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Fabrication of highly luminescent and thermally
stable composites of sulfur nanodots through
surface modification and assembly

Bingye Sun, Yu-e Shi,* Jiagi Guo and Zhenguang Wang ") *

Sulfur nanodots (S-dots) have emerged as a promising luminescent material to excel over traditional
heavy metal-based quantum dots. However, their relatively low emission efficiency and poor thermal
stability in the solid state have limited their wide applications in photoelectric devices. In this work, highly
luminescent, with a photoluminescence quantum yield higher than 50%, and thermally stable composites
of S-dots were produced through modulating their surface states and aggregation behaviors by introdu-
cing pyromellitic dianhydride (PMDA) and benzoyleneurea (BEU), respectively. PMDA eliminated the rela-
tively short-lived surface states and defects on the surface of S-dots and BEU regulated the aggregation
states and facilitated the energy transfer from BEU to S-dots. The as-obtained composites also showed
significantly improved thermal stability compared to S-dots, aided by the hydrophobic chemical groups
and dense matrix of PMDA and BEU, which extended their applications in fabricating light-emitting
diodes. Our presented results provide a new approach to produce highly luminescent S-dots, which
widen their applications in the fields of bioimaging, sensing, photoelectric devices, and environmental
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Introduction

Sulfur nanodots (S-dots), a type of newly developed metal-free
photoluminescence (PL) nanomaterial, have received intensive
research interest because of their low toxicity, tunable PL,
abundance of precursors, and anti-fungal properties.'™®
Tremendous efforts have been devoted to converting bulk
sulfur into luminescent nanodots, and they showed great
potential for applications in light-emitting diodes (LEDs),"’
bioimaging,®° photocatalysis,'®'* and chemical sensing.'*™*
Shen and co-workers proposed the synthesis of S-dots through
etching of bulk elemental sulfur using an alkali with the stabi-
lization of surfactants. S-dots were produced with excitation
energy-dependent emissions in the blue-to-green region and a
PL quantum yield (QY) of 3.8%."° However, their PL efficiency
is rather low to fulfil the strict requirements for applications in
optoelectronics’® and nanobiology.”” We and other
groups'>'®2° have developed hydrogen peroxide and oxygen-
assisted strategies to control the size, eliminate surface traps,
and fine-tune the emission of S-dots, achieving an improved
quantum yield (QY) of higher than 20%. Research efforts also
engaged in introducing ultrasonication,> microwave,** and
hydrothermal**?* treatments to modulate the size, edge,
core, and surface states of S-dots, which significantly pro-
moted the emission efficiency to higher than 80% in colloidal
solution.

This journal is © The Royal Society of Chemistry 2024
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Benefiting from these research efforts and achievements,
S-dots have been tested as phosphors for light-emitting diodes
(LEDs). However, compared with their competitors, such as
rare-earth element-doped inorganic materials, CdTe and per-
ovskite-based quantum dots,>>’ they showed a relatively low
emission efficiency and poor thermal stability in the solid
state. This is caused by a significant decrease in the PL QY
after processing the S-dots in colloidal solution to the solid
state, together with the relatively low melting point of sulfur-
based materials.”® Some groups engaged in promoting the
solid photophysical properties of S-dots by modulating their
surface states through producing their composite materials
with BaSO,,”° metal-organic frameworks (MOFs)**** and
polymers.*** An improved PL QY was achieved on these com-
posite materials. However, they are still inferior to these com-
petitors. In addition, research on the production of S-dots with
excellent thermal stability, in terms of both structure and PL
behaviours, is more challenging.

In this work, we solved these issues through modulating
the photophysical properties of S-dots by controlling their
surface states and aggregation behaviours. The surface S-dots
were modulated by modification with pyromellitic dianhydride
(PMDA) through covalent bonding, producing a composite of
S-dots@PMDA. Benzoyleneurea (BEU) was also used to regu-
late the aggregation states of S-dots in the solid state by acting
as a lube, producing a composite of S-dots@BEU. Both
S-dots@PMDA and S-dots@BEU showed an improved PL inten-
sity, attributed to the elimination of the relatively short-lived
surface states and defects on the surface of S-dots and the
energy transfer from BEU to S-dots, respectively.
S-dots@PMDA and S-dots@BEU also showed significantly
improved thermal stability compared to S-dots, aided by the
hydrophobic chemical groups and dense matrix of PMDA and
BEU. These improved photophysical and thermal properties
permit the fabrication of S-dot-based LED devices by combin-
ing UV LED chips and composites of S-dots and commercial
phosphors.

Results and discussion

S-dots were synthesized through a previously reported H,O,-
assisted top-down method.'® S-dots were well dispersed in
aqueous solution with quasi-spherical in shape and a diameter
of 2.4 nm (Fig. S171). S-dots showed typical excitation-depen-
dent emission in the blue-green region (from 400 to 450 nm),
as shown in Fig. S2.1 Then, S-dots were processed into compo-
site materials through reacting with pyromellitic dianhydride
(PMDA) and benzoyleneurea (BEU), followed by evaporating
the excess aqueous solvent to convert them into powder. The
as-obtained products were denoted as S-dots@PMDA and
S-dots@BEU, respectively. PMDA tended to hydrolyze into pyr-
omellitic acid after absorbing water, which was supposed to
react with the hydroxyl groups on the surface of S-dots,
forming ester linkages (Fig. 1). In contrast, BEU was rather
stable to form chemical bonds with S-dots, which may be used
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Fig. 1 Schematic illustration of producing S-dots@PMDA and
S-dots@BEU through surface modification (left) and assembly (right).

to regulate the aggregation states of S-dots in the solid state by
acting as a lube (Fig. 1). As expected, reacting with PMDA
resulted in a slightly enlarged size of S-dots (from 2.43 to
3.83 nm), without effecting their dispersion and colloidal
stability (Fig. 2a). The HRTEM images show the characterized
lattice fringes of S-dots (0.21 nm),*® suggesting the integrity of
the elemental sulfur core in S-dots. In contrast, introducing
BEU resulted in the assembly of S-dots into bigger clusters
with a size of around 80 nm (Fig. 2b). FTIR spectra were used
to study the molecular interactions among S-dots@PMDA and
S-dots@BEU. As shown in Fig. 2c, S-dots showed the character-
istic FTIR spectral peaks of PEG located at 2870, 943, and
1450 cm™', corresponding to the stretching vibrations of C-H
and O-H and the bending vibration of C-H, respectively.*®*”
After decorating with PMDA, several new bands from 1700 to
1800 cm™" appeared, attributed to the ester absorption formed
through the reaction between the -COOH group and the -OH
group from PMDA and PEG, respectively.’® In contrast, no
additional or deleted peaks were observed after introducing
BEU into S-dots (Fig. 2c). Note that loading BEU resulted in
the appearance of slightly broader absorption bands at around
3200 cm™', suggesting the formation of hydrogen bonds.
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Fig. 2 Characterization of S-dots@PMDA and S-dots@BEU. TEM
images of S-dots@PMDA (a) and S-dots@BEU (b). (c) FTIR spectra of
S-dots, S-dots@PMDA, and S-dots@BEU, as indicated on the frame. (d)
UV-visible absorption spectra of S-dots, S-dots@PMDA, S-dots@BEU,
and pure molecules of PMDA and BEU, as indicated on the frame. High-
resolution S 1s XPS spectra of S-dots@PMDA (e) and S-dots@BEU (f).
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Thus, we concluded that PMDA was linked with S-dots through
covalent bonds and S-dots@BEU was cross-linked by hydrogen
bonds. This is further confirmed by the results of Raman
spectra (Fig. S3t). Processing S-dots into S-dots@PMDA and
S-dots@BEU resulted in the emergence of a relative broad
peak at around 3000 cm™", suggesting the presence of hydro-
gen bonds. S-dots@BEU showed almost identical spectral be-
havior with that of S-dots, excluding the formation of other
covalent bonds. Instead, newly added peaks at 832, 884 and
1444 cm™' were observed in the case of S-dots@PMDA,
suggesting the formation of an ester. These observations were
also consistent with the results of UV-visible absorption spec-
tral measurements. As shown in Fig. 2d, S-dots showed three
absorption bands at 223, 266, and 360 nm, corresponding to
the n —» ¢* transition of elemental sulfur and polysulfides and
bandgap transitions of elemental sulfur, respectively.*® The
absorption bands at 332 and 362 nm, assigned to the n — n*
transition of C=0 and extended n conjugation, of PMDA dis-
appeared, suggesting the reaction of -COOH groups in
PMDA@S-dots.”® The composite materials of S-dots@BEU
showed the integrated absorption behavior of S-dots and BEU
without newly added or deleted absorption bands (Fig. 2d).
The full peaks were fitted in the high resolution S 1s XPS
spectra of PMDA®@S-dots located at 160.3, 161.1, 164.5, 166.2,
and 167.4 eV (Fig. 2e), corresponding to S*~, polysulfide,
elemental sulfur, oxidized sulfur composition of SO;>~ (2psy.),
S0;>~ (2p12), respectively.*’ S-dots@BEU showed almost iden-
tical spectral behaviors, except that the content of SO,>~ was
much higher than that of S-dots@PMDA (Fig. 2f, Table S17).
This can be explained by the fact that these anions were
exchanged and released during the surface reaction of PMDA
with S-dots.

Interestingly, after processing S-dots into a composite of
S-dots@PMDA and S-dots@BEU, 4.8-fold and 36-fold increases
were observed in the fluorescence intensities (Fig. 3a). To get
the best PL performances, the effects of synthesis conditions,
including the reaction amount of PMDA and BEU and reaction
pH, on the PL intensities of products were systematically
studied. As shown in Fig. S4 and S5,} the highest PL intensi-
ties were achieved by introducing 0.08 g of PMDA, reacting at
the pH of 10, and adding 5 mg of BEU, reacting at the pH of
11, for producing PMDA@S-dots and S-dots@BEU, respect-
ively. Similar to S-dots, S-dots@PMDA also showed excitation-
dependent emission properties, at the excitation wavelength
from 310 to 410 nm (Fig. 3b, Fig. S6). In addition, the compo-
sites also showed excitation-dependent PL QYs from 5.9% to
50% at the excitation wavelength from 310 to 400 nm. This
suggests that the surface chemical reaction did not lead to the
decomposition of S-dots and varying of emission species.
Noted that a 10 nm red shift was observed in the peak
maximum of the PL excitation spectra (Fig. 3c) and an exten-
sion of the emission lifetime from 2.55 ns to 8.06 ns (Fig. 3d,
Table S2}) was observed after modifying S-dots with PMDA.
This can be attributed to the modulation of the surface states
of S-dots by surface treatments. The introduction of PMDA
eliminated the relatively short-lived surface states and defects
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Fig. 3 Photophysical properties of S-dots@PMDA (e) and S-dots@BEU.
(a) PL emission spectra of S-dots (black line, excited at 360 nm),
S-dots@PMDA (blue line, excited at 370 nm), and S-dots@BEU (cyan
line, excited at 360 nm). (b) PL emission spectra of S-dots@PMDA
excited at different wavelengths. (c) PL excitation spectra of S-dots
(black line, detected at 430 nm) and S-dots@PMDA (blue line, excited at
430 nm). (d) PL emission decay curves of S-dots (black line, excited at
360 nm), S-dots@PMDA (blue line, excited at 370 nm), and S-dots@BEU
(cyan line, excited at 360 nm) detected at the peak maximum. (e) PL
emission spectra of S-dots@BEU excited at different wavelengths. (f) PL
emission (purple solid line, excited at 370 nm) and excitation (purple
dotted line, detected at 425 nm) spectra of BEU and PL excitation
spectra of S-dots (black dotted line, detected at 360 nm) and
S-dots@BEU (cyan dotted line, detected at 360 nm).

on surface of S-dots, and new surface states, with an extended
emission lifetime and lower excitation energy, were formed.
Apparently, the newly formed surface states showed high PL
intensities. In addition, PMDA was also linked with the —-OH
groups of S-dots through covalent bonds, accompanied by
hydrogen bonds. S-dots were effectively isolated from quench-
ing by oxygen or solvents, which also restricted the molecular
motion and inhibited the nonradiative decay process.
Transferring S-dots into S-dots@BEU also resulted in an
obvious increase in PL intensity and an extension of emission
lifetime. This can also be attributed to the protection effect of
BEU, which protected the emission center from quenching by
oxygen or solvents, restricting the molecular motion and inhi-
biting the nonradiative decay process. However, the excitation-
dependent emission properties of S-dots disappear (Fig. S77),
indicating the difference in the emission mechanism. To study
the emission mechanism of S-dots@BEU, the photophysical
properties of S-dots and BEU were studied and compared. As
shown in Fig. 3f, BEU showed dual PL emission peaks at 345
and 425 nm and the first emission peak well-overlapped with
the PL excitation spectrum of S-dots. Combining the closely
connected structures of S-dots and BEU, energy transfer from
BEU to S-dots may occur. This is confirmed by the dis-
appearance of the first emission peak after processing BEU
into S-dots and the well consistency of the emission peak of
S-dots@BEU with the second emission peak of BEU (Fig. 3f).
The composite materials of S-dots@BEU showed the inte-
grated PL excitation behavior of S-dots and BEU without newly
added or deleted absorption bands. This also confirmed the
energy transfer from BEU to S-dots. Thus, the PL of
S-dots@BEU was the integration of S-dots and BEU, and the

This journal is © The Royal Society of Chemistry 2024
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partial PL of BEU in the UV range transferred to S-dots. Thus,
the emission of S-dots@BEU was attributed to the synthetic
effects of the BEU matrix and energy transfer, which resulted
in the increase of PL QY from 23% to 50% (Table S3+).

We also noted that transferring S-dots into S-dots @PMDA
and S-dots@BEU resulted in the red shifting and blue shifting
of the PL peak maximum. To gain more information on this
phenomenon, temperature-dependent PL spectra were obtained.
As shown in Fig. S8,f the PL intensity of three samples
increased with the decrease of detection temperature, indicating
the fluorescence nature of emission. There is no change in the
peak shape and the shifting of the peak position in the tempera-
ture-dependent PL spectra of S-dots, while new peaks and shift-
ing of the peak maximum were observed in the cases of S-dots
@PMDA and S-dots@BEU. In the temperature-dependent PL
spectra of S-dots@PMDA, decreasing the detection temperature
resulted in a redshift of the peak maximum and a shoulder
peak at around 500 nm was observed. This indicated the pres-
ence of multiple emission centres in the composites, which may
be also related to the ester bonds between S-dots and PMDA. In
contrast, a blue shift of the peak maximum was observed in the
temperature-dependent PL spectra of S-dots@BEU, which orig-
inates from the molecular emission of BEU.

In addition, the composite of S-dots@PMDA and
S-dots@BEU also showed excellent thermal stability. As shown
in Fig. 4a and b and Fig. S9,7 the fluorescence intensity of
S-dots sharply decreased with the increase of detection tempera-
ture (from 25 to 140 °C) and the extension of heating time at
80 °C (0 to 10 h), which lost more than 40% of fluorescence
intensity. In contrast, the fluorescence intensities of
S-dots@PMDA and S-dots@BEU almost keep identical in the
temperature range from 20 to 125 °C and during heating at
80 °C for 8 h (Fig. 4a and b, and Fig. S101). These results
demonstrated the excellent thermal stability of S-dots@PMDA
and S-dots@BEU, attributed to the protection effects of PMDA
and BEU. The hydrophobic chemical groups on PMDA and BEU
played important roles in the improvement of thermal stability,
which provided a protection layer on S-dots for the reaction with
other external stimulations. In addition, the composites formed
a dense matrix to inhibit the molecular motions of surface
ligands, which was also helpful in improving thermal stability.

Utilizing the outstanding photophysical properties and the
high thermal stability of these composite materials, their
applications in fabricating LED devices were demonstrated.
The powder of S-dots@PMDA showed a relatively wide blue
emission from 400 to 550 nm at the excitation wavelength
from 300 to 400 nm. To produce white light, yellow emissive
phosphors were used to combine with S-dots. (Sr,Ba);SiOs:Eu
showed a yellow emission from 500 to 700 nm at the excitation
wavelength from 300 to 500 nm. This confirmed the possibility
to produce white light using a UV-emissive LED as the exci-
tation light. Then LED devices with blue, yellow, and white
emissions were developed by using S-dots@PMDA, (Sr,
Ba);SiO05:Eu, and their mixture as color conversion layers,
respectively. The photographs of these devices are shown in
Fig. 4d and the emission spectra of the operating devices are
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Fig. 4 Evolution of PL intensities at the peak maximum of S-dots (black
line), S-dots@PMDA (blue line), and S-dots@BEU (cyan line) as a function
of heating time (a) and heating temperature (b). (c) PL emission (solid
line) and excitation (dotted line) of S-dots (blue colored) and (Sr,
Ba)sSiOs:Eu (yellow colored). (d) Photographs of LED devices with blue,
yellow and white emissions fabricated using S-dots@PMDA, (Sr,Ba)zSiOs:
Eu, and their mixture as color conversion layers. (e—g) Emission spectra
of blue, yellow, and white LED devices. (h) CIE color coordinates of LED
devices fabricated using different ratios of S-dots@PMDA and (Sr,
Ba)3SiOs:Eu as color conversion layers.

presented in Fig. 4e and f. Through modulating the ratio
between S-dots@PMDA and (Sr,Ba);SiOs:Eu, the CIE chroma-
ticity coordinates of these devices tuned from blue (0.26, 0.25)
to yellow (0.36, 0.36) through white. LED devices with a CIE
chromaticity coordinate of (0.33, 0.32), a CCT of 5624 K and a
high CRI of 91 were obtained. The optical stability of white
LED devices was examined by studying their CIE chromaticity
coordinates, CRIs, and CCTs in a rather wide range of operat-
ing working currents (from 20 to 250 mA). As shown in
Table S4,1 a slight variation of CIE chromaticity coordinates
from (0.3089, 0.3287) to (0.3376, 0.3597) was observed, which
was almost identical to that of pure white emission (0.33,
0.33). In addition, no obvious change in the CRI was also
observed (from 89.1 to 84.4), which demonstrated their great
potential for applications in lighting and display.

Experimental

Materials

Sublimed sulfur (99.5%), polyethylene glycol (M, = 400) and
pyromellitic dianhydride (99%) were obtained from Aladdin.
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Hydrogen peroxide (30%) was obtained from Tianjin Damao
Chemical Reagent Factory. Sodium hydroxide (99%) and ben-
zoyleneurea (98%) were obtained from Innochem. Silicone
OE-6551 A and OE-6551B parts were obtained from Dow
Corning.

Characterization

An F-7000 spectrometer (Hitachi, Japan) was used to record
the PL spectra. Time-resolved PL decay curves were obtained
using an FLS980 spectrometer (Edinburgh Instruments) under
excitation with a 375 nm laser diode, the decay curves were
fitted based on a two-exponential fitting, and an average life-
time was calculated by summing the fitted time and percen-
tage of the component. The absolute PL QY was determined
on a Horiba Fluoromax + spectrofluorometer equipped with an
integrating sphere. The surface morphologies of S-dots,
S-dots@BEU and S-dots@PMDA were recorded using a
JEOL-2100Plus transmission electron microscope (JEOL,
JAPAN). UV-visible spectra were recorded on a Shimadzu
UV3600 in reflectance mode using full reflection accessories
with barium sulphate as the reference. Fourier transform infra-
red (FTIR) spectra were recorded on a Nicolet IS10 FTIR
spectrometer (Thermo, USA). X-ray electron spectroscopy (XPS)
spectra were recorded using a Thermo Scientific Escalab
250Xi+. Parameters of LEDs, including the Commission
Internationale de I’Eclairage (CIE) color coordinates, color ren-
dering index (CRI), and correlated color temperature (CCT),
were on a high accuracy array rapid spectroradiometer (Haas-
2000, Everfine Co., Ltd China) equipped with an integrating
sphere.

Synthesis of S-dots@PMDA and S-dots@BEU

S-dots were prepared through a H,0,-assisted method.
Typically, 1.4 g of sublimated sulfur, 3 mL of PEG-400 and 4 g
of sodium hydroxide were added to 50 mL of water, which was
heated at 90 °C for 72 h. Then, 2 mL of hydrogen peroxide was
added to 10 mL of the above mixture. Under the irradiation of
UV light, the mixture showed intensive blue emission, indicat-
ing the formation of S-dots. S-dots@PMDA was produced by
injecting 0.08 g of PMDA into 10 mL of S-dots under stirring,
followed by heating at 100 °C for 12 hours until forming a
solid sample powder. S-dots@BEU was prepared by adding
0.005 g BEU into 10 mL of S-dots under stirring, followed by
the same synthesis processes.

Fabrication of LEDs

Blue-emissive S-dots@PMDA (0.05 g) or orange-emissive (Sr,
Ba);Si0s:Eu (0.05 g) powder were mixed with silicone resins
OE-6551 A (0.10 g) and OE-6551 B (0.20 g) to obtain mono-
chrome blue LEDs or orange LEDs. White LEDs were
assembled by mixing (Sr, Ba);SiOs:Eu (0.0010 g) and
S-dots@PMDA (0.6040 g) with OE-6551 A (0.1050 g) and
OE-6551 B (0.2020 g). Part of the mixture was coated on the
center of 365-370 nm GaN LED chips and transferred to an
electric thermostatic blast oven for curing at 50 °C for 1 h.
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Conclusions

In summary, surface modification and an assembly strategy
were proposed to produce highly luminescent and thermally
stable composites of S-dots@PMDA and S-dots@BEU. Assisted
by the introduction of PMDA and BEU, the PL QY was
improved to higher than 50%. In addition, the thermal stabi-
lity of S-dots was also significantly improved. The structural
and photophysical characterization results suggested that the
introduction of PMDA eliminated the surface states of S-dots
by forming covalent bonds. BEU resulted in the assembly of
S-dots, which also allowed the energy transfer from BEU to
S-dots. These outstanding photophysical features allowed us to
develop LED devices by using the composites of S-dots as
color-converting layers. Our synthetic strategy shows great
potential for fabricating high-quality phosphors, which also
provided a new idea for exploring the applications of S-dots in
photoelectric devices.
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