ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue,

Oxygen accelerated scalable synthesis of highly

i") Check for updates‘
fluorescent sulfur quantum dotsT

Cite this: Chem. Sci., 2020, 11, 772

Yiheng Song,? Jisuan Tan,® Guan Wang,® Pengxiang Gao,? Jiehao Lei®
and Li Zhou @ *2

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Here, we report a facile and efficient approach for the large-scale synthesis of highly fluorescent sulfur
quantum dots (SQDs) from inexpensive elemental sulfur under a pure oxygen (O,) atmosphere. The
important finding of this work is that the polysulfide (5,>7) ions could be oxidized to zero-valent sulfur (S
[0]) by O,, which is the accelerator of the reaction. The SQDs prepared by this method possess nearly
monodisperse size (1.5-4 nm), high fluorescence quantum yield (21.5%), tunable emission, and stable
fluorescence against pH change, ionic strength variation and long-term storage. Moreover, the reaction
yield of SQDs reached as high as 5.08% based on the content of S element in SQDs, which is much
higher than other reported approaches (generally <1%). The prepared SQDs could be easily processed
for widespread applications thanks to their low toxicity and superior dispersibility both in water and
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Introduction

Fluorescent nanodots, combining unique optical properties
and small size, have been widely studied for various applica-
tions ranging from bio-labelling to optoelectronic devices." In
the past decade, particular attention has been focused on
nonmetal element nanodots such as carbon dots (CDs) and
silicon quantum dots (SiQDs) due to their low toxicity.>*
Although sulfur is a typical nonmetal element and about seven
million tons of elemental sulfur are produced annually,* sulfur
quantum dots (SQDs) have far less been investigated because of
the challenge in synthesizing high-quality fluorescent SQDs
through a viable approach.

The first report on the synthesis of fluorescent SQDs is
through etching the Cd component of CdS QDs with nitric acid
at the interface of water and hexane.®> The complex reaction
process and very low fluorescence quantum yield (QY, 0.19%) of
the resulting SQDs significantly limit the widespread applica-
tion of this approach. Recently, Shen and coworkers developed
a one-step method to prepare SQDs based on the reaction
between the bulk sulfur powder and NaOH in the presence of
polyethylene glycol (PEG) as the ligand.® They ascribed the
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formation of SQDs to the assembly-fission process. Considering
that elemental sulfur is abundant and inexpensive,*” this
method opens a new door for straightforward preparation of
fluorescent SQDs from inexpensive elemental sulfur. However,
an extremely long reaction time is required even for preparing
SQDs with a low QY. For example, preparation of SQDs with
a QY of 0.19% and 3.8% required reaction for 30 and 125 h,
respectively. Furthermore, this method generally exhibits a very
low product yield value (<3%). Very recently, Wang et al. re-
ported that the QY of SQDs prepared according to Shen's
approach could be greatly enhanced by treating the SQDs with
hydrogen peroxide.®? However, rapid and high yield production
of highly fluorescent SQDs remains a big challenge. To this end,
there is an urgent need of an efficient approach to synthesize
fluorescent SQDs which simultaneously possess high QY and
process yield. To address this challenge, we report herein
a simple and fast approach for the synthesis of highly fluores-
cent SQDs from elemental sulfur through oxidation of divalent
polysulfide (S,>”) ions to zero-valent sulfur (S[0]) under a pure
O, atmosphere (Scheme 1). We found that O, is an essential
reactant for the rapid and scalable production of strongly
emissive SQDs.

Results and discussion

The procedure for the synthesis of fluorescent SQDs is illus-
trated in Scheme 1. Experimentally, 1.6 g of sublimated sulfur,
4 g of NaOH, and 3 g of PEG (M,, = 400 Da) were added to
100 mL of water in a flask and the mixture was stirred at 90 °C
under an O, atmosphere. After stirring for 8-10 h, the
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Scheme 1 Synthetic procedure and formation mechanism of the
fluorescent SQDs under an O, atmosphere. Insets: photographs of the
prepared SQDs in water under illumination with 365 nm (left) and
395 nm (right) light.

transparent reaction mixture obtained from the pure O, atmo-
sphere could emit bright blue fluorescence under illumination
with 365 nm ultraviolet (UV) light (Fig. 1). It should be pointed
that no fluorescence could be detected if the sublimated sulfur
was not added even if the mixture of PEG and NaOH was stirred
at 90 °C for 10 h under an O, atmosphere (see Fig. S17).

To probe the effect of the reaction atmosphere, the reaction
process under O,, air and argon (Ar) atmospheres was moni-
tored using a fluorescence spectrometer (Fig. 1 and S2, S37),
respectively. Under the O, atmosphere, after reaction for only
1.5 h (Fig. S2bf), obvious emission peaks appeared. Further
increasing the reaction time led to gradual enhancement of
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Fig. 1 Photographs of the reaction mixture obtained from an O,
atmosphere with different reaction times under daylight (a) and
a 365 nm UV lamp (b). Emission spectra of the reaction mixture ob-
tained from O, (c—f), air (g—i), and Ar (j) atmosphere with different
reaction times.
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emission intensity, which reached equilibrium at about 10 h
(Fig. 1 and S27). Moreover, the emission peaks could be tuned
from 424 to 542 nm by adjusting the excitation wavelength from
320 to 460 nm (Fig. 1f), respectively, suggesting that multicolor
fluorescence could be easily achieved by manipulating the
excitation wavelength. As can be seen in the inset of Scheme 1,
the aqueous dispersion of SQDs emits strong blue and cyan
fluorescence under illumination with 365 and 395 nm light,
respectively. The maximum emission peak appeared at about
490 nm with an excitation wavelength of 400 nm, which agrees
well with the excitation spectrum (Fig. 1f and S2ht). Interest-
ingly, the excitation peak associated with the maximum emis-
sion peak only slightly shifted with increasing reaction time
(Fig. 1c-f and S2ht). It is worth noting that the absolute fluo-
rescence QY of the 10 h sample was determined to be as high as
21.5%, which compares favorably to other reported SQDs, while
under air conditions, the reaction mixture did not present any
emission peak or fluorescence even after reaction for 20 h
(Fig. 1g and S3, S4at). At least 30 h is required for the obser-
vation of emission peaks (Fig. S3t), which is in accordance with
Shen's report and it is much slower than that under an O,
atmosphere.® Although the reaction mixture under air condi-
tions also showed enhanced fluorescence with increasing
reaction time, the fluorescent intensity of the 60 h sample was
still lower than that of the 2 h sample obtained from the O,
atmosphere (Fig. 1c and i). Furthermore, no emission peak or
fluorescence was detected even when the mixture was stirred
under an Ar atmosphere for 60 h (Fig. 1j and S4bt). To under-
stand the role of O, in the formation of fluorescent SQDs,
a control experiment was carried out by stirring the reaction
mixture in a closed flask, which was filled with pure O,. After
stirring for 10 h, the interior pressure of the flask decreased by
0.042 MPa (Fig. 2a), confirming that O, was involved in the
reaction. These data concluded that O, is an essential reactant
for the formation of fluorescent SQDs.

In order to investigate the reaction mechanism, the reaction
process was monitored by X-ray photoelectron spectroscopy
(XPS), which is a powerful tool that can reveal the type of chemical
bond. After reaction for 2 h, the reaction mixture exhibited four
kinds of sulfur including SO4>~ (168.4 eV), SO;>~ (167.2 €V), S[0]
(164.4 eV and 163.3 eV), and divalent sulfur ions (S*~ and $,>")
(161.5 eV), respectively (Fig. 2b).>* $>7, SO>7, and S,>” were
formed by the reaction between elemental sulfur and NaOH as
illustrated in Scheme 1. The existence of SO,>~ ions is possibly
attributed to the oxidation of S,>~ and SO;>~ ions by O,. The
content of high oxidation state sulfur ions (SO,>~ and SO;*7), S
[0], and divalent sulfur ions (S*>7/S,”>”) was determined to be
64.6%, 6.3%, and 29.1%, respectively. Upon further increasing
the reaction time to 8 and 10 h, the content of high oxidation state
sulfur ions increased by 6.6% and 10.6%, while the content of
divalent sulfur ions decreased by 18% and 24.5%, respectively
(Fig. 2¢c and d). Correspondingly, the content of S[0] respectively
increased by 11.4% and 13.9%. These results demonstrate that
the divalent sulfur ions have been gradually oxidized to S[0] and
high oxidation state sulfur ions by O,. Meanwhile, the absorption
spectra of the reaction mixture were also monitored. As presented
in Fig. 2e, the reaction mixture after reaction for 2 h shows an
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Fig.2 (a) The interior pressure of the flask before and after reaction for
10 hunder an O, atmosphere. XPS S 2p spectra of the reaction mixture
with reaction times of 2 h (b), 8 h (c), and 10 h (d). (e) Time-dependent
UV-vis absorption spectra of the reaction mixture after diluting 1000
(e) and 60 times (f) with water. Inset of (f): photographs of the reaction
mixture with different reaction times.

obvious absorption peak at 216 nm, which is ascribed to the n-¢*
transition of nonbonding electrons of S atoms.® The emergence of
this peak is possibly caused by the formation of SQDs since
obvious fluorescence could be observed after reaction for 2 h
(Fig. 1c). In addition, a strong absorption peak at 298 nm asso-
ciated with the S,>~ ions can be clearly seen in the first two hours
(Fig. 2f). With increasing reaction time, this peak decreased
remarkably, while an obvious peak at about 334 nm corre-
sponding to the direct band gap transition of S[0] appeared,
indicating the presence of oxidation reaction from S,>~ ions to S
[0]. Correspondingly, the color of the reaction mixture caused by
the existence of S,>~ ions gradually faded with increasing reaction
time (Fig. 2f). Additionally, upon increasing the reaction time to
10 h, the peaks at 216 and 334 nm slightly shifted to 213 to
329 nm, respectively, which is possibly caused by the effect of
quantum confinement.’

To further gain insight into the reaction process, Raman
spectra of the reaction mixture with diverse reaction times were
recorded. For comparison, the Raman spectrum of sublimed
sulfur was also measured. As depicted in Fig. 3, the 1 h sample
does not present any Raman peaks related to S[0]. After reaction
for 2 h, the reaction mixture begins to exhibit characteristic
peaks similar to those of sublimed sulfur, which is ascribed to
the formation of SQDs. This result is well in agreement with the
results of the emission and absorption spectra.
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Based on the aforementioned results, herein we propose
a possible formation mechanism of SQDs. First, part of bulk
sulfur reacted with NaOH to form Na,S and Na,SO; (Scheme 1).
Then, the remaining bulk sulfur combined with Na,S to form
Na,S$,.° Finally, the formed S,>~ ions could react with O, to form
high oxidation state sulfur ions and S[0] as confirmed from the
XPS, absorption and Raman spectra (Fig. 2 and 3). At the same
time, the formed S[0] could assemble into fluorescent SQDs
with the aid of a PEG stabilizer. Based on this reaction mech-
anism, providing enough O, should be enough to ensure the
complete oxidation of S,>~ to form SQDs. Therefore, efficient
preparation of fluorescent SQDs could be readily achieved
under a pure O, atmosphere while no SQDs were obtained
under an Ar atmosphere (Fig. 1).

After purification by dialysis against water, the SQDs ob-
tained from the O, atmosphere were characterized systemati-
cally. The morphology of SQDs prepared with different reaction
times was observed by transmission electron microscopy (TEM).
As depicted in Fig. 4a—c, the sizes of all SQDs are below 6 nm. In
particularly, the size of the 10 h sample is in the range of 1.5-
4 nm (Fig. 4c), which is more uniform than previously reported
SQDs.**'° Consistent with the emission and absorption spectra,
the reaction time has little influence on the mean size of SQDs.
For example, the average diameter of SQDS with a reaction time
of 2 and 10 h is 3.34 nm and 2.76 nm, respectively. Nevertheless,
a long reaction time leads to SQDs with a uniform size distri-
bution. From the corresponding high-resolution TEM (HRTEM)
images, the crystalline properties of SQDs enhanced greatly
with increasing reaction time. As can be seen in Fig. 4c, lattice
fringes with a lattice parameter of 0.216 nm, which is consistent
with other reports,™ can be clearly observed for the 10 h
sample. The enhanced crystalline properties were also demon-
strated by powder X-ray diffraction (XRD) measurement. In
comparison with the 2 h sample, the XRD pattern of the 10 h
sample presents more sharp peaks (Fig. S5at), further indi-
cating its better crystalline properties. The more uniform size
distribution together with good crystalline properties of SQDs
in this work should contribute to a high fluorescence QY as

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Representative TEM and HRTEM images of SQDs prepared
under an O, atmosphere with a reactiontime of 2 h (a), 8 h (b),and 10 h
(c). XPS survey (d) and XPS S 2p (e) spectra of purified SQDs. (f) Product
yield values of SQDs prepared under an O, or air atmosphere with
different reaction times.

compared with previous reports. To gain insight into their
surface information, the purified SQDs were characterized by
Fourier transform infrared (FTIR) spectroscopy and XPS. As
depicted in Fig. S5b,T the SQDs present similar FTIR spectrum
to that of pure PEG, indicating the presence of PEG on the
surface of SQDs. Herein, PEG was utilized as a ligand to endow
the formed SQDs with superior dispersibility and colloidal
stability. It is worth noting that the addition of PEG is essential
and no fluorescent SQDs could be obtained if PEG was not
added. The XPS survey spectrum shown in Fig. 4d indicates that
the SQDs are composed of C, O, and S elements. The high
content of C and O elements is due to the existence of the PEG
ligand on the surface of SQDs, which is in accordance with the
FTIR result. Compared with the unpurified SQDs with obvious
peaks of SO,>~, SO;>~, and S>7/S,>” ions (Fig. 2d), the dominant
form of the S element in the XPS S 2p spectrum of purified SQDs
is zero-valent sulfur (S[0]) (Fig. 4e) because the free SO,
S0;>7, and $>7/S,>” ions were removed in the dialysis process.
In addition, a slight blue-shift of the absorption peaks (from 213
and 319 nm to 212 and 327 nm, respectively) and emission peak
(from 490 to 487 nm) of SQDs was observed after purification
(Fig. S67).

Recently reported methods for SQDs preparation are seri-
ously limited by the product yield.>**'> In comparison, the yield
of SQDs prepared under an O, atmosphere with a reaction time

This journal is © The Royal Society of Chemistry 2020
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of 10 h could reach as high as 5.08%, which is more than five-
fold that of the SQDs prepared under an air atmosphere with
areaction time of even 60 h (0.87%). This indicates that reaction
under an O, atmosphere could greatly increase the product
yield value of SQDs (Fig. 4f). To the best of our knowledge, such
a high product yield value has never been reported before.
The colloidal stability of SQDs in an aqueous medium was
then evaluated by considering the solution pH, electrolyte, and
duration of storage. The SQDs present stable aqueous fluores-
cence against variation of pH from 4 to 10 and the concentra-
tion of NaCl from 0 to 1.0 M (Fig. 5a, b and S7t). Furthermore,
the aqueous dispersion of SQDs is very stable and no precipitate
could be observed even after being stored at room temperature
for two months. The good colloidal stability indicates that the
SQDs can be employed in complex aqueous environments. The
cytotoxicity of SQDs was assessed utilizing the methyl-
thiazolyldiphenyl-tetrazolium (MTT) assay. After 24 h of expo-
sure to the SQDs, the cell viabilities of both human normal cells
293T and cancer cells MCF-7 are higher than 90% at 50 g mL ™"
and remain over 85% at 100 pg mL~" (Fig. 5¢), indicating the
low cytotoxicity of SQDs. We then utilized SQDs (20 ug mL ™) as
a fluorescent probe to stain MCF-7 cancer cells and evaluated
them by confocal laser scanning microscopy (CLSM). After
incubation for 2 h, obvious green and yellow fluorescence could
be observed in the cytoplasm upon excitation at 458 and
514 nm, respectively (Fig. 5d-f), suggesting that the SQDs were
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Fig. 5 pH (a) and NaCl concentration (b) dependent fluorescent
intensity ratio (//1o) of the SQDs. (c) Cell viability of 293T and MCF-7
cells after incubation with diverse concentrations of SQDs for 24 h.
CLSM fluorescence images upon excitation at 458 nm (d) and 514 nm
(e), and the merged image (f) of MCF-7 cells upon incubation with
SQDs (20 pg mL™Y) for 2 h.
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efficiently internalized by the MCF-7 cells. In contrast, no
fluorescence could be seen for the cells without incubation with
SQDs (Fig. S8t). Therefore, the SQDs hold great promise for use
as a fluorescent probe with low toxicity and strong fluorescence.

In addition, the photostability of the aqueous dispersion of
SQDs and dried SQDs was evaluated by illumination with
365 nm UV light for 10 min. The dried SQDs after illumination
with UV light for different times were dispersed in water for the
measurement of emission spectra. For comparison, an aqueous
solution of fluorescein was also studied under the same
conditions. As depicted in Fig. 6a, the emission intensities of
SQDs in water, dried SQDs, and fluorescein solution decrease by
48, 10, and 9%, respectively. These results suggest that the
photostability of dried SQDs is comparable to that of commer-
cially available fluorescein. On the other hand, the obvious
decrease of the emission intensity of the SQDs in water is
possibly caused by the aggregation of SQDs since some aggre-
gates were observed after illumination with UV light.

In addition to water, the SQDs could also be well dispersed in
hydrophilic organic solvents (i.e., ethanol and tetrahydrofuran
(THF), and dimethylformamide (DMF)) and even in hydro-
phobic organic solvents (i.e., dichloroform (DCM) and chloro-
form) due to the presence of the amphiphilic PEG ligand on
their surfaces (Fig. S97). All of the dispersions could emit strong
blue fluorescence under 365 nm UV light (Fig. 6b). It is reported
that the optical properties of some fluorescent materials are
susceptible to the external environment and they may
completely lose their fluorescence during post-processing.*®
Benefiting from the superior dispersibility, SQDs could be used
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Fig. 6 (a) Fluorescence intensity ratio (///g) of the aqueous dispersion
of SQDs, dried SQDs and fluorescein under 365 nm UV light illumi-
nation for diverse times. (b) Photographs of SQDs in various solvents
under a 365 nm UV lamp. Photographs of the PVA-SQD film (c) and
PAAM-SQD hydrogel (d) under daylight (left) and a 365 nm UV lamp
(right), respectively. (e) I/l value of the PVA-SQD film and PAAM-SQD
hydrogel under 365 nm UV light illumination for diverse times. For (a)
and (e), Ip and | are the emission intensities of samples without and with
365 nm UV light illumination for diverse times, respectively. (f) I/l value
of the PVA-SQD film and PAAM-SQD hydrogel under daylight for
different times.
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to prepare light-emitting polymer composites. For instance, by
blending the SQDs with polyvinyl alcohol (PVA) in water, fol-
lowed by evaporation of water, a highly transparent and fluo-
rescent PVA-SQD composite film was obtained (Fig. 6c and
S107), suggesting that the fluorescence properties of SQDs were
well retained during processing. Moreover, the SQDs could
retain their fluorescence properties even when used for
synthesizing a fluorescent polyacrylamide (PAAm) composite
hydrogel (Fig. 6d and the ESIf). Compared with the aqueous
dispersion of SQDs, both the PVA-SQD film and PAAmM-SQD
hydrogel exhibit excellent photostability and their emission
intensities decrease by no more than 1% after illumination with
365 nm UV light for 10 min. Furthermore, even under daylight
for one month, no obvious decrease of the emission intensities
of PVA-SQDs and PAAmM-SQDs was determined. The significant
enhancement of the photostability of SQDs in polymer
composites should be attributed to the stabilization of the
polymer matrix. Therefore, it is possible to improve the photo-
stability of SQDs in water by coating the surface of SQDs with
a polymer shell. This is in progress in our lab and will be re-
ported later.

Conclusions

In summary, we for the first time discover that highly fluores-
cent SQDs could be facilely and massively prepared from
elemental sulfur based on the oxidation of divalent polysulfide
ions to zero-valent sulfur under a pure O, atmosphere. The
obtained SQDs simultaneously possess small and nearly
monodisperse size, high fluorescence QY, tunable emission,
superior dispersibility and colloidal stability, and low cytotox-
icity, holding great promise for various applications as
confirmed by cell imaging and fabrication of light-emitting
polymer composites in this study. The insight that the poly-
sulfide ions can be oxidized to S[0] to form high-quality SQDs
will be an important asset for the large-scale preparation and
widespread application of SQDs.
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