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Electrospray-generated charged water microdroplets drive step-
wise fragmentation of WS, sheets of micrometer dimensions into
nanoparticles, under ambient conditions. Systematic variation of
the tip-to-substrate distance (L) and applied voltage (V) results in
100-fold lateral size reduction (1-2 pm to ~11 nm), mapped along a
(L,V) matrix. The 2H polymorph is fully retained throughout, as
confirmed by HAADF-STEM, HRTEM, and Raman spectroscopy,
highlighting charged microdroplets as a platform for sustainable,
phase-preserved synthesis of nanomaterials.

Tungsten disulfide (WS,) in the semiconducting 2H phase is an
important layered transition metal dichalcogenide (TMDC)
whose properties are strongly governed by dimensionality and
morphology.’ In this thermodynamically stable polymorph, a
W atom is coordinated by six S atoms in a trigonal prismatic
arrangement, with hexagonal stacking of layers. This is distinct
from the metastable 1T polymorph, which adopts an octahedral
coordination and exhibits metallic behavior.”> In reduced
dimensions, the 2H polymorph exhibits characteristics that
are appealing for applications in catalysis,>* lubrication,’ and
energy storage.® However, it is not explored as extensively
as its chemical analogue, molybdenum disulfide (MoS,).”®
Despite their promise, direct synthesis of discrete 2H-WS,
nanoparticles remains challenging because conventional
routes often require harsh conditions and typically yield few-
layer sheets, defective fragments, or phase-inhomogeneous
products.’ Preserving the 2H polymorph during controlled size
reduction remains a synthetic challenge. Conventional strate-
gies like hydrothermal synthesis,'® sonication-assisted liquid
exfoliation,'* and lithium-ion intercalation'? convert the semi-
conducting 2H phase to 1T, introducing basal-plane defects,
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oxidation, and undesired structural transformations, particu-
larly when strong intercalants, elevated temperatures, or pro-
longed processing are employed."*™"” Consequently, there is a
clear need for a mild, sustainable, and ambient route that can
transform layered WS, into nanoparticles while maintaining
structural integrity and phase purity.

Charged water microdroplets generated by electrospray pro-
vide a distinctive reaction environment, where intense electric
fields at the interface,'®"'® rapid solvent evaporation and a large
interfacial area can drive rapid transformations under apparently
ambient conditions.?>** Species such as OH*, H,0"*, H,0,, and
others are present at the interfaces of water microdroplets.'®?>
Such microdroplets have emerged as a versatile medium for
accelerating chemical reactions and enabling unusual materials-
processing pathways that are inaccessible in bulk solutions.**°
We have shown that bulk minerals such as quartz disintegrate to
form nanoparticles this way.>3?*>’

In this communication, we report electrospray-driven, step-
wise disintegration of two-dimensional WS, sheets into nano-
particles in charged water microdroplets under ambient
conditions, i.e., room temperature and atmospheric pressure.
The transformation is regulated by the applied voltage and tip-
to-substrate distance, enabling systematic control over lateral
dimensions and morphological evolution. Remarkably, the 2H
crystal phase is retained throughout the process, as confirmed
by electron microscopy and Raman spectroscopy. Our study
demonstrates the potential of charged microdroplets as a plat-
form for phase-preserved transformation of materials.

Fig. 1 presents the schematic disintegration of bulk WS, into
nanoparticles via ambient charged water microdroplets. Field
emission scanning electron microscopy (FESEM) and transmis-
sion electron microscopy (TEM) (Fig. 1a-c and Fig. S1) confirm
the two-dimensional sheet-like morphology before electro-
spray. After electrospray at the optimised 5 cm tip-to-
substrate distance and 5 kV operating voltage, nanoparticles
were formed (Fig. 1d and e). The observed d spacing of 0.27 nm
corresponds to the (100)/(010) plane of 2H-WS,; only a three-
index notation is used, as is common in the TMDC literature.
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Fig. 1 (right) Schematic diagram of disintegration of 2D WS, to nano-
particles in charged water microdroplets. (left) The initial particles before
disintegration examined with (a—c) TEM and (b) FESEM and the final
nanoparticles examined using (d) HAADF-STEM. The HRTEM images
(c—e) show the (100)/(010) plane of WS,.

It is essential to visualize the product nanoparticles using
high-angle annular dark-field scanning transmission electron
microscopy (HAADF STEM) in view of its higher contrast (see
below). Phase preservation will be discussed later, using Raman
spectroscopy. Two-dimensional sheets used for electrospray
were synthesised from bulk WS, using the water exfoliation
method, outlined in the SI. In the disintegration experiment,
we used a custom-built electrospray source (Fig. S2) to generate
charged water microdroplets containing a fine dispersion of
WS, sheets of 1-2 pm length, which were sprayed onto sub-
strates. The spray plume emitted from the electrospray tip was
visualized with a laser torch. Additional details of the experi-
ment can be found in the SI. Based on trials, an optimal applied
voltage (V) of 5 kV was identified for a tip-to-substrate distance
(L) of 5 cm for uniform nanoparticle formation. For electron
microscopy, the electrospray process was carried out on TEM
grids. The TEM image of WS, before electrospray reveals a well-
defined, sheet-like morphology with lateral dimensions in the
micrometer range (Fig. S1c and d), confirming the high-quality
water exfoliation of WS, yielding thin 2D sheets. 2D projection
along the (001) basal plane shows the (100) and (010) edge
planes of equal surface energy, representing the thermodyna-
mically stable Wulff construction of square sheets.** ! The 2D
sheets, characterized by their extended and layered morphol-
ogy, have been effectively fragmented into uniformly distribu-
ted nanoparticles with a particle size distribution of 11.4 £
2.0 nm (Fig. S3). These particles appear well-dispersed across
the TEM grid, indicating effective break-up and dispersion,
facilitated by the electrospray process. The nanoparticles exhib-
it a consistent size, suggesting that charged microdroplets
provide a controlled environment for fragmentation and
stabilization. The uniformity in particle size and shape aligns
with the rapid reactions seen in microdroplet chemistry, where
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transformations occur within micro to milliseconds as the
droplets undergo evaporation and charge-induced fission.

To study the stepwise disintegration, we have changed L and
V systematically and constructed a (L,V) morphological matrix
of HAADF-STEM images (Fig. 2), particle size distribution
(Fig. S3), brightfield-TEM images (Fig. S4) and DigitalMicro-
graph analysis of the observed d spacings (Fig. S5). Under-
standing the step-wise disintegration can lead to new areas of
application in catalysis, water purification, and environmental
technologies. Referring to Fig. 2, starting from (1,1), the path
progressed to (5,5), where complete disintegration occurred.
WS, monolayers appear nearly invisible in bright field-TEM
because their thicknesses are in the atomic limit, and phase
contrast from such thin specimens is overwhelmed by substrate
noise and lens artifacts. In HAADF-STEM, tungsten’s very high
atomic number (Z = 74) causes massive Rutherford scattering to
high angles, producing intense, unambiguous bright spots
even for nanoparticles made of monolayers, while the low-Z
substrate remains dark.**** This Z* contrast mechanism makes
HAADF-STEM a definitive tool for imaging in this case. HAADF-
STEM images with well-adjusted instrument parameters like
electron flux and magnification are presented in Fig. 2 and
Fig. S6-S10. At lower applied voltages and shorter tip-to-
substrate distances, the electrospray process generates larger
microdroplets with weaker internal electrostatic fields, allowing
the WS, sheets to remain largely intact. As the applied voltage
was increased, the electric field strength within the microdro-
plets intensifies, creating higher electrostatic pressure on the
WS, sheets and their surrounding ionic atmosphere. Simulta-
neously, the increased voltage enhances the charge density
within each droplet which concentrates the solutes into a
progressively smaller volume, resulting in a distorted morphol-
ogy. Under combined conditions of elevated voltage and
extended distance, the accumulated electrostatic stress exceeds
the van der Waals binding energy holding adjacent WS, layers
together, causing the sheets to separate and progressively
fragment to individual nanoparticles. At a 4 cm distance and
4 kV applied voltage, co-existence of large sheets, broken sheets
and non-broken centres is observed (Fig. S9), which is the
transition point, and at (5,5), uniformly distributed nano-
particles are observed. At this (4,4) threshold, the field is just
strong enough to detach stacked sheets and start the fragmen-
tation. This is quantitatively supported by the (L,V) matrix of
particle size distributions (Fig. S3). The DigitalMicrograph
processed (L,V) morphological matrix of high-resolution TEM
(HRTEM) images (Fig. S5 and Fig. S6-510) reveal lattice fringes
with a d-spacing in the range of 0.25 to 0.27 nm, consistent with
the (100)/(010) planes, and 0.31 to 0.37 nm, consistent with the
(004) plane (which depends on the extent of exfoliation) of WS,,
confirming the structural integrity of WS, even after disintegra-
tion. Strong evidence that transformation, or structural phase
change, is the primary fragmentation mechanism is provided
by the fact that these two d-spacings are constant over all values
(1,1) to (5,5). The preserved d-spacing, which is driven by
mechanical cleavage rather than chemical cleavage, also
demonstrates that the 2H phase’s interlayer stacking geometry
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Fig. 2 Large area HAADF-STEM images showing the disintegration pathway of two-dimensional WS, sheets to particles as a function of applied
potential (in kV) and tip-to-substrate distance (in cm). The applied potential was varied from 1 to 5 kV and the tip-to-substrate distance was varied from
1to 5 cm. The potential and distance values for an experiment correspond to the centre of the HAADF-STEM image. As can be seen, large L and V result in

nanoparticles. Corresponding bright-field images are shown in Fig. S4.

and local crystallographic order, which are essential for possi-
ble catalytic and electronic applications, are preserved through-
out the size-reduction process. We believe that in the observed
microdroplet mechanochemistry,>* preferably the basal plane
slippage is taking place, followed by edge plane cleavage.
Raman spectroscopy was used to investigate the structural
integrity and phase purity of the synthesized WS, nano-
particles, in comparison with the bulk and few-layer 2D materi-
als. To obtain the Raman spectrum of WS, nanoparticles, we
have electrosprayed the few-layer 2D material (Fig. 1b) at (5,5)
for 18 h on an indium tin oxide (ITO) glass slide (Fig. S11g). All
three samples exhibited the two characteristic vibrational
modes of the 2H phase: the in-plane E;, and the out-of-plane
A;; modes, confirming that the 2H crystal structure is preserved
throughout the transformation from bulk to few-layer sheets
and finally to nanoparticles (Fig. 3 and Fig. $11).>>*° The E;,
mode shows a systematic variation in intensity across the three
samples, ie., the highest in the few-layer two-dimensional
sheets, intermediate in the bulk, and the lowest in the
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nanoparticles, which can be attributed to enhanced resonance
Raman scattering in the few-layer sheets due to their reduced
dimensionality and modified electronic structure,”” while the
decreased intensity in nanoparticles reflects increased phonon
scattering from surface defects, edge sites, and reduced crystal-
lite size.’® In contrast, the A;; mode shows no appreciable
change in intensity across the three samples, suggesting that
although there is a change in the number of layers, the local
W-S bond environment is largely unaffected by the lateral size
reduction.*® Regarding peak broadening, both the E;, and A,
modes do not follow the same trend as intensity. The observed
broad peaks for the few-layer sheets can be attributed to the
presence of stacking disorder, interlayer coupling inhomogene-
ity, and increased sensitivity to local environmental fluctua-
tions that arise when the bulk WS, is converted to the few-layer
regime via water exfoliation.>®*° As the particles transition
from bulk to 2D nanosheets and finally to nanoparticles, the
FWHM of the E;, mode changes respectively from 21.5 to
21.6 to 13.1 cm . Similarly, for the A;; mode, the FWHM
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Fig. 3 Raman spectra of bulk WS,, two-dimensional sheets of WS, and
WS, nanoparticles.

changes significantly, from 15.4 (bulk) to 16.1 (2D sheets) and
finally to 8.0 cm™ ' (nanoparticles). The narrowest linewidths
observed in the nanoparticles, despite their nanoscale dimen-
sions, suggest that the controlled local environment of the
microdroplet-based synthesis route minimizes the introduction
of structural defects and strain.*® Importantly, the peak posi-
tions of both the Eég and A;; modes remain consistent across
all three samples with no observable Raman shift, confirming
the absence of phase transformations during the synthesis
process, providing strong evidence that the 2H polymorph is
fully retained in the nanoparticles during microdroplet
mechanochemistry, which is difficult to achieve in conven-
tional methods as mentioned earlier.

In summary, we have demonstrated that charged water
microdroplets generated by electrospray can drive stepwise
disintegration of two-dimensional WS, sheets into nano-
particles under ambient conditions, with the applied voltage
and tip-to-substrate distance serving as key parameters govern-
ing lateral size control. Crucially, the 2H crystal phase is fully
preserved throughout the transformation, establishing a mild
and scalable route to phase-pure WS, nanoparticles. These
findings highlight the potential of charged water microdroplets
as a versatile platform for ambient nanomaterial synthesis and
open new directions for phase-preserved size reduction of other
layered transition metal dichalcogenides. By implementing a
high-throughput multi-nozzle electrospray setup, scalability
can also be achieved.
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