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ABSTRACT: Elemental sulfur is not traditionally considered as an
afterglow material, even though it can be endowed with fluorescence
properties through processing it into nanodots. Herein, we discovered
that elemental sulfur powder could emit room temperature phosphor-
escence (RTP) with a lifetime of 3.7 ms. A long-lived (>12 s) afterglow
emission at 77 K could also be observed by the naked eye. Detailed
investigations suggested that such a special phenomenon was attributed
to impurity-related traps coupled with conduction and valence bands.
After the sulfur is processed into nanodots, the rigid environment
formed by the cross-linking of the surface ligands could stabilize the
excited charges from quenching. This results in the promotion of RTP
intensity and lifetime to achieve an emission lifetime of 200 ms. These
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results confirm the unique RTP of elemental sulfur powder, and also suggest the potential of sulfur-based materials as versatile

components for the development of RTP materials.

B INTRODUCTION

Room temperature phosphorescence (RTP) materials play
important roles in various fields such as bioimaging,
anticounterfeiting, and warning signs, because of their features
of high signal-to-background ratio and long emission lifetime,
involving triplet states and large Stokes shifts.' ™ Some
traditional RTP materials, with excellent photophysical proper-
ties, have been reported, including transition metal-based
complexes, rare-earth doped phosphors, and pure organic
molecules or composites.”’~ However, these RTP materials
still suffer from several disadvantages: (a) expensive or/and
highly toxic raw materials; (b) complicated and high energy
consumption production processes; (c) stringent conditions
are required for effectively generating afterglow emissions, such
as the bulk form for rare-earth-based materials and the
crystalline states for pure organic compounds.'’”"® These
disadvantages significantly hindered their wider applications,
which also forced researchers to develop alternative RTP
materials, with superior photophysical properties, synthesized
through facile preparation strategies, utilizing inexpensive and
nontoxic raw materials. Among them, efforts have been made
to modulate the RTP of nanomaterials, produced by wet
chemical synthesis under mild conditions, and these efforts
have recently been extended toward the inexpensive and easily
accessible pure elemental materials, such as carbon, silicon, and
sulfur.'*”"® Many carbon-based RTP materials have been
reported, and several strategies were proposed to generate and
promote their RTP performances.'” > It is noted that
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matrices have been usually used to immobilize the
luminophores, aiming to stabilize the triplet state and make
the effective radiative transition possible through the spin-
forbidden process.

Elemental sulfur is a type of earth-abundant natural mineral,
which is also a massive byproduct of the petrochemical
industry.”>** Compared with other commonly used RTP
materials, elemental sulfur offers unique antimicrobial proper-
ties, is involuntarily produced and earth-abundant, and
possesses inherent antimicrobial features.”>~>” Thus, there is
a rather strong drive to utilize elemental sulfur for developing
RTP materials. Elemental sulfur has been reported to show
dim fluorescence for a long time, due to the direct band-to-
band radiative recombination between excited electrons and
holes.”®*” Emission efficiency can be significantly improved
after processing it into nanosized sulfur nanodots (S-dots). For
example, Shen and co-workers reported that processing the
elemental sulfur powder into S-dots resulted in an obvious
improvement of photoluminescence (PL) quantum yield (QY)
of 3.8%.%° Our group also reported the H,0,-assisted strategy
to produce highly emissive S-dots, achieving a PL QY of
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Figure 1. Characterizations of elemental sulfur powder. (a) UV—visible absorption spectrum, with its photograph showing as inset; (b) XRD
pattern; (c) time-resolved emission scanning spectrum under the excitation of 280 nm; (d) digital photos before and after switching off 254 nm UV
light at 77 K; (e) temperature-dependent phosphorescence spectra, (f) emission lifetime, and (g) phosphorescence excitation spectra; (h)
calculated (left) electronic band structures and (right) densities of states (DOS); (i) EPR spectrum; (j) evolution of current density as a function of

irradiation time with a xenon lamp.

23%.”' Zhou and co-workers reported that the emission color
and PL QY can be modulated by controlling the oxygen
content of the reaction system.‘}’2 However, RTP properties
have never been reported in S-dots, let alone with the powder
of elemental sulfur powder.

In this work, we report that the powder of elemental sulfur
shows dim RTP in the blue-to-green region with an emission
lifetime up to 3.7 ms. After theoretical and experimental
investigations, the impurity-related traps coupled with
conduction and valence bands were identified as the origin
of the RTP emission. The intensity of the RTP emission could
be obviously prompted after processing the sulfur powder into
nanodots, and an emission lifetime of 200 ms was detected at
room temperature. Benefiting from the rigid environment
formed by the ligands on the surface of S-dots, afterglow
emission was recorded at room temperature, which enabled
the triple lifetime-encoding for information encryption.

B RESULTS AND DISCUSSION

Elemental sulfur powder is amber-colored (Figure la inset),
showing intrinsic semiconductor-like absorption in the wave-
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length range from 200 to 450 nm.” Its band gap is 2.79 eV,
determined from Figure la. Figure 1b gives the X-ray
diffraction (XRD) pattern of elemental sulfur powder studied
here, which matches with the sulfur references of PDF*08-
0247.7%** Surprisingly, elemental sulfur exhibits RTP emission
in the blue-to-green region (Figure 1c). The RTP emission is
rather weak, which could not be observed by a camera and
naked eyes at room temperature (Figure S1). After decreasing
the temperature to 77 K, elemental sulfur powder shows
intensive cyan emission under the irradiation of 254 nm UV
light. After switching off the excitation light, the emission color
changes to green, and the afterglow emission could be
observed even for nearly 12 s (Figure 1d, Video S1). To get
more insight into the origins of RTP emission from elemental
sulfur powder, temperature-dependent phosphorescence emis-
sion/excitation spectra and lifetime measurements were
conducted. There are minor differences in the RTP spectra
recorded by steady-state spectra and time-resolved emission
spectra measurements due to the difference in the detection
model. A promoted phosphorescence intensity (Figure le) and
extended lifetime (Figure 1f and Table S1, from 3.7 to 824 ms)
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Figure 2. Characterizations of S-dots. (a) TEM, (b, c) AFM images, (d) XPS Sap (e) FTIR, and (f) photoluminescence spectra excited under

different wavelength.

can be observed alongside the decreasing detection temper-
ature from 298 to 77 K. This ruled out the possibility of a
thermally activated delayed fluorescence mechanism. With the
decrease of detection temperature, relatively broad spectra and
a blue shift on the peak maximum are observed. This suggests
the presence of multiple emission centers, causing the diversity
of impurity-related traps in elemental sulfur powder. We also
collected the temperature-dependent phosphorescence spectra
at different excitation wavelengths. As shown in Figure S2a-2e,
the phosphorescence intensity varies with the evolution of
excitation wavelengths. While, the shape and peak maximum of
spectra are almost identical under different excitation wave-
lengths. The intensity of phosphorescence excitation also
increases with the decreasing detection temperature (Figure
1g). The excitation spectra present a relatively wide peak in the
range from 220 to 300 nm, which matches well with the
absorption spectrum of elemental sulfur in the UV range
(Figure la). This suggests the close relationship between the
RTP emission and the electronic structure of elemental sulfur.
In addition, relatively broad spectra with a blue shift of the
peak maximum are observed with the decrease of detection
temperature. This suggests the presence of multiple emission
centers. To understand the electronic structure of elemental
sulfur, density functional theory (DFT) calculations were
conducted. Figure 1h shows the simulated band structure of
elemental sulfur, showing a direct band gap of 2.39 eV, which
is 0.4 eV smaller than the determined value (2.79 eV). This
can be explained by the well-known band gap underestimation
within the framework of standard DFT.”® The conduction and
valence bands are attributed to the major sulfur p orbitals and s
orbitals. The presence of a wide valence band is also confirmed
by the X-ray photoelectron spectroscopy (XPS) valence band
spectrum (Figure $3).>*

Electron paramagnetic resonance (EPR) spectroscopy was
used to explore the interaction between electromagnetic
radiation and magnetic moments of charges.”> A strong signal
at g = 2.0048 can be observed on the EPR spectrum (Figure
1i), suggesting the presence of trapped holes in elemental
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sulfur.’® This is further confirmed by the photoconductivity
curves of elemental sulfur, which show an obvious increase in
the current density under the irradiation of light (Figure 1j).
Thus, we conclude that the RTP emission originates from the
charge carrier traps in the elemental sulfur, which recombines
with the conduction and valence bands. The presence of lattice
defects can be excluded, suggested by the identical
phosphorescence properties of elemental sulfur with different
crystalline forms. Traps induced by incorporating impurities
are one of the widely accepted mechanisms for RTP emission
in classical inorganic systems.'”'”*® Inspired by this
mechanism, the composition of elemental sulfur powder was
examined by ICP-OES, showing the presence of a trace
amount of Si, Ca, and P (Table S2). Thus, we proposed that
the RTP emission originated from the impurity-related traps
coupled with conduction and valence bands. To support our
hypothesis, the photophysical properties of sulfur powder with
different purities were studied. The afterglow of sulfur powder
is rather weak, and it is difficult to compare the intensity or
peak position of the emission spectra. Thus, we studied the
phosphorescence spectra of sulfur powder with different
purities, at 77 K. As shown in Figure S4, almost identical
phosphorescence spectra were recorded on the elemental
sulfur powder before and after purification at 77 K. However,
the phosphorescence intensity significantly decreased after the
purification process (Figure S4a,b). This suggests the
contribution of the impurity to the phosphorescence of
elemental sulfur, and purification results in the decrease of
impurity-related traps. Combining the results of EPR, DFT
calculations, and photoconductivity curves, we conclude that
the afterglow originates from the impurity-related traps
coupled with conduction and valence bands. This is further
confirmed by the phosphorescence spectra of elemental sulfur
with higher purity (99.99%), where identical spectra and
decreased intensity were observed compared with that
elemental sulfur with a purity of 99.9% (Figure S4c). We
failed to identify the accurate composition of impurities, as it
was difficult to purify and extract the impurities from the sulfur
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Figure 3. (a) Steady-state PL/excitation (blue line, excited at 340 nm) and phosphorescence/excitation (green line, excited at 280 nm) spectra,
and the UV—visible absorption spectra of S-dots powder; (b) emission decay curves of S-dots in solution (blue line) and powder states (green
line), excited at 280 nm; (c) digital photos of S-dots powder before and after switching off 302 nm UV light at room temperature; (d) temperature-
dependent phosphorescence (solid line) and excitation (dashed line) spectra of S-dots powder; (e) schematic illustration of the RTP mechanism of

sulfur powder and S-dots.

powder with a purity of 99.9%. We conducted the purification
of elemental sulfur powder through recrystallization and
sublimation. However, differences in XPS (Figure S5), XRD
(Figure S6), and photoconductivity measurements (Figure S7)
can be observed between the purified sulfur samples and the
raw materials.

To further promote the RTP intensity of elemental sulfur
power, S-dots were synthesized by an H,0,-assisted top-down
method, under the passivation of polyethylene glycol (PEG).
Intensive blue emission can be observed on the solution of S-
dots under the irradiation of UV light. The formation of S-dots
was confirmed by the results of TEM (Figure 2a) and AFM
(Figure 2b,c) imaging. After the etching by H,0,, mono-
dispersed S-dots with a size as small as about S nm were
obtained. In addition, the full scan XPS spectrum shows that
the S-dots are composed of C, O, and S (Figure S8a). Then,
energy dispersive spectroscopy was used to study the content
of each element. As shown in Figure S8b, S-dots were
composed of C, O, Na, and S, with a content of 32.9, 26.6,
24.0, and 16.5%, respectively. The valence states of S were
studied by analyzing the high-resolution spectrum of S,,, which
could be fitted into five peaks. As shown in Figure 2d, the
peaks at 160.1 and 161.1 eV, corresponding to S*~ and
polysulfide (S,>”), suggest the etching of elemental sulfur by
NaOH.” The intensive peak at 164.6 eV suggests the presence
of atomic sulfur, while the peaks at 166.2 and 167.2 eV are

attributed to SO;*~ (2ps,,) and SO5*™ (2p, ), respectively.”
This suggests that S-dots are composed of central elemental
sulfur, coated with sulfonate groups, divalent sulfur ions, and
PEG. FTIR spectra were further recorded to study the states of
PEG on the surface of S-dots. Compared with that of pure
PEG, an almost identical spectrum was observed for S-dots,
and no new peaks can be recognized after forming S-dots. This
suggests PEG is physically absorbed on the surface of S-dots,
without any chemical reactions.

The solution of S-dots shows intensive blue emission, with
maximal emission and excitation wavelengths of 432 and 360
nm (Figure S9), respectively. S-dots show excitation-depend-
ent emission properties (Figure 2f), which are further
evaluated by comparing the emission peak maximums and
relative intensities under different excitation wavelengths
(Figure $10)."”*° In the excitation wavelength range from
280 to 330 nm, with the increase of excitation wavelength, a
sharp increase in the emission intensities is observed with
almost identical emission peak maximums (420 nm). Shifting
the excitation wavelength to a longer range leads to the PL
peak redshift from 450 to 560 nm, quickly dropping the PL
intensity to zero at the excitation wavelength beyond 450 nm.
These results are consistent with previous works, demonstrat-
ing the multiple emission species in the S-dot sample.””**

The solid powder can be obtained through freeze-drying
treatment of the solution of S-dots, which also shows strong
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blue emission, with maximal emission and excitation wave-
lengths of 425 and 340 nm (Figure 3a), respectively. They also
show excitation-dependent emission properties, presenting
similar evolution trends with a function of excitation
wavelength with that of S-dots in solution (Figure S11). The
excitation-dependent PL QY was also recorded on the S-dots
powder (Table S3). This suggests the freeze-drying treatment
did not lead to the decomposition of S-dots and varying
emission species. UV—vis absorption spectra of the powder
demonstrate that S-dots present obvious peaks located at 220,
2685, 370, and 450 nm (Figure 3a). The obvious peak at 220
nm can be attributed to the n — ¢ transition of nonbonding
electrons of S.”” The peaks at 265 and 370 nm indicate the
presence of S,>~ and Sg>~.*" The peak at 450 nm is related to
the bandgap transitions of elemental sulfur, with a band gap of
2.79 eV, showing intrinsic semiconductor-like properties.”” As
expected, the powder shows RTP properties (Video S2). The
peak maximum of the phosphorescence spectrum locates in the
green region (Figure 3a), which almost keeps constant with
various excitation wavelengths (Figure S12). The excitation-
independent RTP properties are quite different from the
excitation-dependent fluorescence properties, suggesting a
totally different origin of emission. This is further confirmed
by the significant promotion of the emission lifetime (from 2.6
ns to 0.2 s) of S-dots, after processing them from aqueous
solution to solid (Figure 3b, Table S4). After processing into S-
dots, the afterglow intensity was greatly enhanced, which
allowed us to record the afterglow images at room temper-
ature. After switching off UV light, a green afterglow is
observed, and this is also consistent with the phosphorescence
emission spectra of S-dots. Note that the emission color and
duration in Figure 3¢ are different from that shown in Figure
1d, which is mainly caused by the different detection
temperatures.

By decreasing the detection temperature from 298 to 77 K,
phosphorescence emission/excitation intensities were en-
hanced by 9-fold (Figure 3d) and emission lifetime was
extended (0.2 to 1.0 s, Figure S13 and Table SS) without
shifting the peak maximums. There is no shift in the peak
maximum when changing detection temperature from 77 to
298 K. This suggests that processing sulfur powder into S-dots
has eliminated certain types of impurity-related traps, and only
green emission-related traps are reserved. This is also
consistent with the process of producing S-dots, which
involves the dispersion and etching of elemental sulfur powder
in NaOH solution, flowed by the dialysis process. During this
process, some impurities may be dissolved and excluded in the
final products of S-dots powder. We also compared the
phosphorescence excitation spectra of both elemental sulfur
powder and S-dots powder at different temperatures. As
presented in Figure S14, almost identical spectra were
obtained. Note that the peak on the spectra of elemental
sulfur powder is relatively broad, caused by a weak emission in
nature. This suggests that the RTP of the S-dots originates
from the impurity-related traps coupled with conduction and
valence bands in elemental sulfur powder, and processing the
powder into nanodots has greatly promoted their RTP
intensities. Our hypothesis was further confirmed by EPR
and photoconductivity measurements, which present the
strong signal of charge carriers (Figure S15) and increased
current density under the irradiation of light (Figure S16),
respectively.

The origin of RTP emission was further studied by
comparing the optical properties of products obtained by
various control experiments. No fluorescence and RTP can be
observed on the products obtained through control experi-
ments without adding elemental sulfur and PEG (data not
shown), suggesting the significant roles of both the atomic
sulfur core and surface ligands on the luminescence of S-dots.
In addition, no RTP can be recorded on the products obtained
by the reaction between PEG with different molecular weights
and NaOH under different conditions, including heating,
ultrasonication, and hydrothermal treatment (data not shown),
which excludes the bias results from forming cross-linked
polymers or carbon dots by PEG. The effects of the amount
and molecular weight of PEG on the RTP performances of S-
dots were systematically studied. As shown in Figures S17 and
S18, no change on the peak maximum can be observed when
varying the amount and molecular weight of PEG. The highest
phosphorescence intensity is achieved by adding 3 mL of PEG
and selecting PEG-200 as the ligands. Injection of H,O, into
the reaction system is also essential for achieving high-
performance RTP (Figure S19). Without the addition of H,0,,
the obtained products are viscous, which is difficult to produce
into a powder due to the relatively high water-absorbing ability
of the products. Changing these synthesis conditions has no
obvious effects on the emission lifetime of S-dots powder
(Table S6—S8), which suggests that the same emission center
is produced under these conditions. Based on the above
observations, we conclude that the RTP of S-dots originates
from the impurity-related traps coupled with conduction and
valence bands in elemental sulfur powder, and processing them
into nanodots can promote the intensities of emission,
benefiting from the rigid environment formed by the cross-
linking of PEG (Figure 3e). The rigid environment could
stabilize the excited charges from quenching by the environ-
ment, such as oxygen, solvents, and nonradiative transitions.

Given the afterglow emission properties of elemental sulfur
and S-dots, their potential applications in information
encryption were demonstrated. The full flower with white
and blue emissions can be observed under daylight and UV
light, respectively. Only the very center of the flower can be
observed, after switching off the UV light (Figure 4).
Therefore, triple lifetime-encoding for information encryption
is achieved by using products with different lifetimes.

B CONCLUSION

We discover that elemental sulfur powder, a massively
produced industrial byproduct, holds RTP emission with a
lifetime up to 3.7 ms. The RTP emission was attributed to the
impurity-related traps coupled with conduction and valence
bands in sulfur powder. Particularly, similar yet greatly
promoted RTP intensity and lifetime could be observed after
processing the sulfur powder into S-dots, benefiting from the
rigid environment formed by the cross-linking of PEG.
Afterglow emission was obtained in S-dots powder at room
temperature with a lifetime of 200 ms. Different patterns were
fabricated to demonstrate the feasibility of sulfur-based RTP
materials for anticounterfeiting applications. The presented
results report an undiscovered property of elemental sulfur
powder and related nanomaterials, which provides a versatile
component for the development and applications of RTP
materials.
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Figure 4. Photos of flower under (1) daylight, (2) under irradiation of
365 nm UV light, switching off excitation light for time intervals of
(3) 0.05 and (4) 1s.

B MATERIALS AND METHODS

Materials. All the chemicals, including sulfur powder
(99.9%), hydrogen peroxide (30%), polyethylene glycol
(with different molecular weight), and sodium hydroxide
were obtained from Aladdin. Sulfur powder, with a purity of
99.99% was obtained from Damas-beta.

Instrumentation. The UV-3600 spectrometer (Shimadzu,
Japan) and F-7000 spectrometer (Hitachi, Japan) were used to
record the UV—visible absorption spectra and fluorescence/
phosphorescence spectra, respectively. The phosphorescence
decay curves were recorded by an Edinburgh FLS-980
fluorescence spectrophotometer excited by a xenon arc lamp
(Xe900) using the kinetic scan model. Temperature-dependent
phosphorescence emission and excitation spectra were
collected on a spectrometer of Horiba (FluoroMax+), with a
delay time of 50 ms. Surface morphologies of the S-dots were
characterized using a Tecnai G2 F20 high-resolution trans-
mission electron microscope (HTEM) (FEIL USA) and a JPK
atomic force microscope (AFM) (Bruker, Germany), respec-
tively. Fourier-transformed infrared (FTIR) spectra were
recorded on a Nicolet IS10 FTIR spectrometer (Thermo,
USA). XPS spectra were recorded on an Escalab 250xi
photoelectron spectrometer (Thermo, USA). The electron
paramagnetic resonance (EPR) spectra were recorded on a
Bruker A300 EPR Spectrometer.

Synthesis of S-dots. Sublimed sulfur powder (1.4 g), S0
mL of water, PEG-200 (3 mL), and sodium hydroxide (4 g),
were added in order to a 100 mL round-bottom flask, and the
mixture was allowed to react under continuous stirring at 90
°C for 72 h. Then, a different amount of H,O, was added, and
a strong blue emission appeared, indicating the formation of S-
dots. Then, the as-obtained S-dots were freeze-dried to obtain
the solid powder.
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