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Low-defectiveness exfoliation of MoS,
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Molybdenum disulfide (MoS;) has been attracting extraordinary attention for its intriguing optical, elec-
tronic and mechanical properties. Here, we demonstrate hybrid, organic—inorganic light-emitting nano-
fibers based on MoS, nanoparticle dopants obtained through a simple and inexpensive sonication process
in N-methyl-2-pyrrolidone and successfully encapsulate the nanofibers in polymer filaments. The gentle
exfoliation method used to produce the MoS, nanoparticles results in low defectiveness and preserves
the stoichiometry. The fabricated hybrid fibers are smooth, uniform and flawless and exhibit bright and
continuous light emission. Moreover, the fibers show significant capability for waveguiding self-emitted
light along their longitudinal axes. These findings suggest that emissive MoS, fibers formed by gentle
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1. Introduction

Layered molybdenum disulfide (MoS,)" ™ is a quasi-two-dimen-
sional material with covalent in-plane bonds and weak out-of-
plane van der Waals interactions. Such transition metal dichal-
cogenides show highly interesting semiconducting properties,”
including sizable direct band gap (1.2-2.2 eV),”*” and can be
easily intercalated, making them potentially useful for a
variety of electronic applications.>®° MoS, nanoparticles (NPs)
isolated or interspersed within flakes show quantum con-
finement effects, with a blue-shift in photoluminescence
(PL) upon crystal size reduction,”'® along with excitation-
dependent PL emission."”'" Combined with the potentially
improved brightness compared to mono- and few-layered
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exfoliation are novel and highly promising optical materials for sensing surfaces and photonic circuits.

forms,” these properties, make MoS, NPs highly attractive
for the realization of tunable light sources and optical
sensors.

Embedding such materials in hybrid polymer architectures
such as microspheres or fibers would offer additional advan-
tages, including the easier manipulation of functional NPs,
their integration in flexible optoelectronic components, and
improved stability.">™* For instance, fibers with diameters
up to few micrometers, which can be straightforwardly
electrospun by intense electric fields (0.01-0.1 MV m™)
applied to NP-polymer solutions with sufficient degrees of
entanglement,'®® would make MoS, dopants utilizable in
photonic circuits and boards, including arrays of optical
sensors and synaptic components.'®?® The process is highly
versatile once proper dispersion conditions are found for NPs,
leading to either individual filaments or large-area mats con-
sisting of long and flexible fibers. In previous works, both
hybrid and single-component light-emitting materials showed
quantum yields higher than those of corresponding conju-
gated polymer films along with chain alignment and optical
anisotropy.*** In addition, electrostatically interacting mole-
cular systems with intercoupled optomechanical properties
have been demonstrated.> The encapsulation of MoS, flakes
in carbon fibers has been explored as a strategy to realize
anodes for high-performance batteries.”>*® However, the emis-
sion properties of these compounds in polymer nanofibers
and their application in prototypical photonic components
have not been studied.

This journal is © The Royal Society of Chemistry 2018
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Focusing on optical properties, in this study, we introduce
light-emitting fibers based on MoS, NPs interspersed in flakes
and electrospun jointly with a poly(methyl methacrylate)
(PMMA) matrix. The NPs are obtained through gentle exfolia-
tion, which is found to reduce the MoS, particle size in all
three spatial dimensions while preserving the low defect con-
centration and stoichiometry, as highlighted by micro-Raman
mapping. The resulting fibers have smooth surfaces, exhibit
uniform and bright broadband emission, and are capable of
guiding generated light along their length. Thus, the fibers
represent a novel hybrid material that can be promptly utilized
to build optical circuits based on miniaturized waveguides and
integrated sensing regions.

2. Experimental methods

MoS, NPs were produced via the exfoliation of the bulk
powder (Aldrich, particle size <2 pm) by ultrasonication for 8 h
in N-methyl-2-pyrrolidone (NMP). Following the sonication
step, centrifugation at 1000 rpm was carried out for 45 min to
remove bulk residues and collect the supernatant. The result-
ing particles were inspected optically by confocal and UV-Vis
spectroscopy, and morphologically by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), and chemically by energy-dispersive X-ray spectrometry
(EDS).

Confocal analysis was performed on vacuum-dried drops
(50 pL) cast from the achieved dispersion, placed onto a glass
substrate and excited with a cw laser at wavelength 4 = 488 nm.
Micro-Raman experiments were carried out using a Renishaw
InVia spectrometer equipped with a confocal optical micro-
scope and a 532 nm excitation laser. PL lifetime measure-
ments were performed in confocal mode by exciting light-emit-
ting fibers with a 470 nm pulsed diode laser at 40 MHz.
Signals were collected by a time-correlated single-photon
counting setup. Full details on the experimental methods,
including the realization of electrospun hybrid fibers, are
reported in the ESL}

3. Results and discussion

We produced MoS, NPs by exfoliating the bulk powder via
ultrasonication in NMP and subsequent centrifugation. The
high surface tension of NMP (40 m] m~?), which roughly
matches the estimated surface energy of few-layered MoS,
(46.5 mJ m~2), allows a stable dispersion to be obtained.>”°
In addition, the exfoliation process is simple and environmen-
tally friendly. The process is driven by sonochemical cavitation
phenomena via the formation and implosive collapse of gas
bubbles. The resulting increase in local temperature and
pressure favors exfoliation and eventually lead to the formation
of nanosized particles.

Representative SEM images of the obtained MoS, samples
covered by few-nm-thick metal layers to facilitate inspection
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are shown in Fig. 1a. The images show layered flakes with
transverse sizes up to a few micrometers and decorated with
20-80 nm particles (inset of Fig. 1a). The elemental compo-
sitions of both the flakes and particles were evaluated by EDS
(Fig. S1 in the ESIf) and are highlighted by a sharp and
intense peak at 2.3 keV, which is attributed to the presence of
the transition metal dichalcogenide.?'**

The PL emission from cast samples appears in the form of
bright spots (Fig. 1b) with a maximum intensity at 550 nm and
full width at half maximum (FWHM) of 56 nm. These charac-
teristics are typical of the fluorescence spectrum of MoS, par-
ticles with nm-scale lateral dimensions.””''*? Indeed, the for-
mation of small fragments during sonication is generally
associated with a blue-shift in emission around 450-600 nm,
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Fig. 1 (a) SEM micrograph of MoS, particles following exfoliation. Scale

bar = 5 ym. The inset shows a representative single aggregate of par-
ticles at higher magnification. Scale bar = 1 pm. (b) Confocal fluo-
rescence micrograph of a drop-cast MoS, dispersion. Scale bar = 10 pm.
(c, d) TEM micrographs of MoS, following exfoliation. MoS, NPs with
diameters down to 10 nm are highlighted by yellow arrows. Scale bar =
100 nm (c) and 50 nm (d), respectively. (e) Absorbance (blue line) and PL
emission spectra (red line) of the MoS,, dispersion.
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depending on the lateral size of the formed fragments and on
the excitation wavelength. Upon excitation at 488 nm, the PL
peak at 550 nm can be attributed to MoS, NPs with lateral
dimensions up to a few tens of nm.”'®""** This is also sup-
ported by the TEM images shown in Fig. 1c and d, which provide
evidence for the formation of few-layered MoS, flakes and show
almost round-shaped NPs with diameters down to 10 nm.

To investigate the properties of the NPs more in depth, we
measured the UV-Vis absorption spectra of the liquid dis-
persion of MoS, after centrifugation. The absorbance spec-
trum (Fig. 1e) shows characteristic features of MoS, NPs and
nanosheets, with two peaks between 600 and 700 nm and a
broad band with two peaks at 395 and 470 nm."'®** The two
low-energy absorption peaks (A and B in Fig. 1e) are known to
correspond to excitonic transitions and occur between the
splitted valence bands and the conductance band at the
K-point of the Brillouin zone of MoS, nanosheets.” The
measured extinction coefficient at 678 nm is 412 mL mg ' m ™"
(Fig. s2t). Through quasiparticle self-consistent GW calcu-
lations, energy differences between the splitted valence bands
of 146 and 174 meV have been predicted for MoS, monolayers
and bilayers, respectively, due to spin-orbit coupling and inter-
layer interaction.® Here, the energy gap of about 175 meV
between the A and B transitions is therefore consistent with
the formation of few-layered flakes. Additional absorption
peaks at 470 nm (C in Fig. 1e) and 395 nm (D) are regarded to
be associated with transitions involving other regions with
high density of state,**® as from the deep valence band to the
conduction band.'>*? On the whole, peaks A-D are typical fea-
tures of exfoliated MoS,. Moreover, an absorption peak in the
UV spectrum (at about 330 nm) can be clearly seen in Fig. 1e.
This peak is attributed to the formation of NPs with small
sizes in the dispersion and consequent quantum confinement
effects.”'®'* These results are collectively in agreement with
previous findings suggesting how exfoliation procedures might
lead to complex dispersions of heterodimensional MoS,
nanostructures.

The effects of the ultrasonication process on the MoS, bulk
powder can be better analyzed by Raman spectroscopy. Fig. 2a
compares the Raman spectra of the MoS, pristine powder
(blue line) and the NPs after the exfoliation process (red line).
Both spectra exhibit two peaks: the E,, peak corresponding to
the in-plane vibrational mode and the A;, peak related to the
out-of-plane vibrational mode.

The MoS, pristine powder shows the characteristic E,, and
A;; Raman modes at 376.8 and 403.2 em™, respectively. The
corresponding vibrational modes in the exfoliated MoS, nano-
crystals are shifted up to 381.6 and 406.8 cm™", respectively.
The stiffening of the Raman modes is likely attributed to the
nanoscale size of MoS, in all three spatial dimensions follow-
ing the exfoliation process. Indeed, this particular effect has
been previously reported for 18 nm MoS, nanocrystals.” In
addition, the spectral spacing between the E,; and A;; modes
(25.2 em™") confirms that our MoS, consist of six to 10
layers.*® The pristine powder exhibits a corresponding Raman

mode spacing equal to 26.4 cm ™", in agreement with the value
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Fig. 2 (a) Raman spectra of bulk MoS; (blue spectrum) and a drop-cast
MoS, dispersion after the exfoliation process (red spectrum) acquired
using a 532 nm laser. The spectra are vertically shifted for clarity. (b, c)
Maps of the Raman mode spacing (b) and of the E;;—A,4 intensity ratio
(c) acquired for the drop-cast dispersion (map size = 19 x 19 um?).

of bulk MoS,.*° Interestingly, the intensity ratio between the
E,; and A,, modes, which is often employed as a benchmark
of the stoichiometry and defectiveness of MoS,,*"*? is similar
in both spectra (~0.5). This characteristic is especially relevant
for using the achieved dispersions to build light-emitting com-
ponents since it highlights that the exfoliation process does
not worsen the material in terms of sulfur understoichiome-
try*” or increased defects.*?

This journal is © The Royal Society of Chemistry 2018
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To evaluate the homogeneity of the achieved dispersion of
NPs, we also carried out Raman mapping on an area of about
360 um? following drop casting on a glass substrate. Fig. 2b
and ¢ show the maps of the Raman mode spacing and of the
E,o-A,, intensity ratio, respectively. Fig. S37 shows the control
maps for the pristine MoS, powder, which clearly highlight
that the initial system is composed of bulk material with good
homogeneity in terms of sulphur stoichiometry. In contrast,
the Raman mode spacing map in Fig. 2b demonstrates that
the system obtained after ultrasonication is homogeneously
composed by few-layer MoS, nanocrystals with minor bulk
residues. As shown in Fig. 2c, defective areas in which the
intensity ratio between the E,,; and A, modes is below 0.5 are
very small within the intensity ratio map (~7% of the analyzed
region).

Fibers embedded in the MoS, NPs as dopants were pre-
pared by electrospinning after dissolving the polymer matrix
in a complex dispersion (see ESIf for details). The resulting
hybrid fibers (Fig. 3a) are uniform with average diameters
around 1.6 pum and smooth surfaces (Fig. S4t). Confocal fluo-
rescence imaging revealed a uniform PL intensity along the
longitudinal axis of each fiber (Fig. 3b), suggesting the homo-
genous incorporation of MoS, in the filaments. This finding is
further supported by the 3D reconstruction of fibers obtained

SA)
o5

¢ =
N |
14

Cg > Exfoliated MoSy d 4 e
2 \—— MoSy-polymer fibers| ~_ e

2 x 7z

£ < s

T g ,'/ s

? £ ’ 50sE| 5/

N £ / 468 5|1/

' &if
: : ] :
2 ’0%‘ = 28 a0 ('nm]abo -
525 550 575 600 625 300 400 500 600 700 800
4 (nm) A(nm)

Fig. 3 (a) SEM micrograph of MoS,-doped fibers. Scale bar = 20 pm. (b)
Fluorescence confocal micrograph of fibers. Scale bar = 20 ym. The
inset shows a 3D reconstruction of merged fluorescence and trans-
mission confocal micrographs of an individual fiber by Z-axis scanning.
Scale bar = 10 pym. (c) PL emission spectra of exfoliated MoS, drop-cast
on glass (red circles) and MoS,-polymer fibers (black line). The PL peak
is at about 550 nm. (d) Transmittance spectrum of aligned fibers. The
blue dashed line is the calculated scattering background (~2" with n =
—3.66). Inset shows the scattering background-corrected absorption
spectrum. Peaks are at 336 (*), 401 (£), 460 (§), 497 ($), 611 (#) and
673 nm (&).

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

by Z-axis scanning (i.e., perpendicular to the substrate on
which the fibers are deposited; inset of Fig. 3b).

Fig. 3c compares the PL intensities of the achieved MoS,
particles and fibers. No significant difference in emission is
observed, indicating that emission was well preserved upon
electrospinning. Similarly, the absorbance spectrum (Fig. 3d)
indicates that the characteristic features of MoS, are generally
well preserved in the fibers, including the UV component at
about 330 nm. This allows one to conclude that the NPs are
effectively embedded in the hybrid fibrous material.

In fact, reduced transmission is also indicative of remark-
able light-scattering phenomena arising in the fibrous sample,
which can be straightforwardly taken into account as being
proportional to the nth-power of the wavelength, with —4 <n < -1
(dashed line in Fig. 3d).***” Once such a light-scattering
component is considered, fiber absorption also shows features
that can be ascribed to the C (at ~460 nm) and D (~400 nm)
transitions of MoS, (upon more significant layering in the
polymer matrix), together with an additional peak at 496 nm,
which is also likely to be related to the aggregation of larger
MoS, flakes in the filaments (inset of Fig. 3d). In this respect,
the polymer fibers represent an interesting environment in
which the edge and quantum effects** of exfoliated two-dimen-
sional materials can be obtained within confined volumes.

To study the PL lifetime of the MoS,-doped fibers, we used
time-correlated  single-photon counting detection. The
observed PL lifetime (Fig. 4a) displays a decay with an average
characteristic time of (3.1 + 0.1) ns. This result is comparable
to the values reported in previous works, in which observed
lifetimes typically ranged from 1.5 to 5.9 ns.'®'"*™*” The life-
time map in the inset of Fig. 4a shows a homogeneous green
color along all the fibers, indicating that the average lifetime is
uniform in all the filaments. Notably, the acquired data are
best represented by fitting to a biexponential model with
associated lifetimes of (1.3 + 0.1) ns and (4.4 + 0.3) ns and frac-
tional contributions of 60% and 40%, respectively. The quality
of the fit was assessed by the goodness of the obtained
residuals (the monoexponential- and biexponential-derived
residuals are reported in Fig. 4b as green dots and a blue line,
respectively). Such biexponential behavior is not surprising
and has been reported by others for MoS, NPs.'®'! This
phenomenon might depend on the presence of different
species of MoS, nanostructures within the fibers.'® In fact, het-
erodimensional MoS, nanostructures present different
lifetimes.*

Finally, the waveguiding features of the MoS,-doped, light-
emitting fibers were analyzed by microphotoluminescence
(p-PL) using suspended fibers (Fig. 4c) to avoid any optical loss
induced by the substrate/fiber interface. To assess the propa-
gation losses for light emitted by MoS, NPs and channeled
along individual hybrid filaments, the intensities of PL escap-
ing from the fiber surface and from the tip were imaged and
measured as a function of the distance (d) of the tip from the
excitation spot. Fig. 4d shows a typical PL image of the fiber
under excitation by a focused laser beam (red circle). The
spatial decay of the self-waveguided emission is displayed in

Nanoscale, 2018, 10, 21748-21754 | 21751
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(a) Fluorescence lifetime of MoS,-doped fibers. The data are fitted using a biexponential decay model (red line). The inset shows an average

lifetime map obtained by fitting the fluorescence decay curve in each pixel of the image. Scale bar = 10 pm. (b) Residuals of the monoexponential
(green dots) and biexponential (blue line) fittings. (c) Fluorescence micrograph of a freestanding MoS,-doped fiber. Bright spots are associated with
particle clusters. (d) PL of the same fiber during excitation by a focused laser beam (red circle in the left part of the image). Scale bar = 10 ym. (e)
Spatial decay of light intensity guided inside the fiber vs. distance d from the photoexcitation spot. The continuous line is the best fit to an exponen-
tial decay according to the function I = I, The inset shows the wavelength dependence of propagation loss in a reference film doped with MoS..

The vertical arrow highlights the analyzed emission wavelength (~550 nm).

Fig. 4e. The continuous line is the best fit of the experimental
data by an exponential function, Ip;, = I, exp(—ad ), where Ip;, is
the PL intensity, I, is a pre-exponential factor that indicates
the intensity measured at very small d values, and « is the loss
coefficient. The fits lead to @ = 110 cm™', roughly corres-
ponding to a light transport length of 90 pm, and losses that
are significantly lower than reported for other hybrid nano-
fibers (e.g., those doped with CdSe quantum dots) and in line
with the best values found in conjugated polymer nano-
fibers.*®*® Theoretically, for PMMA nanofibers in air, optical
losses affecting photons carried along the length of the wave-
guide are calculated by considering Rayleigh scattering from
the nanofiber surface roughness (a few nanometers, as
measured by atomic force microscopy) and are expected to be
in the range 10-100 cm™".***° The optical losses for photons
carried along the hybrid fiber can be also attributed to self-
absorption by the active component (i) along with light-scatter-
ing from either bulk (ii) or surface (iii) defects or inhomogene-
ities. The contribution of absorption from the polymer matrix
to optical loss can be neglected as it is on the order of 107>~
107% em ™" in the visible range.’"

The contributions [(i) + (ii)] of absorption and Rayleigh scat-
tering by bulk defects, which are mainly related to the differ-
ence in refractive index between the polymer and inorganic
fillers, can be determined by measuring losses for an optical
beam propagating through a film of known thickness with the

21752 | Nanoscale, 2018, 10, 21748-21754

same composition as the nanofibers. The inset of Fig. 4e
shows the spectrum of losses (agm) for UV-visible light
passing through such a reference film. These data allow one to
estimate the losses due to MoS, self-absorption and bulk scat-
tering at the peak emission wavelength (about 550 nm) to be
about 70 em™"
to the structure and defects of MoS,-polymer filaments are
therefore limited to a few tens of em™'. This further demon-
strates that these fibers are uniform and free of defects and

. Additional waveguiding losses directly related

)
o

Counts (arb. un.)

L

Energy (KeV)

Fig. 5 (a) STEM micrograph of hybrid nanofibers. Interspersed particles
and aggregates are clearly visible (some are highlighted by yellow
arrows). Scale bar = 10 pm. The corresponding EDS profile is shown in
(b). The peak at 1.5 keV corresponds to aluminum in the foil used as a
collector for fiber deposition.
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suggests that they are highly promising building blocks for
optical circuits and ports.

For instance, light scattering from inhomogeneities along
the fiber axis could be promoted by clusters of particles, as
indicated by the bright spots shown in Fig. 4c and d. The
typical distance between consecutive light-scattering spots in
the p-PL micrographs is indeed of a few pm, which agrees well
with the inter-cluster distance determined by the STEM
imaging of the hybrid fibers (Fig. 5).

4. Conclusions

In conclusion, we produced MoS, NPs with a simple and in-
expensive ultrasonication process and realized hybrid fibers
based on these NPs. The exfoliation strategy reduces the MoS,
powder size in all three spatial dimensions while preserving
the low defect concentration and homogeneity in terms of
sulphur stoichiometry. MoS, is then homogeneously encapsu-
lated in electrospun polymer filaments, which are smooth and
uniform and show photonic functionality (i.e., waveguiding
capability of the self-emitted light along the longitudinal fiber
axis). The advantages of hybrid photonic systems based on
MosS, over light-emitting nanocomposites embedded with well-
established semiconducting quantum dots might be numer-
ous, particularly in terms of excitation-dependent emission
features and low cytotoxicity,”> making them interesting for
use in biomedical applications including endoscopy and opto-
genetics. Furthermore, the large surfaces of these dopants can
be bio-functionalized through different routes,”** thus
opening perspectives for use in diagnostic labs-on-a-chip and
miniaturized chemical and optical biosensors.”” Finally, the
light transport along these MoS,-polymer fibers is efficient
over distances of many tens of pm. As they enable photon
channeling over length scales typical of photonic chips, MoS,-
polymer fibers might find applications in quantum techno-
logies.”® By providing electromagnetic field confinement, the
fibers can be exploited for the optical detection of field-inter-
acting chemical species placed near the waveguide. The fibers
can also be used for coupling radiation to other active nano-
materials through the evanescent field at their surface. All
these aspects make these novel optical materials highly inter-
esting for integration in complex, system-level platforms for
sensing and in flexible optoelectronics.
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