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A B S T R A C T

Herein, we investigate the origin of excitation wavelength dependent spectral features and high fluorescence
quantum yield in fluorescent 2D tungsten disulfide (WS2) quantum dots (QDs) of average size 2.4nm. The as-pre-
pared WS2 QDs possess high optical bandgap and reasonably high fluorescence quantum yield ~15.4% in the
green region without any functionalization. The broad photoluminescence (PL) spectrum consists of multiple
peaks owing to emissions from excitonic transitions and surface defect-related transitions. The excitation wave-
length-dependent spectral redshift and narrowing of line shape in the PL peak are analyzed carefully, and it is
attributed to the selective excitation/recombination of carriers from different energy levels. The temperature-de-
pendent PL analysis yields an exciton binding energy of ~301meV in the QDs. Furthermore, we study the inter-
action between fluorescent WS2 QDs and single-walled carbon nanotubes (SWCNTs) and explore the mechanism
of systematic quenching of PL of QDs by SWCNTs. The nature of the Stern–Volmer plot is found to be linear,
and the time-resolved fluorescence measurements reveal that the quenching follows primarily the static behavior.
Our study further reveals that defect sites in SWCNTs primarily act as the binding sites for WS2 QDs and form
non-fluorescent complexes for effective quenching of the PL. The strong interaction between the WS2 QDs and
the SWCNTs is evidenced from the spectral shift in the X-ray photoelectron spectroscopy and Raman peaks. Our
study reveals the origin of excitation wavelength dependent PL emission from WS2 QDs and the nature of the in-
teraction between WS2 QDs and SWCNTs, which are important for their applications in biomedical imaging and
sensing, such as surface-enhanced Raman scattering, etc.

© 2019

1. Introduction

Tungsten disulfide (WS2) belongs to a class of materials called lay-
ered transition metal dichalcogenides (TMDs) that are like two di-
mensional (2D) graphene. TMDs fundamentally consist of covalently
bonded two-dimensional building X-M-X layers, where M is a transi-
tion metal like Mo or W and X=S, Se, Te, etc. Each of these lay-
ers is weakly bonded by Van der Waals forces. [1,2] As one of the
typical 2D TMDs, WS2 has many unique electric and optical proper-
ties. Bulk WS2 is a semiconductor with an indirect bandgap of 1.32eV,
while its monolayer counterpart has a direct bandgap of ~2.02eV.
[3–5] With its exfoliation and lateral size reduction down to quan-
tum dots, WS2 exhibits high room temperature photoluminescence (PL)
due to strong quantum confinement effect and surface edge effects. [6]
These QDs exhibit a tunable direct bandgap up to ~4eV. [7] Owing to
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their unique properties, the 2D WS2 nanostructures have found appli-
cations in a myriad of areas including catalysis, [2,8–11] optoelec-
tronic devices, [12–15] sensing, [12,16,17] batteries and energy con-
version [18,19], etc. Additionally, due to the ultra-small sizes accom-
panied by water solubility, inherent biocompatibility, and low toxicity,
WS2 QDs have been used in areas of biological imaging and photo-ther-
mal/photo-dynamic therapy. [2,20,21] Excitation wavelength-depen-
dent emission profiles have been reported for WS2 QDs, though the ori-
gin of the same has not been addressed well [21]. The excitation-wave-
length dependent change in emission color is very interesting, as it
can serve as a multicolor bio labeling reagent [21]. Based on their
high room temperature fluorescence, biosensors based on turn on-turn
off fluorescence of these 2D semiconducting quantum dots, including
graphene QDs [22] and TMDs QDs, [23,24], etc., have been devel-
oped. Yan et al. utilized the fluorescence tunability of WS2 QDs to fab-
ricate a sensor for the determination of lipoic acid using Fe3+ ions as a
quencher through photo-induced charge transfer [6]. The PL quantum
yield of WS2 QDs is usually higher than that of 2D sheets, which may be
associated with the confinement effect and higher exciton binding en

https://doi.org/10.1016/j.jcis.2019.11.027
0021-9797/© 2019.



UN
CO

RR
EC

TE
D

PR
OO

F

2 A. Bora et al. / Journal of Colloid and Interface Science xxx (xxxx) 1–14

ergy. However, there is no report on the exciton binding energy of WS2
QDs, though the same is known for the monolayer WS2.

Single-walled carbon nanotubes (SWCNTs) are rolled over graphene
sheets that are quasi-one-dimensional tubules having sharp densities
of electronic states. [25] As universal fluorescence quenchers, sin-
gle-walled and multi-walled CNTs effectively quench several fluo-
rophores by Förster resonance energy transfer (FRET) from a donor
(fluorophores) to acceptor (CNT) or by the formation of ground state
non-fluorescent complexes. [25–28] Biju et al. studied the conjugation
of CdSe-ZnS QD with SWCNT and subsequent quenching of PL intensity
and reduced carrier lifetime. [29] Das et al. reported a detailed analysis
of the anomalous behavior of the PL intensity of the graphene QDs with
varying concentrations of the SWCNTs. [30] However, there have been
no reports on the effect of SWCNT on the emission properties of highly
fluorescent TMD QDs, such as MoS2, WS2, etc. Thus, the fluorescence
quenching mechanism of TMD QDs in the presence of SWCNTs has not
been explored to date.

In the present work, we report a simple liquid-phase exfoliation
technique to break down bulk WS2 into ultra-small quantum dots in
N-methyl-2-pyrrolidinone (NMP). The optical properties of the as-pre-
pared WS2 QDs are studied in detail. The WS2 QDs exhibit direct gap
semiconducting nature much like monolayered WS2, although their
bandgap is much larger (~3.48eV) than that of monolayered WS2 film
(~2 eV). The as-prepared WS2 QDs exhibit strong photoluminescence at
room temperature, with a relatively high quantum yield of 15.4% with-
out functionalization. Another interesting feature of the QDs is the im-
proved spin-valley coupling, as compared to monolayer WS2. The tem-
perature dependence of PL emission is also studied in the present work,
and the exciton binding energy is estimated from the evolution of the
excitonic emission intensity. Finally, we carry out an in-depth study of
the effect of SWCNTs on the fluorescence of the WS2 QDs. We observe
the quenching of PL with an increase in the concentration of SWCNT
and explore the associated mechanism using various spectroscopic tools.
The ground state complex formation of WS2 QDs with the SWCNT is ar-
gued to be the primary cause of the quenching, which is supported by
the time-resolved PL study and X-ray photoelectron spectroscopy (XPS)
analysis. Raman spectral analysis is also employed to study the effect of
the WS2 QDs on the SWCNT and vice versa. There is an associated im-
provement in the structural quality and change in the electronic struc-
ture of the SWCNT with the attachment of the WS2 QD on the SWCNT
walls, which is observed for the first time.

2. Experimental procedure

2.1. Synthesis of WS2 QDs

A simple top-down liquid-phase exfoliation method was employed
to synthesize the WS2 quantum dots. Typically, 80mg of WS2 powder
(Sigma Aldrich, 99%) was dispersed in 80ml N-methyl-2-pyrrolidinone
(NMP) (Alfa Aesar, HPLC grade, 95%) in a beaker and sonicated us-
ing an ultrasonic homogenizer (Sonic Ruptor 250, Omni International)
with an ultrasonic frequency output of 20,000 cycles per second for 15h.
The obtained suspension was allowed to settle overnight and then cen-
trifuged at 12000rpm for 45min at low temperature to separate the su-
pernatant and the centrifugate. The colorless supernatant contained the
WS2 QDs, and the settled residue was a mixture of WS2 QDs and WS2
nanosheets with larger lateral size. The steps involved in the synthesis
of WS2 QDs are shown schematically in Fig. S1 (Electronic supporting
information (ESI)). The excess solvent from the supernatant was evap-
orated, and the WS2 QDs were redispersed in NMP at a concentration of
1mg/ml for further characterization.

2.2. General details of SWCNT used for the photoluminescence quenching

Commercially available SWCNTs having different amounts of struc-
tural defects were procured from Nanotech World Co. (Korea) (Purity
>95%) (SWCNT1) and Sigma Aldrich (Purity ~99%) (SWCNT2). For
the typical quenching experiments, 16mg of SWCNT1 was dispersed in
80ml of NMP and ultrasonicated for 5min to make a homogenous solu-
tion with a concentration of 0.2mg/ml. Further dilutions were carried
out to give a series of samples with different concentrations (2–50μg/
ml). Then, 1ml of the as-prepared WS2 QDs in NMP of concentration
1mg/ml was mixed with 1ml of the SWCNT1 solutions (2–50μg/ml),
i.e., in 1:1vol ratio. The resultant mixture was ultrasonicated for 10min.
The PL spectra of the WS2 QD solutions with the different concentrations
of SWCNT1 were collected over the wavelength range of 425–750nm
under the excitation of 405nm. The sample codes used for each concen-
tration of the SWCNT1 mixed with a fixed amount of WS2 QDs are de-
noted as WS+Cx, where x is the concentration of SWCNT1 in μg/ml.
The concentration of the QDs is fixed at 1mg/ml. For comparison, we
used another set of SWCNTs with a lower concentration of defects (SW-
CNT2) than that of SWCNT1 to study the nature of interaction and its
influence on the efficiency of fluorescence quenching.

2.3. Characterization techniques

The morphology, size, and structural properties of the as-prepared
WS2 QDs and the WS2 QD decorated SWCNT have been studied by a
transmission electron microscope (TEM) (JEOL-JEM 2010 operated at
200kV). Samples for TEM analysis have been prepared on carbon-coated
Cu grids of 400 mesh size (Pacific Grid, USA). X-ray photoelectron spec-
troscopy (XPS) (Ulvac-Phi Inc.) was employed to study the elemen-
tal composition of the as-prepared WS2 QDs and the effect of SWC-
NTs on the WS2 spectrum. Crystallinity, defects, etc. in the WS2 QDs
and SWCNT, as well as the strain in the WS2 QDs decorated SW-
CNT, have been studied by a high-resolution micro-Raman spectrometer
(LabRam HR800, Jobin-Yvon) with excitation wavelengths (λex) 488nm
and 532nm (Ar ion laser). The excitation laser light was focused with
a 100X objective lens to a spot size of 1μm, and the signal was col-
lected by a CCD detector in the backscattering geometry. UV–Vis-NIR
absorption measurements of the samples were recorded using a com-
mercial spectrophotometer (PerkinElmer, UV win Lab). The steady-state
PL and PL quantum yield measurements were performed by using a
Xe lamp as well as an external laser, with an excitation wavelength of
405nm, coupled to a commercial spectro-fluorimeter (Horiba, Fluoro-
max-4). Time-resolved PL (TRPL) measurements were carried out with
375nm and 405nm pulse laser excitations and picosecond time-resolved
luminescence spectrometer (Edinburg Instruments, FSP920). The room
temperature PL measurements on WS2 QDs were carried out in NMP so-
lution and the contribution of NMP to the PL spectrum was subtracted in
each case. For the low-temperature PL measurement, a thin film of the
WS2 QDs was used as the sample inside a liquid-nitrogen-cooled opti-
cal cryostat under vacuum (Optistat DNV, Oxford Instruments). Fluores-
cence confocal imaging of the samples was obtained from a commercial
confocal microscope (Zeiss LSM 880) with 405nm Ar laser excitation.

3. Results and discussion

3.1. Morphology studies

The typical morphological properties of the as-prepared WS2 QDs
were studied using a transmission electron microscope (TEM). Fig. 1(a)
shows the high angle annular dark-field (HAADF) TEM image of the
WS2 QDs with nearly uniform sizes (diameter 1.5–4.5nm). The nar-
row size distribution is fitted with a log-normal function, and the aver
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Fig. 1. (a) HAADF TEM image of the WS2 QDs. The inset shows the size distribution of the WS2 QDs with lognormal fitting. (b) HRTEM lattice image of WS2 QDs. (c) The TEM image of
bundled SWCNTs, (d) TEM image of SWCNTs decorated with WS2 QDs. The white marked region shows the clear presence of QDs on the SWCNT wall. The inset at the bottom displays
the SAED pattern of the composite of WS2 QD with SWCNT.

age diameter of the QDs is found to be 2.4±0.1nm, as shown in the
inset of Fig. 1(a). Fig. 1(b) exhibits the high-resolution TEM (HRTEM)
image of WS2 QDs depicting their crystalline nature. Fig. S2(a) (ESI)
shows the HRTEM image of a single WS2 QD with a lattice spacing of
0.23nm corresponding to (103) plane of WS2. The selected area elec-
tron diffraction (SAED) pattern (inset of Fig. S2(a)) exhibits diffused
rings that reveal the polycrystalline nature of the as-prepared WS2 QDs.
Fig. 1(c) shows the TEM image of pristine SWCNT1 that are composed
of bundles of carbon nanotubes with a length of >1µm. The TEM im-
age of the functionalized SWCNT1 (concentration of 10μg/ml) with WS2
QDs (WS+C10) is depicted in Fig. 1(d). The WS2 QDs of ultrasmall
sizes are decorated on the walls of the bundled nanotubes and are also
present in the region outside the nanotubes. The white dashed ring in
the image indicates the presence of WS2 QDs attached to the SWCNT
wall. The corresponding SAED pattern is displayed in the bottom right
inset of Fig. 1(d). The indexed rings in the SAED correspond to the
structural characteristics of both carbon and WS2, indicating the effec-
tive functionalization of SWCNT1 with WS2 QDs. The TEM image of
the WS2 QD and SWCNT2 (less defective) composite (WS+C10) is de-
picted in Fig. S2(b), which shows individual SWCNT with well-distrib-
uted WS2 QDs. Fig. S2(c) shows the AFM image of the WS2 QDs and
Fig. S2(d) shows the height profile of the WS2 QDs revealing the pres-
ence of bilayer as well as monolayer WS2 in the QDs.

3.2. Structural and compositional analysis

The chemical composition of the as-prepared WS2 QDs and its bond-
ing with SWCNTs were assessed from the XPS analysis. Fig. 2(a) depicts
the full range XPS survey spectrum for the WS2 QDs. In addition to W 4f
and S 2p peaks, there are appearances of C 1s (~284eV), N 1s (~399eV)
and O 1s (~531eV) peaks. The carbon contamination is well known in
XPS analysis, and the presence of N may be due to the residual trace of
NMP, which was used for the sample preparation. [2,32] The additional
peaks that are not labeled are due to the Si substrate. In Fig. 2(b), the
broad W 4f envelope is fitted with peaks at 32.5eV and 34.8eV, which
are known to be from W 4f7/2 and W 4f5/2, respectively. These peaks
correspond to the 4+ oxidation state of W, which concur with previous
reports for 2H-WS2. [1] The S 2p XPS of the WS2 QDs is displayed in
Fig. 2(c). The peaks at ~161.8eV and ~162.9eV corresponds to the S
2p3/2 and S 2p1/2, respectively and are attributed to the divalent sulfide
ions (S2-). Additionally, there are extra peaks at 161.4eV (with 10.3%
spectral weight) and 162.1eV (with 14.4% spectral weight) in the S-2p
spectra of the WS2 QDs, which are due to the presence of surface defects
(S vacancies) in the WS2 QDs. These defects are created during the syn-
thesis by the liquid phase chemical exfoliation. [1,33]

Micro-Raman measurements were carried out on WS2 QDs and bulk
powder using the Ar laser excitation at 532nm. Fig. 2(d) shows that the
bulk WS2 powder has two characteristic Raman modes E2g (356.6 cm−1)
and A1g (421.4 cm−1), which correspond to the in-
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Fig. 2. (a) XPS survey scan spectrum of as-prepared WS2 QDs. XPS spectra of the WS2 QD showing (b) W 4f and (c) S 2p peaks. The symbols are the experimental data, and the solid
curves are the Gaussian fittings with the Shirley baseline. (d) Comparative Raman spectra of bulk WS2 and WS2 QDs at excitation of 532nm Ar laser. The relative peak shifts are indicated
with vertical dashed lines.

plane vibration and the out-of-plane vibration of the W-S bond of 2H
WS2. In addition to these characteristic modes, there is another mode
at 351.5cm−1 that is ascribed to the second-order longitudinal acoustic
mode (2LA). [34,35] Additionally, the low-intensity peak at 325.6cm−1

is assigned to a combination of acoustic processes, LA, from longitudinal
acoustic mode and ZA, attributed to out-of-plane acoustic phonons. WS2
QDs also exhibit a similar Raman spectrum with a marginal blue shift
in the E2g peak by 0.4cm−1 and a redshift in the A1g peak by 0.8cm−1

due to the decrease in the number of layers in the as-prepared WS2 QDs,
compared to the bulk counterpart. The presence of these Raman modes
confirms good crystallinity in the as-prepared WS2 QDs. [2] Note that
there is an increase in the relative intensity of the 2LA mode in the QDs
that is attributed to the reduction of layer number and lateral size of
WS2 due to the confinement effect on the Raman acoustic phonon mode.
[34] The positions for the acoustic phonon modes (2LA and ZA+LA)
in QDs are consistent with those of monolayer WS2. [35] These results
are consistent with the AFM height profile analysis discussed earlier.

3.3. Optical studies on WS2 QDs

Fig. 3(a) shows the UV–vis absorption spectrum of WS2 QDs in dis-
persion. Monolayer WS2 is known to exhibit two excitonic peaks A and
B at ~615nm and ~517nm, respectively, originating from the direct
transition from the spin-split valence band at the K point of the Bril-
louin zone. There are also transitions at the Γ point, which correspond
to the C and D excitonic absorption peaks at the shorter wavelength
region. [4,5,36] However, in the case of WS2 QDs studied here, exci-
tonic absorption peaks are less distinct, though there is a strong absorp

tion peak in the UV region at 294nm. A similar absorption feature at
~297nm was reported by Yin et al. [15] In the case of semiconductor
quantum dots, a distinct excitonic absorption peak is usually observed
besides the absorption edge. The peak at 294nm is ascribed to excitonic
transitions from deep level valence band states to the conduction band.
[1,37] Note that here a broad absorption tail is observed in the blue
to the green region and it may be partly due to the presence of defects
in the WS2 QDs. To extract the absorption features related to spin-orbit
split B and A excitons in the WS2 QDs, we have taken the first deriva-
tive of the absorption spectrum (inset of Fig. 3(a)) [38] that shows two
prominent peaks at 319nm and 379nm, which are ascribed to the B and
A excitons, respectively. From the Tauc plot (see Fig. S3(a), ESI), the
optical bandgap of the WS2 QDs is estimated to be ~3.48eV, which is
much higher than that of the monolayer WS2.

PL measurements were carried out for the as-prepared WS2 QDs
with different excitation wavelengths ranging from 300 to 480nm (Fig.
3(b)). Interestingly, the QDs exhibit an excitation wavelength-depen-
dent shift in the PL emission peak. With low wavelength excitation, the
QDs display a broad emission spectrum, which gradually becomes nar-
rower with the increase in the excitation wavelengths. A redshift is ob-
served in the PL emission peak with the increase in the wavelength
of excitation owing to selective excitation of lower energy states, such
as bound excitonic emissions. Excitation wavelength-dependent shift in
the PL peak in WS2 QDs has been reported by Yin et al., though it
is not understood well. [15] The as-prepared WS2 QDs exhibit a rea-
sonably high PL quantum yield of ~15.4% at 405nm excitation, with-
out any functionalization. Higher quantum yield has been reported for
surface passivated WS2 QDs and monolayer WS2 sheets [31] Interest-
ingly our value is similar to that of WS2 QDs prepared by a hot injec



UN
CO

RR
EC

TE
D

PR
OO

F

A. Bora et al. / Journal of Colloid and Interface Science xxx (xxxx) 1–14 5

Fig. 3. (a) UV–vis absorption spectra of WS2 QDs. Inset displays the first derivative of the absorption spectra showing prominent peaks at 319nm and 379nm owing to B and A excitons,
respectively. (b) PL spectra of WS2 QDs with various excitation wavelengths (300–480nm). Inset displays a digital photograph of the fluorescence emission of the WS2 QDs at an excitation
of 360nm. (c) Gaussian fitting of the PL spectra for different excitation wavelengths in the range 320–460nm. The vertical lines indicate the invariance of the individual peak positions for
different excitation wavelengths.

tion method. [15] Details of our PL quantum yield measurement are
provided in the ESI. To further interpret the origin of the PL peak evo-
lution, we have deconvoluted the PL spectra measured under different
excitation wavelengths (320–460nm), as shown in Fig. 3(c). The broad
PL spectrum under the excitation of 320nm is fitted with four Gauss-
ian components, as shown in Fig. 3(c), namely the B exciton, the neu-
tral exciton (A), and the defect bound excitons (X1 and X2). The B and
A excitons centered at 375nm and 445nm, respectively, arise from di-
rect gap transitions from the splitting of the valence band at K point
to the conduction band. It is well understood that the valence band
edge at the K valley is split due to strong spin-orbit coupling in the d
orbitals of the W atoms. [1,36,39] The bound excitonic peaks at the
longer wavelength region, centered at 510nm and 555nm, are believed
to arise from the surface defect states and in-plane point defects arising
from missing S atoms from the hexagonal lattice of WS2. [15,40] The
relative intensities of bound exciton emissions increase at longer wave-
lengths of excitations. The X1 emission band intensity is highest for the
excitation at 400nm, whereas the X2 emission band intensity is highest
under 460nm excitation. Under the excitation of 460nm, the PL spec-
trum fits well with two Gaussian peaks at ~515nm and ~559nm, re-
spectively. These two peaks are attributed to the defect bound excitons
X1 and X2 (Fig. 3(c)). There is no contribution from B and A excitons
for high wavelength excitations. Individual peak positions of B, A, X1,
and X2 excitons are nearly independent of the excitation wavelength in
the range 320–460nm. Note that the highest intensity of the PL emis-
sion is observed under the excitation of 380nm. The details of the fit-
ting parameters derived from the Gaussian deconvolution are provided
in Table T1 (ESI). It is to be noted that for the excitation wavelengths
>380nm, the contribution from the A and B exciton is gradually re-
duced and hence the spectrum is narrower and red-shifted as compared
to that of lower wavelength excitations. For the excitations of 440 and
460nm, the PL is only due to the defect-bound X1 and X2 excitons,

i.e., the contribution to the PL emission is only from the defect levels.
Thus, the excitation wavelength-dependent PL spectral line shape and
spectral shift are mainly due to the selective excitation/recombination
of carriers at certain energy levels depending on the energy of the exci-
tation source. Note that the broadening in each peak is due to the size
distribution of WS2 QDs possessing a range of band gaps depending on
their sizes. In the literature, the origin of excitation wavelength-depen-
dent fluorescence in WS2 QDs has been argued to be due to carrier lo-
calization where carriers transport to lower energy levels in the local-
ized region before recombination. [32] Additionally, excitation wave-
length-dependent fluorescence of graphene oxide has been attributed to
out of plane strain. [41] However, in the present case, our results could
be explained without invoking the strain effect. Note that we did not de-
tect any strain in the lattice from the Raman analysis. Change in the line
shape and spectral shift in PL can be well explained by the relative am-
plitude of each peak for different excitation energies.

To better understand the spectral line shape, PL excitation (PLE)
spectra were recorded for the emission wavelengths 375nm, 445nm,
510nm, and 560nm, which are the emission peak positions for B,
A, X1, and X2 excitons, respectively. For the 375nm emission, the
PLE spectrum shows a single excitation peak at ~318nm, and for the
445nm emission (A exciton), the PLE spectrum consists of a distinct
peak at ~368nm and a shoulder peak at ~318nm, as shown in Fig.
4(a). The PLE spectra for the X1 and X2 band emissions are broad
and asymmetric. To have a better understanding, we have deconvo-
luted the broad PLE spectrum for 560nm emission with 4 Gaussian
peaks corresponding to B, A, X1, and X2 excitons, respectively (see
Fig. 4(b)). Similarly, the PLE spectrum for the A exciton emission
(~445nm) consists of three peaks: 318nm, 368nm and 405nm (Fig.
S3(b), ESI). Based on the above, the band structure of the WS2 QDs and
related optical transitions are schematically shown in Fig. 4(c), where
Eb refers to the exciton binding energy. Thus, the emission peak centered
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Fig. 4. (a) PLE spectra of the WS2 QDs for emission wavelengths of 375, 445, 510 and 560nm. (b) Gaussian deconvolution of the PLE spectrum for emission at 560nm. (c) Energy band
diagram of WS2 QDs showing the different excitonic transitions (A, B, X excitons) at the K point. (d) TRPL decay curves of WS2 QDs recorded at 440nm and 510nm emissions for 375nm
excitation. The solid lines show the bi-exponential fit to the experimental data (symbols). (e) Temperature-dependent PL emission spectra for WS2 QDs (film) using 355nm laser excitation.
(f) The variation of A exciton intensity with temperature for the WS2 QDs. The inset shows the Arrhenius plot for the region 285–330K (the red dashed box indicates the temperature
range used for Arrhenius fit). The experimental data have been fitted with the Arrhenius equation to extract the exciton binding energy (Eb).

at 445nm is contributed by three excitation processes, as revealed from
PLE and absorption spectra: (1) at 318nm, excitation from V1 point to
conduction band minimum (CBM) and subsequent recombination lead-
ing to B excitonic emission, (2) at 368nm, excitation from V2 point to
CBM and subsequent recombination leading to A exciton emission and
(3) excitation to the defect level at ~405nm and subsequent recombina-
tion leads to bound exciton (X band) emission (see Fig. 4(c)). The points
V1 and V2 correspond to the valence band maxima for the spin-valley
split B and A excitons, respectively. The energy difference between the
two points can be manipulated by controlling the lateral size of the WS2
QDs. [1]

TRPL measurements were carried out for the WS2 QDs at A-exci-
ton and X1 band emission wavelengths. Fig. 4(d) shows the acquired

TRPL spectra at 440nm and 510nm. Caigas et al. have previously re-
ported a stretched exponential PL decay for undoped and doped WS2
QDs. It was argued that the emission wavelength-dependent decay time
was related to emission from localized states. [32] However, in our case,
we observe that the TRPL decay spectrum in each case fits well with a
bi-exponential decay function given by:

(1)

Here, τ1 and τ2 are the carrier lifetimes for the two main types
of recombination processes involved, one being the decay of emission
at V1 or V2 point and the other being the decay of emission from
the defect-related level. [1] A1 and A2 are the respective amplitudes
of these processes and t is the instantaneous time. Using the equa
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tion, , we evaluate the average carrier lifetime to be 6.9ns for
the emission at 440nm, while that of 510nm emission peak comes out
to be 9.2ns. Higher τav for 510nm emission is due to the bound state ex-
citons, while the lower lifetime is due to the free exciton. Slow carrier re-
combination for the X1 band is a clear indication of carrier localization,
consistent with the earlier report. [32] Note that a large Stokes shift be-
tween the absorption and emission peaks for X1 and X2 bands observed
experimentally are characteristic of defect-bound emissions. Hence, the
TRPL decay at higher emission wavelength (~510nm) is mainly due to
localized bound excitons. In the literature, the bi-exponential decay pro-
file of monolayer WS2 has been attributed to the band nesting effect,
[42] which may be present in our case of WS2 QDs. Additionally, due to
size distribution, each peak in the PL spectrum is broad and some over-
lap of emission wavelength may give rise to contribution from two dif-
ferent emission states. Thus, the bi-exponential fit to the TRPL spectra is
consistent with the literature.

To further investigate the excitonic properties of the as-prepared WS2
QDs, temperature-dependent PL measurement was carried out in the
temperature range of 100–350K at a laser excitation of 355nm (see Fig.
4(e)). As the temperature increases from 100K to 350K, there is a grad-
ual decrease in the PL intensity. The PL intensity of WS2 QDs is reduced
by ~68% when the temperature increases from 100K to 350K. This de-
crease in the PL intensity could be due to the increase in the probability
of the non-radiative recombination process with an increase in thermal
energy. There is a slight redshift of the PL peak with an increase in the
temperature. This is may partly be due to the reduction is bandgap with
the increase in temperature and partly be due to the higher emission
from the radiative surface defect-related trap states at lower tempera-
tures. The temperature dependence of the PL intensity can be expressed
by the relation:

(2)

Here, IRT and ILT are the PL intensities of WS2 QDs at room temper-
ature and at very low temperature, respectively and Krad and Knonrad are
the radiative and non-radiative recombination rates. [43,44] The elec-
tron relaxation and defect-trapping rate within the conduction and va-
lence bands of a semiconductor are reported to be related to the non-ra-
diative recombination rate. [45] From the temperature dependence of
intensity, it is estimated that the non-radiative recombination rate is
~1.4 times the radiative recombination rate at room temperature. Thus,
there is a reduction in the PL intensity with an increase in temperature.
The PL spectra obtained for the entire temperature range of 100–350K
were deconvoluted using three Gaussian components, the A exciton and
the defect bound X1 and X2 excitons. Fig. S4 (ESI) exhibits the Gaussian
fitting of a representative PL spectrum acquired at 150K. The PL peak
intensity for the A exciton is extracted from the fitted spectra and plot-
ted as a function of temperature in Fig. 4(f), which shows a systematic
decrease in intensity with an increase in temperature. The intensity of
A exciton emission is decreased by ~60% when the temperature is in-
creased from 100K to 350K.

To estimate the thermal activation energy (Ea) of the recombination
process in the as-prepared WS2 QDs, the temperature-dependent inten-
sity of excitonic emission can be expressed in terms of the Arrhenius
equation:

(3)

Here I(T) and I0 are the PL emission intensities of the A exciton at
temperatures T and 0K, respectively, and C is a constant. The tempera-
ture range of 285–330K is considered to extract the thermal activation
energy of ~301±2meV from the Arrhenius plot, as shown in the inset
of Fig. 4(f). Since the evolution of only A-exciton intensity is consid

ered, the measured Ea is assigned to the intrinsic exciton binding energy
(Eb), which gives strong experimental evidence for the existence of the
large excitonic effect in the as-prepared WS2 QDs. [5] Our result is con-
sistent with the experimental result reported by Chernikov et al. [38]
for monolayer WS2. Since the WS2 QDs in the present case do not con-
tain only single-layer structure, exciton binding energy is not as high as
those reported from theoretical predictions with the exciton binding en-
ergy of ~0.5–0.7eV for monolayer WS2. [46,47] Nevertheless, the large
exciton binding energy observed here is a manifestation of the strong
Coulomb interactions and quantum confinement in the WS2 QDs.

3.4. Study of the interaction between WS2 QDs and SWCNTs

Next, we study the interaction of WS2 QDs with SWCNTs through flu-
orescence studies and provide evidence for the WS2 QDs/SWCNT com-
plex formation facilitated by the defects in the SWCNT walls. Due to
the biocompatibility of both WS2 QDs, [48] and SWCNTs and their po-
tential medical applications, understanding the interaction between the
WS2 and SWCNTs is very important. We explore the effect of SWCNTs
on the fluorescence quenching of WS2 QDs. SWCNTs of different purity/
defect content from two different sources (SWCNT1 and SWCNT2) were
used to understand the role of defects in the interaction between the two
species and the evolution in the PL spectra.

3.4.1. Raman analysis of the SWCNT/ WS2 QD hybrid
To understand the structure of the pristine SWCNTs and the SW-

CNTs functionalized with WS2 QDs, laser micro-Raman measurements
were carried out using 488nm Ar ion laser excitation. Fig. 5(a) dis-
plays the comparison of the Raman spectra of the pristine SWCNT1
and the SWCNT1/WS2 composites- WS+C10 and WS+C50. All three
samples exhibit the characteristic first-order Raman bands of SWCNTs,
namely the graphitic G band at ~1585cm−1 as well as the radial breath-
ing modes (RBM) in the range of 150–350cm−1. The Raman spectra
also show the presence of the characteristic double resonance Raman
modes, D and 2D bands. [49] In the composite sample, the shift in the
D, G, and 2D bands is apparent from the vertical dashed lines pass-
ing through the respective peaks of pristine SWCNT1. The inset of Fig.
5(a) shows the comparison of the RBM of the SWCNT1, WS+C10, and
WS+C50. We have deconvoluted the RBM modes with six Lorentzian
peaks, as shown in Fig. S5 (ESI) and calculated the diameters of the
SWCNT1 using the formula ωRBM =C/dt, where C is 248cm−1 nm and
dt is the diameter in nm. [49] The analysis of the chiral indices reveals
the presence of both semiconducting and metallic SWCNT1. The pris-
tine SWCNT1 is a mixture of chiral and armchair types of nanotubes.
The indices (15, 7), (11, 10), (11, 7) and (10, 2) represent their semi-
conducting chiral nature with diameters 1.53, 1.43, 1.23 and 0.87nm,
respectively, while the indices, (8, 8) and (6, 6) represent the metal-
lic armchair SWCNT1 with diameters of 1.08 and 0.81nm respectively
(as shown in Table T2, ESI). Fig. 5(b) depicts the comparison of Ra-
man spectra of SWCNT1 without and with WS2 QDs (WS+C10 and
WS+C50). The vertical dashed lines show a blue shift of 5cm−1 in
the G-band of the Raman spectra of the SWCNT1 after functionaliza-
tion with WS2 QDs. This is indicative of a strong interaction between
WS2 QDs and SWCNTs. To obtain a detailed picture of the structural
characteristics of the SWCNTs, each of the Raman spectrum for the
range 1200–1800cm−1 is fitted with three Lorentzian peaks and one
Breit-Wigner-Fano (BWF) line shape corresponding to the metallic SW-
CNT (Fig. 5(c)). [49] For the pristine SWCNT1, peaks at 1350cm−1

(peak 1) and 1584.6cm−1 (peak 4) correspond to the D and G bands,
respectively. The ratio of the intensities of the D to G bands (ID/IG) for
the SWCNT1 is 0.23, which gives a measure of the defects present in
the SWCNT1. The peaks 2 and 3 correspond to the asymmetric metal-
lic BWF feature (~1532cm−1) and the Lorentzian band (~1573cm−1)
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Fig. 5. (a) Comparison of the Raman spectra of bare SWCNT1 and the composites of WS2 QD with SWCNT1 concentrations 10, 50μg/ml. For the composites, the position of the G and
2D bands of SWCNT1 are blue shifted. The inset shows the comparison of the RBM modes of the pristine and composite samples. (b) The Lorentzian fittings of the Raman spectra in
the range of 1280–1630cm−1 for pristine SWCNT1 and WS+C50 composite. (c) Comparison of the Raman spectra of WS2 QDs without and with SWCNT1. Peak shifts are indicated by
vertical dashed lines. (d) Comparison of the XPS survey spectra of pristine WS2 QDs without and with SWCNT1 at two different concentrations. The inset shows the high-resolution XPS S
2p spectra of WS2 QDs without and with SWCNT1.

for the semiconducting carbon nanotubes, respectively. [30,49] The
presence of both semiconducting and metallic nanotubes was further
confirmed from the Raman frequency calculation using the equation,
ω=ω0 +β/d2 where β=−47.7cm−1 nm2 for semiconducting and
β=−79.5cm−1 nm2 for the metallic SWCNT1, the diameter of SWC-
NT1 was taken as d=1.3nm, ω0 =Raman frequency of G band, i.e.,
1584.6cm−1. [50] The calculated and measured values of the frequen-
cies match well. The overtone of the d-band, another double resonance
feature, the 2D band appears at 2682.3cm−1. We compared the Ra-
man spectra of pristine SWCNT1 with that of the composite WS+C50.
The Raman spectrum of WS+C50 was similarly deconvoluted into 3
Lorentzian peaks (D, G, and semiconducting bands) and one metallic
BWF peak (Fig. 5(b)). The defect-related d-band and the first-order
characteristic G-band appear at 1351.5 and 1589.6cm−1, respectively.
The BWF band shifts to 1543.8cm−1 and the Lorentzian peak corre-
sponding to semiconducting SWCNTs appears at 1573cm−1. The de-
fect-related overtone of the d-band, the 2D band shifts to 2689cm−1.
Thus, the D, G, and 2D bands exhibit a blue shift of 1.5, 5.0, and
7.0cm−1, respectively, in the composite sample. This is indicative of the
presence of uniaxial compressive strain in the nanotubes due to attach-
ment of WS2 QD on the defect (vacant) sites on the walls of the SWC-
NT1. [49,51,52] Interestingly, we notice a reduction in the ID/IG ratio
upon functionalization of SWCNT by WS2 QDs, which comes down to
0.08 from its pristine value of 0.23, indicating a substantial decrease in
the defect density in the walls of SWCNTs in the composite system. Ad-
ditionally, the semiconducting nature dominates in the composite with
respect to the pristine SWCNT1, perhaps due to the loading of the semi-
conducting WS2 QDs on the SWCNTs. The ratio of the integrated inten-
sities of metallic to semiconducting band decreases from ~1.8 for pris

tine SWCNT1 to ~0.7 in the case of the composite WS+C50. This can
be attributed to the decoration of semiconducting WS2 QD on the SWC-
NT1 walls. There is an overall increase in the intensities of these bands
accompanied by a decrease in the full width at half maxima (FWHM) of
the G band from ~30cm−1 for pristine SWCNT1 to ~13.5cm−1 for the
functionalized SWCNT1. This hints towards an overall improvement in
the crystallinity and structural quality of SWCNT1 upon functionaliza-
tion with WS2 QDs. Next, we study the effect of SWCNTs on the Raman
spectra of WS2 QDs using laser excitation of 532nm. The Fig. 5(c) repre-
sents the comparative Raman spectra of bare WS2 QDs and the compos-
ite showing the presence of the characteristic modes of WS2. The 2LA,
E2g and A1g modes appear at 351.5cm−1, 357.0cm−1 and 420.6cm−1, re-
spectively for pristine WS2 QDs. In the WS2/SWCNT composite, the A1g
peak blue shifts by 0.9cm−1 indicating a charge transfer from WS2 QDs
to the SWCNT. This observable shift in the A1g mode is attributed to the
strong electron-phonon coupling. [53] The overall change in the Raman
spectra of both WS2 QDs and SWCNTs upon complex formation is in-
dicative of strong binding between the QDs and the SWCNTs. Fig. 5(d)
shows the comparison of the full range XPS spectra of the WS2 QDs with-
out and with SWCNTs at different concentrations. Characteristic peaks
of W 4f and S 2p are present in all the samples. Interestingly, the S 2p
peak shows substantial upshift in the binding energy for composite sam-
ples (see the inset of Fig. 5(d)), indicating the strong interaction of WS2
QDs with the defect sites of SWCNTs, since the defect density (D band
intensity) was found to reduce in the composite sample as revealed from
the Raman analysis discussed above. These results may imply a strong
bonding and a kind of complex formation between the WS2 QDs and
SWCNTs.



UN
CO

RR
EC

TE
D

PR
OO

F

A. Bora et al. / Journal of Colloid and Interface Science xxx (xxxx) 1–14 9

3.4.2. Optical studies and PL quenching
Fig. 6(a) and (b) show the UV–vis absorption spectra of the SWCNT1

and the WS2 QDs at different concentrations of SWCNT1 (defective), re-
spectively. The absorption spectrum of the SWCNT1 (in Fig. 6(a)) is
shown for the concentration of 10μg/ml. There is an intense absorption
peak in the UV region at 280nm due to the π-π* interacting plasmons
in the case of metallic SWCNTs. The absorption in the wavelength range
of 450–600nm is attributed to the M11 band for metallic nanotubes,
whereas in the IR range, i.e., 900–1200nm, the S22 absorption band
is due to the presence of semiconducting SWCNT1. [54–56] Thus, the
absorption spectrum indicates the presence of both metallic and semi-
conducting nanotubes. The semiconducting S22 bands (~988nm and
~1160nm) are more prominent than the metallic M

11 band. Fig. 6(b) depicts the comparison of the absorption spectra of
the WS2 QD without and with SWCNT1 (10 and 50μg/ml). An enhance-
ment in the absorption intensity is observed with an increase in the con-
centration of SWCNT1 indicating the formation of WS2/SWCNT1 com-
plexes. The higher absorption in the composite may be partly due to
the absorption by the SWCNTs and partly due to the scattering by the
SWCNTs. There is an intense absorption peak at 294nm, which is at-
tributed to the WS2 QDs, as discussed earlier. In the UV region, the ab-
sorption peak results from the contribution of both the maximum peak
of the WS2 QD and π- π* plasmons of the SWCNT1, and hence it is
broader as compared to the plasmonic absorption band exhibited by
only SWCNT1. The M11 band of SWCNT1 is diminished with the forma-
tion of the composite, while the semiconducting S22 bands are promi-
nent. This is consistent with our conclusion that there is a complex for

Fig. 6. UV–vis absorption spectra of (a) bare SWCNT1, (b) WS2 QDs without and with SWCNT1 at different concentrations. (c) Emission spectra of WS2 QDs in the presence of different
concentrations of SWCNT1 (0–50μg/ml) for excitation wavelength 405nm. (d) The Stern-Volmer plot of quenching for different concentrations of SWCNT1. (e) Schematic of the recombi-
nation and charge transfer process at the WS2/SWCNT interface in the composite sample. (f) TRPL spectra of WS2 QDs without and with SWCNT1 (40μg/ml). The average carrier lifetimes
are 8.8ns and 8.1ns, respectively. The solid line shows the bi-exponential fit to the experimental data (symbols). The inset shows a schematic of the WS2 QD/ SWCNT complex.
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mation between the SWCNT1 and the semiconducting WS2 QDs, which
leads to an increase in the proportion of the semiconducting SWCNT1.

PL emission measurements were carried out for the WS2 QDs and the
composites with different concentrations of SWCNT1. Fig. 6(c) shows
the acquired spectra of WS2 QDs without and with SWCNT1 for con-
centrations in the range 2–50μg/ml. With the addition of the SWCNT1,
which acts as a PL quencher, a systematic decrease in the PL emission
intensity of WS2 QDs is observed with increasing concentrations of SW-
CNTs. For a very low concentration of the SWCNT1 (2μg/ml), the PL
peak intensity decreases by about 10%. With a further increase in the
concentration of the SWCNT1, a systematic decrease in the PL intensity
is observed. At the concentration of 50μg/ml, the PL peak intensity of
WS2 QDs is quenched by ~68%. Note that with 405nm excitation, the
measured PL is contributed mainly by defect-related X1 and X2 bands in
WS2 QDs. Quenching of defect PL with the addition of SWCNTs clearly
suggests that defect sites in WS2 are passivated by the defects in SWC-
NTs. Similar quenching was also observed with UV excitation source, as
discussed later. To understand the mechanism behind the fluorescence
quenching of the WS2 QDs by the SWCNT1, the fractional integrated PL
intensities (I0/I) with respect to the concentration of SWCNT1, x (in μg/
ml) shown in Fig. 6(d) and the experimental data are fitted well with
the linear Stern-Volmer equation, [26,57]

(4)

where I0 and I are the maximum PL emission intensities of WS2 QDs
and the composite WS2/SWCNT1 respectively, K, Stern-Volmer quench-
ing constant is found to be 0.039μg−1 ml. Based on the PL quenching
of the WS2 QDs by SWCNT1, the presence of SWCNT1 can be detected
by WS2 QDs. We calculated the limit of detection (LOD) of the SWCNT1
using the relation, , where S.D. is the standard deviation of
the intercept and K is the slope. [6] The LOD, in our case, is found to
be equal to be 1.5μg/ml. The linear Stern-Volmer plot indicates the oc-
currence of either static or dynamic quenching. Static quenching takes
place when there is a formation of a ground-state complex, i.e., complex
formation before the excitation. While collisional or dynamic quenching
occurs due to the depopulation of the excited states of the fluorophores
leading to quenching of fluorescence. [26] Note that there is a possi-
bility of charge transfer induced partial quenching in the present case.
Fig. 6(e) depicts a schematic of the band alignment and charge trans-
fer as well as the recombination process for the WS2/SWCNT composite.
The work function of 2D WS2 is ~4.6eV [58], whereas that of SWCNTs
~5.05eV [59]. This difference in the work function mediates charge
transfer from WS2 QD to SWCNT and also leads to suppression of car-
rier recombination. This is fully consistent with the Raman analysis of
the WS2 QDs that evidenced the complex formation and charge transfer
induced spectral shift.

To discern the exact nature of quenching, TRPL measurements were
carried out. Fig. 6(f) shows the TRPL decay spectra for WS2 QD and
the WS2/SWCNT1 composite for the SWCNT1 concentration of 40μg/
ml (WS+C40) respectively. The carrier lifetime is obtained from the
decay curves fitted with the bi-exponential function. The WS2 QDs,
being highly fluorescent, have a τav of 8.8ns. After the addition of
SWCNT1, the average lifetime of the composite becomes 8.1ns (for
SWCNT1 concentration of 40μg/ml). The average carrier lifetimes of
WS2 QDs at different SWCNT1 concentrations are presented in Table
T3 (ESI). It is observed that with the change in the concentration of
SWCNT1, the average carrier lifetime does not show any considerable
change, i.e., τ≈τ0. Here, τ0 and τ are the recombination lifetimes of
WS2 QDs in the absence and presence of SWCNT1, respectively. Thus,
no substantial change in PL lifetime in the composite system and the
linear Stern-Volmer plot suggest that the PL quenching follows sta-
tic quenching behavior due to the formation of ground state com

plexes. The ground state complexes are non-fluorescent in nature.
Hence, the fluorescence is quenched effectively due to the unavailabil-
ity of a fluorescent WS2 QDs (fluorophores) that do not form any com-
plexes. The WS2 QDs, due to the presence of abundant edge sites, can
form complexes with the highly defective SWCNT1 even at very low
concentrations of the SWCNT1. This is consistent with the Raman analy-
sis discussed earlier. Thus, the steady-state and time-resolved PL analy-
ses provide clear evidence of static quenching of WS2 QDs. Note that the
complex formation is believed to be facilitated by the defect sites of SW-
CNTs and the edge sites of WS2 QDs. A schematic of the SWCNT/WS2
QD complex formation is shown in the inset of Fig. 6(f). The atomic
sites marked in yellow color refer to the point defects in SWCNTs, where
the WS2 QDs are preferentially attached.

The quenching of fluorescence of WS2 QDs was also studied us-
ing a 340nm excitation, and the fluorescence emission here is con-
tributed by the B and A excitons along with the defect-related emis-
sions (see Fig. S6(a), ESI). The fluorescence intensity of the WS2 QDs
is quenched by ~65%, which is similar to the 405nm excitation case.
The Stern-Volmer plot (Fig. S6(b), ESI) yields the same quenching con-
stant, K=0.039μg−1 ml. Thus, the overall PL intensity is quenched with
the addition of SWCNTs irrespective of the excitation energy, and this
further confirms that the quenching is due to ground state WS2/SWCNT
complex formation. Another possible mechanism for quenching could be
fluorescence resonance energy transfer (FRET). For FRET to take place,
the essential condition is the overlap of energy between the donor and
the acceptor molecules, i.e. overlap of the emission spectra of the donor
WS2 QDs with the absorption of the acceptor SWCNTs. Despite the low
absorption by SWCNTs in the region of emission of WS2 QDs, any possi-
ble energy transfer cannot be completely ruled out for the A and B exci-
tons of WS2 QDs. However, no substantial change in the lifetime of the
donor is observed in the composite sample, which essentially implies a
negligible contribution of FRET in the quenching process. Thus, in the
present case, quenching primarily occurs through the ground state com-
plex formation.

The role of defects in the carbon nanotubes for the PL quenching
was further ascertained by comparing the quenching efficiencies of SW-
CNT1 (more defective) and SWCNT2 (less defective) samples with dif-
ferent defect content. The comparative Raman spectra for SWCNT1 and
SWCNT2 are shown in Fig. 7(a). For SWCNT1, the ID/IG ratio is ~0.23,
as mentioned earlier, while for the SWCNT2, the ratio is ~0.09. The
ID/IG ratio is instrumental in the defect characterization of carbon nan-
otubes. Lower the ratio, more defect-free are the SWCNTs. [49] Thus,
the SWCNT2 sample contains a much lower density of defects and the
complex formation with WS2 QDs is expected to be less efficient in
this case than that of SWCNT1. Note that in the case of SWCNT2, the
shift in the G-band position with the addition of QDs is much lower
(~1.5cm−1, see the inset of Fig. 7(a)) than that of SWCNT1 (~5cm−1).
This implies a relatively weak interaction between QDs and SWCNT2,
due to the fewer defect sites. Fig. 7(b) shows the acquired PL emission
spectra of WS2 QD in the absence and presence of less defective car-
bon nanotubes (SWCNT2), with concentrations ranging from 2 to 50μg/
ml. The PL of WS2 is subsequently quenched in the presence of the
SWCNT2. At 50mg/ml, the PL emission intensity is reduced by 55%,
which is much lower than the case of SWCNT1. Similar to the case
of SWCNT1, the Stern-Volmer plot for SWCNT2 is shown in Fig. 7(c).
Note that for the SWCNT2, the quenching follows a nonlinear behav-
ior and the quenching efficiency is much lower than that of SWCNT1
for the identical concentrations. The nonlinear quenching may be due to
the combined effect of static and dynamic contributions. [30,60] The
TRPL studies, on the other hand, show a negligible change in the av-
erage lifetime after the addition of SWCNT2 (Fig. 7(d)), which reveals
that the contribution of dynamic quenching is very small. The quench-
ing efficiency, in this case, is ~55%, which is much lower compared
to highly defective SWCNT1 (~68%). Hence, the quenching efficiency
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Fig. 7. (a) Comparative Raman spectra of SWCNT1 and SWCNT2 at laser excitation of 488nm. The inset shows a comparison of the G band of the pristine SWCNT2 and WS2/SWCNT2
composite showing a 1.5cm−1 blue shift for the composite. (b) Evolution of the PL spectra WS2 QDs in the presence of SWCNT2 (0–50μg/ml) for 405nm excitation. (c) Comparison of
Stern-Volmer plots for SWCNT1 and SWCNT2. (d) TRPL spectrum of WS2 QDs without and with SWCNT2 (50μg/ml). The average carrier lifetimes are 8.8ns and 9.1ns, respectively. The
solid line shows the fitted curve to the experimental data (symbols).

is much higher in the case of more defective carbon nanotubes (SWC-
NT1), as the edge sites of QDs can easily bind to the defect sites of the
carbon nanotubes. Note that WS2 QDs also contains sufficient defects,
as evident from the XPS and PL analyses. In particular, the edge sites of
WS2 QDs may easily attach to the defective sites of SWCNTs. Thus, the
PL quenching is very efficient in the presence of the more defective SW-
CNT1, owing to its higher efficiency of complex formation.

3.4.3. Confocal imaging
Fluorescence confocal imaging was carried out to directly visualize

the fluorescence quenching of WS2 QDs by SWCNT1. Fig. 8 shows the
confocal images of the WS2 QDs and the composites of WS2 QDs with the
SWCNT1 concentration of 10, 30, 50μg/ml. For comparison, the confo-
cal imaging was carried out under identical conditions at 405nm exci-
tation. The WS2 QDs exhibit characteristic bright green emission, as evi-
dent from Fig. 8(a). On the other hand, the fluorescence images distinc-
tively depict a gradual reduction in the fluorescence background with an
increase in the concentration of SWCNT1 (Fig. 8(b-d)). This gives us di-
rect evidence of the systematic quenching of fluorescence of the as-pre-
pared WS2 QD with the increase in the concentration of SWCNT1.

Based on our observations, we propose that during the ultrasonica-
tion process, the WS2 QDs form complexes with SWCNT. The presence
of ample surface edge sites/defects on the WS2 QDs allow their attach-
ment on the abundant defect sites on the carbon nanotube walls, which
lead to the formation of non-fluorescent ground state complexes, pri-
marily responsible for effective quenching of fluorescence [26,60]. This
attachment of WS2 QDs on walls of the SWCNT, in turn, leads to charge
transfer and further quenching of the PL intensity of the WS

2 QDs.

4. Conclusion

In summary, we have synthesized highly fluorescent WS2 QDs us-
ing a liquid phase exfoliation technique. The average size of the QDs is
~2.4nm. Analogous to monolayer WS2, WS2 QDs exhibit a direct op-
tical band gap with a reasonably high PL yield (15.4%) at room tem-
perature without any functionalization. The PL spectral analysis reveals
that the excitation wavelength-dependent broad PL spectra result from
different contributions from the excitonic transitions from the spin-or-
bit split band at the K point and emissions from defect levels. The
temperature-dependent PL emission study indicates the presence of ra-
diative defects. An exciton binding energy of ~301meV is extracted
from the Arrhenius fit to the temperature-dependent PL intensity of the
A-exciton peak. We have demonstrated the efficient quenching of flu-
orescence of WS2 QDs in the presence of SWCNTs with defective side-
walls. Furthermore, we have proposed a mechanism of WS2/SWCNT
complex formation supported by XPS and Raman analyses. We observed
an overall improvement in the crystallinity of the SWCNTs by reduc-
tion of its defects with the help of WS2 QDs, for the first time. Inter-
estingly, even at a very low concentration of the SWCNT (2μg/ml), the
PL intensity of WS2 QDs is partly quenched, and quenching is ~68%
for SWCNTs concentration of 50μg/ml. Our results reveal that quench-
ing is static in nature, i.e., it is due to the formation of non-fluores-
cent WS2/SWCNT ground state complexes leading to lesser availabil-
ity of uncomplexed fluorescent QDs. Partial quenching also takes place
due to charge transfer from WS2 QDs to the SWCNTs due to the strong
bonding between them. The quenching efficiency is shown to be higher
more defective SWCNT1 than that of less defective SWCNT2. The re
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Fig. 8. Laser confocal microscopy images of (a) WS2 QD and WS2/SWCNT1 composites with SWCNT concentrations (b) 10μg/ml, (c) 30μg/ml and (d) 50μg/ml with excitation of 405nm.

sults are insightful in understanding the interaction between WS2 QD
and SWCNTs and regulating the fluorescence intensity of WS2 QDs,
which is important for various applications in biomedical areas, such as
bio-imaging/sensing, drug delivery, etc.
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