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INTRODUCTION o 0 0BT
Over the past decade, two-dimensional (2D) materials have attracted renewed attention
due to their exceptional properties derived from their ultrafine atomic structure. Although
graphene pioneered this field and remains the most studied thanks to its high electrical
conductivity, mechanical strength, and flexibility, other 2D materials have since emerged,
offering complementary features that expand the range of potential applications!. Among
these, transition metal dichalcogenides (TMDs), MX,-type compounds consisting of
hexagonal layers of transition metal atoms (M), such as tungsten or molybdenum,
sandwiched between two layers of chalcogen atoms (X), such as sulfur, selenium, or
tellurium, stand out for their semiconducting, plasmonic, photonic, and catalytic
properties®3. Unlike graphene, many TMDs exhibit a transition from an indirect band gap
in their bulk form to a direct band gap when thinned down to monolayers, significantly
enhancing their efficiency in light absorption and emission. This makes monolayer TMDs
ideal candidates for optoelectronic devices, high-efficiency transistors, chemical sensors,
and electrochemical catalysis*’. Tungsten disulfide (WS,) is particularly promising due
to its chemical stability, high charge carrier mobility, and strong light-matter interactions,
positioning it as a key material in emerging fields such as flexible nanoelectronics and
photonics®-1°,

In addition to its conventional electronic and optical properties, WS, nanosheets (WS,-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2D) exhibits notable plasmonic properties when arranged in nanoscale structures. These
plasmonic effects arise from the collective resonance of free electrons induced by the

light interaction, enabling WS, to manipulate light at subwavelength scales. This

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

facilitates optical signals amplification and improves efficiency in photonic and

(cc)

optoelectronic applications!!:'2. Exploiting these properties brings new opportunities for
the development of ultrasensitive sensors, integrated photonic devices, and materials with
selective light absorption capabilities, aspects that are particularly relevant in the
engineering of functional nanocomposites.

Beyond its use in electronics and photonics, the incorporation of WS,-2D into polymer
matrices for the manufacture of nanocomposites has emerged as a promising approach to
enhance the functional properties of conventional polymers. The addition of 2D
nanomaterials can confer novel functionalities thereby expanding the range of possible
applications!3-15,  Within this context, additive manufacturing (AM) and, more
specifically, photopolymerization-based 3D printing techniques like stereolithography

(SL), has become an advanced method that enables the rapid and precise fabrication of
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complex parts with high surface resolution'®!8, The basic principle of the progess is. e
solidify a photocurable resin by using a UV laser source to build up the entire object layer
by layer.

Despite their advantages, conventional resins for SL typically exhibit limited damage
tolerance and intrinsically insulating behavior, which together constrain their use in
structurally demanding or functional components. In this context, polymer
nanocomposites incorporating functional fillers have emerged as a promising route to
overcome these limitations and endow 3D-printed parts with enhanced mechanical
performance and tailored electrical properties'®2!. Therefore, the incorporation of
nanomaterials, such as WS,-2D, into these resins offers a pathway to develop
nanocomposites with improved structural and functional properties. Tal et al.>? reported
the incorporation of WS,-2D into acrylate resins for SL, showing enhanced
photopolymerization rates and significant mechanical reinforcement of the printed parts,
thus evidencing the suitability of these nanomaterials as additives in photocurable
systems. However, their work was limited to structural aspects (curing kinetics and
mechanical performance) and did not explore potential optoelectronic functionalities.
However, the optical and electronic capabilities of WS,-2D have been widely
demonstrated in composites fabricated by other processing routes, where they have
attracted considerable interest for optoelectronic applications?*~23. Despite this, studies
addressing the integration of WS,-2D into SL resins remain scarce, highlighting the need
for optimized dispersion approaches and systematic evaluation of functional properties in
WS,-based SL nanocomposites.

Building on this gap, we propose in the present paper a method to fabricate WS,-2D
nanocomposites with enhanced optical and electrical properties, using SL Specifically,
we investigate the role of DMF in the liquid-phase exfoliation of commercial WS, at
different concentrations and compare it with direct exfoliation within the SL acrylic resin.
This approach allows us to assess how WS,-2D concentration, dispersion quality, and
solvent presence influence both the printing process and the resulting functional
performance. Notably, the incorporation of WS,-2D enables tunable electrical resistivity
(down to 107 Q-cm) together with photoluminescent behavior in the printed parts, thereby

addressing a current gap in the development of functional 3D-printed nanocomposites.
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MATERIALS AND METHODS DOI: 10.1039/DEMAOD134C
Materials. WS,  microparticles were  purchased from  Sigma-Aldrich.
Dimethylformamide (DMF) was purchased from Scharlab. Clear standard photopolymer

resin for vat photopolymerization was purchased from XY Zprinting.

WS, exfoliation. A VWR Ultrasonic Cleaner USC500T working at 45 kHz was used to
exfoliate WS, into 2D nanosheets. Different WS, concentrations in DMF between 1 and
50 mg/mL were tested and sonication times ranged from 0.5 to 24 h. An intense dark
green color evidences the success of the exfoliation. The water of the ultrasonic bath was
replaced regularly (typically each 30 min) to ensure that its temperature was always below
25 °C. Then, the dispersion was centrifuged for 30 min at 6000 rpm to separate the
exfoliated WS, nanosheets (WS,-2D) from the bulk WS,, keeping the supernatant

solution and discarding the solid content at the bottom of the tubes.

3D-printing of WS, nanocomposites. The WS,-2D composites were manufactured in a
Nobel 1.0 SL 3D-printer (XYZPrinting). Ratios of 1:9, 1:4, 1:3 and 1:2 of WS,-2D
dispersed in DMF and resin were tested, leading to resins named R1, R2, R3 and R4,
respectively. A control in absence of WS,-2D (R0O) was also printed. The actual
concentration of WS,-2D in the resin was calculated by UV-Vis, measuring the

absorbance value of the exciton at 632 nm?°. Then, different objects, including electrical

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

conductivity discs according to ASTM D257 standard, 100 um-thick films and complex
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structures that cannot be manufactured by classical techniques were printed. All the

printed objects were then post-processed in a Formlabs FormCure chamber equipped with

(cc)

a light source of 405 nm and a power of 1.25 mW/cm? for 60 min at room temperature to

ensure full polymerization of the resin.

Characterization. UV—Vis analyses were carried out in a Varian Cary 50 Conc
spectrophotometer. The viscosity of the resins was measured using a Rotavisc lo-vi (IKA)
equipped with a SP-1 spindle. Measurements were carried out at 25 °C using a shear rate
of 1 s’!. Fourier-transform infrared spectroscopy in attenuated total reflectance mode
(FTIR-ATR) was performed between 4000 and 650 cm™! (32 scans, 4 cm™! resolution)
using a Bruker Alpha spectrometer. Thermogravimetric analysis (TGA) was performed
using a TA Instruments Q50 from 25 °C to 600 °C at 10 °C/min under air atmosphere.

Scanning electron microscopy (SEM) measurements were performed on Au-coated

5
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specimens (5 nm coating thickness) using a FEI Nova NanoSEM 450 migroscope:/ s o

6MA00134C

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

equipped with a field-emission gun and provided with a concentric annular detector
suitable for compositional backscattering (CBS) electron imaging displaying Z-contrast.
Transmission electron microscopy (TEM) was performed in a FEI Talos F200X operated
at 200 kV. The microscope is equipped with a Schottky field emission gun (XFEG) and
a ChemiSTEM EDX detector, providing high-resolution and high angle annular dark-
field (HAADF) TEM imaging and spectroscopic measurements (energy dispersive X ray
spectroscopy (EDX). The electron-transparent specimens for TEM analyses were
obtained by ultramicrotomy. The samples were sectioned into thin slices using a Leica
EM UC?7 ultramicrotome equipped with a diamond knife working at room temperature.
After cutting, the sections were deposited on 300 mesh Cu grids. Fluorescence
spectroscopy and imaging was done using a Zeiss Axio Observer Z1 inverted
fluorescence optical microscope equipped with a LSM880 confocal laser scanning system
and a Fast AiryScan high-speed super-resolution module. Fluorescence spectra were
obtained from areas of 90 um? and images were recorded at the same exposure conditions
so they can be directly compared. Electrical conductivity was measured according to
ASTM D257 in a Keithley 6517B electrometer applying a voltage of 500 V. In all cases,
three different specimens of each nanocomposite were tested, and the results are reported

as mean values, with the error corresponding to the standard deviation.

RESULTS AND DISCUSSION

A first attempt to prepare polymer nanocomposites loaded with WS,-2D was carried out
by dispersing bulk WS, in a photocurable resin for SL under sonication at different times.
Although various studies have shown that WS, can be exfoliated mechanically via
ultrasonication in suitable solvents, there are no reports on its exfoliation in viscous media
such as resin precursors.

Figure 1 shows the evolution of the absorbance of the WS,-resin dispersion. Initially, a
high absorbance is observed around 400 nm, mainly due to the resin itself. As sonication
time increases, the absorbance across the entire visible spectrum gradually rises, as
expected, due to the scattering of large, micron-sized WS, particles. After 4 h of
sonication, the spectra become noticeably noisier, indicating increased light scattering
caused by the presence of smaller but not fully exfoliated, micron-sized WS, particles.
Since these particles are smaller, their sedimentation time is higher, leading to noisier

spectra because of a higher amount of scattered light. This suggests that while
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ultrasonication improves the homogeneity of the dispersion and prevents sedimentatioff, /s e
it is insufficient for producing well-exfoliated WS,-2D nanosheets.

Interestingly, after 24 h of sonication, a weak absorption band appears at ca. 630 nm,
which can be assigned to the A excitonic transition of WS,-2D?’. Despite the significant
background noise due to scattering, this feature confirms the partial formation of 2D
nanomaterials. However, attempts to separate these exfoliated nanosheets from the
remaining larger particles by centrifugation were unsuccessful, likely due to the high
viscosity of the resin.

Therefore, while this simple method demonstrates a degree of exfoliation, it is not
practical for large-scale or consistent production. The long sonication times required and
the limited yield of nanosheets make it inefficient. This limitation is likely related to the
relatively high viscosity of the resin (1180 = 120 mPa-s), which hinders the exfoliation
process, similar to what has been observed in other similar systems?%2°.

As an alternative approach, WS, exfoliation via ultrasonication in DMF was further
explored. The exfoliation in organic solvents is well-documented3?, with several studies
highlighting the importance of solvent selection and concentration. In this work, our
objective is to maximize the overall content of exfoliated WS, rather than to selectively
isolate monolayers. Consequently, the term WS,-2D is used throughout the manuscript

to describe the entire population of WS, nanomaterials, including both single-layer and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

few-layer nanosheets. This terminology reflects the intrinsic statistical nature of liquid-
phase exfoliation, where achieving complete monolayer selectivity is inherently

challenging?®'. Considering this, an initial experiment was conducted using a fixed WS,

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

concentration of 10 mg/mL to determine the optimal sonication time.

(cc)

Figure 2a) shows the evolution of the WS, absorption spectra with increasing sonication
time. In all cases, a main band is observed at around 632 nm and a weaker band at
approximately 520 nm, ascribed to the so-called A and B excitons, respectively. These
bands can be ascribed to the electronic transitions, characteristics of WS,-2D?’. For
clarity, Figure 2b) plots the intensity of the A exciton peak as a function of sonication
time, clearly illustrating that exfoliation improves up to 3 h, after which the WS,-2D
content begins to decrease. Sonication beyond 4.5 h did not further enhance exfoliation.
This decline may be attributed to the restacking of WS,-2D nanosheets during prolonged
ultrasonication into larger, micron-sized aggregates, as suggested by other studies?2.

When these results are compared to those from Figure 1, it becomes evident that DMF is
significantly more effective than the resin medium, achieving higher exfoliation yields in

7
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much shorter times. For example, after 180 min, the absorbance in DMF reacheg y&]&@%ﬁﬁﬁgfg
of 0.4-0.5, whereas in the resin, the maximum absorbance after 24 h remains below 0.2.
Furthermore, the spectra recorded in DMF are markedly clearer, owing to the successful

separation of WS,-2D from bulk WS, via centrifugation.

0.4
0.3-
§ | —oh
< o
= 0.24 |
g ‘5
< 0.1 ——12h
: — 24h
—
0.0

400 500 600 700 800

Wavelength (nm)
Figure 1. UV-Vis spectra of 3 mg/mL WS, dispersed in the photopolymer resin after

sonication at different times.

a) e — b) s
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Figure 2. a) UV-Vis spectra of 10 mg/mL WS, dispersed in DMF after sonication at

different times; b) evolution of WS,-2D absorbance with time, recorded at 632 nm.

Next, a screening was performed using different WS, concentrations ranging from 1 to
50 mg/mL, with the exfoliation time fixed at 3 h. As shown in Figure 3, DMF maintained
relatively stable absorbance values, between 0.4 and 0.6, even at concentrations up to 30
mg/mL, indicating good exfoliation stability under these conditions, thus making DMF a
suitable solvent as the exfoliation medium for concentrations up to 30 mg/mL. To isolate
WS, nanosheets from larger particulate residues, the dispersions were centrifuged at 6000

rpm for 30 min. The lateral dimensions of the resulting WS,—2D nanosheets were

8
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characterized by high-resolution SEM imaging. As shown in Figure 4, these conditiptis//s o0

6MA00134C

yielded nanosheets with a relatively narrow size distribution and a pronounced tendency

toward hexagonal geometry. Statistical analysis of the SEM measurements reveals that

the lateral size distribution is well described by a lognormal function, providing an

400 500 600

nm.
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excellent fit to the experimental data. The fitted distribution yields a median lateral size

of 170 nm, with Dy and Dy, values of about 95 nm and 310 nm, respectively.
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Figure 3. a) UV-Vis spectra of WS, dispersed at different concentrations in DMF after

180 min of sonication; b) Evolution of the absorbance of WS,-2D, measured at A = 632

0,
0 100 200 300 400 500 600 700 800

Lateral size (nm)

Figure 4. a-c) SEM images and d) size distribution of the WS,-2D dispersed in DMF

after 180 min of sonication and separation by centrifugation at 6000 rpm.
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Then, attempts were made to concentrate the exfoliated nanosheets via centrifugation apids /e otre
vacuum distillation after exfoliation in DMF to maximize the amount of WS,-2D in the
nanocomposites. However, this approach proved unsuccessful. On one hand, the high
boiling point of DMF (153 °C) makes solvent removal highly energy-intensive.
Furthermore, during distillation, the dispersions gradually lose their characteristic green
color (typically associated with WS,-2D) and turn dark, indicating the restacking of
nanosheets into bulk WS,. This phenomenon is likely driven by the combined effects of
elevated temperature and increasing local WS, concentration during solvent evaporation.
Despite this limitation, previous studies have demonstrated that the presence of DMF
does not interfere with the photopolymerization process of stereolithography resins®3.
Therefore, although the use of DMF restricts the maximum amount of WS,-2D that can
be incorporated, the WS,—2D dispersions in DMF were directly mixed with a commercial
photopolymer resin in different proportions to formulate printable nanocomposites. Based
on this approach, a series of resin precursors was prepared using DMF:resin volume ratios
of 1:9, 1:4, 1:3, and 1:2, denoted as R1, R2, R3, and R4, respectively. A neat resin without
WS,-2D was also prepared as a control (R0). As batch-to-batch variations in the
concentration of WS,-2D dispersed in DMF may occur, their actual content in each
formulation (after mixing with the resin) was determined by UV-Vis spectroscopy
(Figure 5). For this, a molar extinction coefficient of 615 mL/(mg-m) was used for the A
exciton of the WS,-2D, as reported in the literature?®. The resulting WS,—2D
concentrations in the resins, summarized in Table 1, range from 0.001 to 0.005 wt.%.
The viscosity of all resin formulations was also measured to ensure printability by SL, for
which viscosities typically in the range of 100-10000 mPa-s are considered optimal3.
Formulations R1, R2, and R3 exhibit viscosities within this acceptable window, as shown
in Table 1. In contrast, R4 displays a markedly reduced average viscosity of 38 mPa-s,
nominally below the usual recommendation. Nevertheless, under our printing conditions,
R4 could still be printed reproducibly without visible phase separation or loss of

dimensional fidelity. This is consistent with reports demonstrating successful printing of

low-viscosity resins with values as low as 20 mPa-s, particularly when short recoating
distances and moderate speeds that minimize over-spreading3**3. Further increasing the

DMF content led to unstable layer leveling and occasional print failures, so no higher
DMF fractions were pursued, and the maximum practical WS,-2D loading for this

approach was established at 0.005 wt.%.
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Then, all nanocomposite formulations were successfully printed via SL using the stapdard: /s o0
laser power and scanning speed settings optimized for the commercial resin. Notably,
even formulation R4, despite its unexpectedly low viscosity, could be printed without
observable defects. Although DMF was included in the formulation to stabilize the
dispersion of WS,-2D, its presence in the final printed structures appears to be negligible.
It must be noted that, after post-curing, the printed parts are fully solid and do not exhibit
any visible signs of residual solvent (swelling, tackiness or softening), suggesting that
most of the DMF added for WS, exfoliation is not present in the nanocomposite after the
layer-by-layer photopolymerization and subsequent post-curing. In this scenario, we
hypothesize that the photocuring process would effectively trap the WS,-2D nanosheets
within the three-dimensional polymer network, while DMF diffuses out of the forming
solid. Similar behavior was also observed in our previous work involving silver
nanocomposites for SL, where the presence of DMF did not compromise print quality.33
To confirm this, TGA analysis was performed. Figure 6a) shows that the curves for RO
(without DMF) and R4 (highest content of DMF in the formulation) are practically
identical. A magnified view of the region around 153 °C (i.e. the boiling point of DMF)
reveals only a very small difference, with R4 exhibiting a slightly lower mass than RO.
However, this difference is below 0.7%, indicating that any DMF remaining trapped in

the resin is minimal. This conclusion is further supported by FTIR-ATR (Figure 6b)),

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

where the spectra of R1-R4 nanocomposites are nearly identical to that of the pristine

resin RO and the characteristic DMF absorption bands (C=0 stretching at 1670 cm!' and

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

the C—N stretching at 1502 cm!) are not detected in any case3®.
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Figure 5. UV-Vis spectra of the WS,-2D nanocomposites.
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Table 1. Formulation parameters and properties of the resins used in this study, including

DMF:resin ratio, A-exciton absorbance, WS,—2D concentration, and viscosity measured

at1s,
Name DMF:resin A-exciton WS,-2D conc. Viscosity
ratio absorbance (wt.%) (mPa-s)
RO 0 0.101 0 1180+ 120
R1 1:9 0.144 0.001 464 +21
R2 1:4 0.232 0.002 241 + 23
R3 1:3 0.284 0.003 110+4
R4 1:2 0.412 0.005 38+ 6
a) 100, b)
Y LY
X ——RO
< 60 8 R1
57 8 R2
O 404 = ——R3
O 0 50 100 150 200 250 300 =

0 100 200 300 400 500 600 4000 3500 3000 2500 2000 1500 1000
Temperature (°C) Wavelength (cm™)
Figure 6. a) TGA thermograms of RO and R4; b) FTIR spectra of the WS,-2D

nanocomposites.

Figure 7 presents several examples of printed objects. As shown in Figure 7a), increasing
WS,-2D concentration leads to a visibly greener and darker appearance, confirming the
presence of nanosheets. Despite the coloration, the objects remain optically transparent
since the dimensions of the nanosheets are well below the diffraction limit of visible light.
Additionally, as shown in Figure 7b), complex geometries, unachievable via
conventional techniques such as injection molding, were successfully printed with
dimensional accuracy within standard SL tolerances (+ 0.1-0.2 mm), demonstrating that
neither the presence of WS,-2D nor DMF significantly impairs the photopolymerization
of the resin. The results obtained confirm the feasibility of printing WS,-2D

nanocomposites using DMF as a dispersing medium.
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R4

Figure 7. Digital pictures of a) electrical conductivity discs prepared with different
amounts of WS,-2D; and b) complex objects with cavities and hollow structures that

cannot be printed by classic manufacturing techniques.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The surface morphology of the R2 nanocomposite was examined by SEM (Figure 8a—
¢)) to gain insight into its microstructure. Although some features can be observed in the

SEM images that exhibit a morphology like that of WS,—2D nanosheets dispersed in

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

DMF, their presence cannot be unambiguously identified using this technique. This

[{ec

limitation arises primarily from the intrinsic surface roughness of the printed composites,
which makes it difficult to distinguish WS,-2D nanosheets from the background
roughness of the polymer matrix, as previously reported’. In addition, the very small
lateral dimensions of the nanosheets and their low concentration within the resin further
hinder their reliable detection by SEM when they are embedded in the resin. Attempts to
obtain compositional information from the SEM images by EDX analysis were also
unsuccessful, mainly because any signal potentially generated by the WS,—2D nanosheets
1s too weak to be detected, due to their small size and low concentration.

For this reason, the composites were further investigated by TEM. Electron-transparent

lamellae were prepared from the nanocomposites by ultramicrotomy and subsequently
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analyzed by TEM. Figures 8d—e) show HAADF-TEM images in which nanosheets edfp /s o0
be clearly observed as regions with higher contrast than the polymer matrix. This contrast
originates from the Z-dependent nature of HAADF imaging, where heavier elements (W
and S in WS,-2D) produce stronger signals than lighter elements (such as C in the resin).
As a result, the WS,—2D can be directly visualized within the composite, confirming that

they retain their nanosheet morphology. Complementary TEM—EDX analysis (Figure 9)

further confirmed that these nanostructures correspond to WS,-2D.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Figure 9. TEM-EDX analysis of one WS,-2D nanosheet embedded in R2 nanocomposite.
Left panel corresponds to HAADF-TEM signal, while images in yellow, cyan and
magenta correspond to the EDX signals of C, S and W, respectively.

Then, the optical properties of the WS,-2D nanocomposites were investigated by
fluorescence microscopy. To this end, the emission under different excitation

wavelengths was first evaluated using a single 100 pm-thick 3D-printed layer of the R4

14
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nanocomposite. No emission was detected in the visible region (up to 800 nm) ynder, 632+ /e “rine
nm excitation, where the A exciton was previously observed. However, red fluorescence
was observed when R4 was excited at 520 nm, where the band corresponding to the B
exciton is located (see Figure 5). In this case, the material exhibited light emission with
a maximum near 620 nm. The intensity of this fluorescence varied when other
wavelengths around 520 nm were tested, reaching a maximum at 560 nm (Figure 10a)).
This trend aligns with previous studies indicating that red fluorescence is typically only
observed in monolayer or few-layer WS,, as thicker particles show reduced emission in
the visible region?®. These findings support that most WS, in the nanocomposite is present
as exfoliated monolayers or few-layer nanosheets. The observed fluorescence thus

provides indirect but strong evidence of successful exfoliation and incorporation of WS,-

2D into the resin. Both absorption and emission bands are slightly red-shifted with respect
to typical values reported for WS, flakes deposited on rigid, low-index substrates. This
shift can be attributed to a combination of environmental effects: the higher refractive
index (n = 1.527) and dielectric screening of the crosslinked resin compared to air or
aqueous media, possible interfacial charge-transfer interactions between WS2-2D and the
polymer, and local strain or nanosheet aggregation within the polymer network. Similar

red-shifts and lineshape modifications of photoluminescence have been reported upon

embedding liquid-exfoliated WS,-2D in polymer matrices or upon changing the dielectric

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

environment and substrate, highlighting the strong sensitivity of excitonic transitions in

WS,-2D to their surroundings®*4°. To our knowledge, this is the first report of such

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

emission from printable WS,-2D nanocomposites prepared by SL. A similar effect was

(cc)

also observed in our previous studies of gold-based printable nanocomposites*!,

highlighting the potential of these materials for tunable plasmonic applications.

Figure 10b) presents fluorescence optical microscopy images of the R4 nanocomposite.
Different regions of the sample exhibit clear red fluorescence; however, individual WS,—
2D nanosheets cannot be resolved. This indicates that the nanosheets are below the optical
diffraction limit of the microscope and suggests the absence of significant aggregation
within the resin after printing. For comparison, a control sample containing a similar
concentration of unexfoliated WS, was also examined under identical exposure
conditions, but no fluorescence signal was detected, in agreement with previous
studies®®*2. This comparison highlights the critical role of exfoliation in preserving the

optical activity of WS, and confirms that the WS,—2D nanosheets retain their optical
15
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functionality after stereolithographic (SL) processing. Overall, these results demonstrager /e ontre

6MA00134C
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that WS,—2D nanosheets are successfully exfoliated, homogeneously dispersed, and
retained within the printed resin, while preserving their intrinsic optical properties after
printing. This makes them promising candidates for integration into optoelectronic and
photonic polymer-based materials.
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Figure 10. a) Emission spectra recorded upon excitation at different wavelengths and b)

fluorescence microscopy image upon excitation at 560 nm of one R4 100 um-thick film.

Finally, the electrical properties of the nanocomposites were evaluated. Figure 11 shows
the electrical resistivity of the different nanocomposites printed. The results indicate that
increasing the WS,-2D content leads to a significant decrease in resistivity, where even
R1 makes the resistivity decrease by six orders of magnitude. As the WS, concentration
increases, resistivity values continue to drop, reaching values in the range of 10’ Ohm-cm,
which lies within the range of semiconductive materials. Although trace amounts of
residual DMF may remain in the nanocomposites after printing, control experiments from
our previous work showed that this decreases the resistivity by only one order of
magnitude®3. Similarly, nanocomposites with non-exfoliated WS, exhibited resistivities
around 10> Q-cm, confirming that the dramatic reduction in WS,-2D nanocomposites
arises primarily from successful exfoliation. This behavior may be attributed to variable
range hopping mediated by electron tunneling between isolated WS,-2D nanosheets,
facilitated by their high aspect ratio, edge states, and intrinsic semiconductivity*3. At low
loadings (below 0.005 wt.%), classical 3D percolation is implausible, but 2D fillers could
enable transient conductive paths via quantum tunneling across thin insulating gaps, as

previously shown for graphene and other TMD nanocomposites*#6. This behavior
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. . . . : : w Article Online
makes these materials promising for ESD applications as protective components, /> 2o e
particularly in customized or complex geometries where conventional manufacturing
techniques are limited, as well as in electronic devices for plasmonic and photonic

applications.
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Figure 11. Electrical resistivity of the WS,-2D nanocomposites.

CONCLUSIONS

In this work, we have developed a series of WS,-based nanocomposites with tunable

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

optical and electrical properties, suitable for 3D printing via SL. WS,-2D nanosheets were

successfully obtained via ultrasound-assisted liquid-phase exfoliation in DMF. The

Open Access Article. Published on 06 March 2026. Downloaded on 3/9/2026 6:42:03 PM.

resulting dispersions were directly incorporated into commercial resin formulations

(cc)

without compromising printability, enabling the fabrication of WS,-2D nanocomposites.
Spectroscopy and microscopy analysis revealed that the WS,-2D enabled the production
of translucent, green-colored printed parts that exhibited red fluorescence. This emission,
red-shifted relative to previous reports on WS,-2D in solution, demonstrates the potential
of these nanocomposites due to the embedding of WS,-2D within the polymer matrix.
Additionally, the use of WS,-2D resulted in a more homogeneous dispersion of the
nanofillers, which facilitates electron transport across the polymer matrix. As a result, a
dramatic reduction in electrical resistivity (down to 107 Ohm-cm) was achieved at
unprecedentedly low WS,-2D loadings (0.005 wt.%), reaching values in the
semiconductive range. Compared to previous WS,-2D nanocomposites, which typically

require higher loadings (above 1 wt.%) and more complex processing routes, our

17
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approach preserves the 2D nature of WS, and achieves functional properties with minimgl /s o0

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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nanofiller content. Furthermore, our WS,-2D nanosheets retain their excitonic emission
post-printing, highlighting the advantages of this processing strategy for preserving
intrinsic 2D material properties in 3D architectures. Overall, this work introduces a
straightforward and versatile strategy to develop functional, 3D-printable
nanocomposites with enhanced electrical and optical performance. By enabling the
integration of such properties through a simple formulation approach, it opens new
opportunities for advanced applications including ESD protection and tunable photonic

or plasmonic devices.
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