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ABSTRACT: Toward the need for solid-state fluorescent quantum
dots, resistant to self-quenching, we describe a solvothermal-assisted
sol—gel method to synthesize Se quantum dots. Morphological and
crystalline characterizations reveal that Se quantum dots (average
size 3—8 nm) have a trigonal crystal structure. The presence of
planar defects (dislocations, stacking faults, twins, and grain
boundaries) suggests formation of Se nanocrystallites through
aggregation-based crystal growth mechanisms. Under ultraviolet
excitation, the quantum dots exhibit an excitation wavelength-dependent solid-state blue emission with an average lifetime of 1.96 ns.
Depending on fluorescence quenching by curcumin, selenium quantum dots act as ideal candidates for inner filter effect-based
curcumin sensing.
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B INTRODUCTION

Nanomaterials have been an intriguing subject of research for
the last several decades as their physical properties can be
drastically changed by tailor-made structural and morpho-
logical modifications. The presence of discrete energy states,
tunable band gaps, and enhanced fluorescent properties makes
elemental quantum dots (QDs) promising candidates

progressively to explore simple methods to synthesize different
Se QD allotropes. Moreover, considering the influence of
crystal defects on the physical properties of a material, it is
crucial to understand the growth mechanism and micro-
structure of Se QDs, which are not yet well explored.
Among all of the polyphenolic components of turmeric,
curcumin (CR) possesses exceptional biological and pharma-

compared to their one-dimensional (1D) or two-dimensional
(2D) counterparts. More recently, fluorescent quantum dots of
graphene,1 phosphorous,2 boron,® selenium,” etc., have
attracted increased attention because of their intrinsic
fluorescent properties, making them promising candidates for
development of biosensing and bioimaging platforms. Among
them, selenium holds an inimitable position at the boundary of
group VI in the periodic table between van der Waals
molecular solids (O, and Sg) and the covalent solid Te. It can
exist in several solid modifications: two monoclinic (& and f3),
the most stable trigonal form, one cubic, and one amorphous
modification.” Prior studies widely focused on amorphous Se
(a-Se) nanoparticles and trigonal Se (t-Se) nanowires due to
their ease of formation and stability.””” Dependence of
ultrafast optical nonlinearity on the cubic and amorphous
forms of Se quantum dots is studied in silica xerogels prepared
through a simple sol—gel route.” Although some progress has
been achieved in the synthesis of t-Se nanoparticles”'”"!
through green assisted synthesis as well as precursor
conversion methods, synthesis of t-Se quantum dots has not
been equally explored. Recently, t-Se QDs have been
synthesized by ultrasound liquid-phase exfoliation (LPE) of
NbSe, powders using N-methyl-2-pyrrolidone (NMP) as the
dispersant.'” Photocarrier dynamics and pathways involved in
t-Se QDs synthesized by a similar LPE method were also
studied in a very recent work."” Research efforts are increasing
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cological properties.'* Tt is widely used as a nutraceutical in
food and both as a colorant and a condiment. Although utilized
for its antibacterial,'® anti—inﬂammatory,16 antioxidant,’” and
hepatoprotective properties,'® curcumin shows good inhibitory
effects toward certain carcinogens.'””” Tt is used in clinical
medicine for the treatment of various diseases like arthritis,
cystic fibrosis,”" cardiovascular diseases,”* Alzheimer’s,”> and
even HIV.>* However, studies suggest that an excessive dose of
curcumin can impose higher oxidative stress, resulting in
chromosomal aberrations to the mitochondria and nuclear
genomes in human hepatoma G2 cells.”” Moreover, it
decreases intracellular ATP levels, triggering the necrosis
process.”® Owing to its wide importance and medicinal value, it
is highly essential to monitor the level of curcumin in foods
and medications through a reliable, fast, and sensitive route. To
date, various analytical assays have been reported for the
detection of curcumin including high-performance liquid
chromatography,”” voltammetry,”® electrochemical methods,”
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capillary electrozphoresis,30 spectrophotometry,”” resonance
light scattering,”* and spectrofluorimetry.”>** Although many
of these are highly sensitive and quantitative techniques, their
high capital and maintenance expenses have turned the
attention of researchers toward sensitive, quickly responsive,
and cost-effective fluorescence sensing. Recently, various
fluorophores such as P-, N-, B-codoped carbon quantum
dots,* Mn-doped ZnS Q_Ds,36 graphitic carbon nitrides,®” etc.,
have been explored as fluorescent nanosensors for quantitative
determination of curcumin. However, QDs tend to lose their
fluorescence properties in aqueous and solid states due to
irreversible photobleaching or aggregation-induced lumines-
cence quenching.”®*” This limits their practical applicability in
designing sensors and imaging devices where materials with
solid-state fluorescence are inevitable. Till now, research efforts
on Se QDs have rarely focused on solid-state fluorescence and
their biosensing applications.

Herein, a facile solvothermal route is developed for in situ
synthesis of Se quantum dots in a SiO, matrix. In solid
mesoporous silica, collision and aggregation of Se QDs can
rarely happen, preventing them from degradation and surface
oxidation. This gives a longer shelf life, making them ideal
candidates for solid-state fluorescence and optoelectronic
applications. This stable solid-state fluorescence obtained
from Se QDs is explored for quantitative determination of
curcumin.

B RESULTS AND DISCUSSION

The powder X-ray diffraction (p-XRD) pattern of Se—SiO,
composites with different Se contents is shown in Figure S1. It
can be inferred that all Se—SiO, composites have the same
crystal structure as peak positions in the p-XRD pattern remain
the same and their intensities increase with Se contents. As
shown in Figure 1, the occurrence of diffraction peaks at
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Figure 1. XRD pattern of the 40 wt % Se—SiO, composite. The inset
shows its digital photograph under visible light.

different positions can be indexed to hexagonal Se (JCPDS
code: 06-0362) and no impurity peaks are detected. The broad
spectrum peaked at the 26 value of 23° in the p-XRD pattern
can be ascribed to the presence of amorphous SiO,. The inset
of Figure 1 shows a photograph of the 40 wt % Se—SiO,
nanocomposite.

The field emission scanning electron microscopy (FESEM)
image (Figure 2a) of the Se—silica nanocomposite shows fused
distorted ellipsoid-like structures with average length in the
range of 80—190 nm and diameters ranging from 60 to 120
nm. The large field transmission electron microscopy (TEM)
image displayed in Figure 2b clearly illustrates the same
morphology of the Se—silica nanocomposite. The average

length and breadth of the microstructures are calculated as 130
and 110 nm, respectively. Moreover, on close examination, it
can be inferred that each ellipsoid-like structure consists of
many homogeneously distributed quasi-spherical Se quantum
dots with a very narrow size distribution.

The high-resolution TEM (HRTEM) image shows approx-
imately spherical t-Se QDs distributed evenly without obvious
aggregation (Figure 3a). The size of nanocrystallites is in the
range of 3—8 nm as obtained from a size distribution
histogram (inset of Figure 3a). On closer examination, it can
be observed that the synthesized t-Se QDs (Figure 3b) exhibit
randomly oriented crystallites with abrupt disordered edges
having considerable grain boundary defects. Clear lattice
fringes revealed the excellent crystalline nature of t-Se QDs.
The interplanar distances of 3.02, 2.15, 2.03, 1.95, and 1.75 A
can be assigned to the (101), (110), (102), (111), and (201)
planes of trigonal Se, respectively. Upon deeper investigation,
it can be inferred that like many nanocrystallites in the system,
t-Se QDs possess a considerable number of planar defects.
Figure 3c shows the presence of stacking faults (SF), edge
dislocations (ED), and twins (T), which are depicted in Figure
3d. This can be attributed to the aggregation-based crystal
growth mechanism involved in the synthesis. During hydro-
thermal coarsening, adjacent primary particles in the solution
collide and coalesce, resulting in secondary particles. This
spontaneous self-organization following a common crystallo-
graphic orientation and imperfect particle attachment often
leads to line and planar defects.*’

Recently, the growth and formation of t-Se nanotubes were
investigated in detail and explained through different crystal
growth mechanisms."'~** For ultrasonic, hydrothermal, and
surfactant-assisted synthesis methods, crystal growth is
mediated through the ultrasonic-assisted oriented attachment
(OA) growth mechanism,"" surfactant-directed growth mech-
anism,”” and nucleation—dissolution—recrystallization** mech-
anism, respectively. As observed from HRTEM images, the
oriented attachment (OA)-based growth mechanism of
trigonal Se QDs can be explained by analyzing the nano-
crystallites with irregular shapes and abrupt edges. The
presence of lattice defects (grain boundaries, twins, and
stacking faults), a clear coalescence profile, and the peculiar
structures of primary nanocrystals is due to aggregation of
primary crystallites by sharing a common crystallographic
orientation. Under solvothermal conditions, the decomposition
of selenous acid is followed by nucleation of trigonal selenium
nanocrystallites at favorable sites of tetraethyl orthosilicate
(TEOS). The strong surface adsorption of TEOS promotes the
initial growth of nanocrystals through the pure OA mechanism.
This slows down the dissolution of particles in solution, and
the nucleation—dissolution—recrystallization mechanism is
thermodynamically prohibited. The solvothermal treatment
of the mixture triggers rapid hydrolysis of TEOS in the
presence of water and ethanol. This is simultaneously followed
by a cascade of quick polycondensation reactions during which
the growth of trigonal Se QDs is promoted at preferred sites.
Although crystallization of anisotropic trigonal Se is promoted
by the OA-assisted mechanism, the SiO, network inhibits their
further characteristic growth to 1D nanostructures. The
capping effect of the SiO, network acts as a growth-controlling
agent, and the product retains a quasi-spherical shape with
abrupt edges. Scheme 1 represents the aforesaid mechanism of
formation of t-Se quantum dots.
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Figure 2. (a) FESEM and (b) TEM images of the Se—silica nanocomposite.
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Figure 3. (a) Large-area HRTEM image of the Se—SiO, composite (inset shows the particle size distribution of Se QDs). (b, c) HRTEM image of
t-Se QDs showing d spacings. (d) Edge dislocation (ED), stacking fault (SF), twin (T), and grain boundaries (GB) in the crystallites as observed

from HRTEM.

Scheme 1. Mechanism of Formation of t-Se QDs in Silica by
a Solvothermal-Assisted Sol—Gel Route

Solvothermal
treatment at
150°C

21527

The Raman spectrum (Figure 4) of t-Se QDs shows a single
resonance peak at 237 cm™!, which can be attributed to the
stretching vibrations of helical selenium chains (A;).** This
confirms the formation of well-crystallized trigonal Se QDs as
observed from XRD and HRTEM. The absence of character-
istic Raman resonance absorption bands centered at 256 cm™
for monoclinic Se and at 264 cm™" for amorphous Se indicates
the phase purity of the composite.*

From the Fourier transform infrared (FTIR) spectrum of the
t-Se—SiO, composite (Figure Sa), the observed peak values are
in good aégreement with the reported data for SiO,-based
materials.** The characteristic bands observed at 784 and 1054
cm™' can be attributed to Si—O—Si symmetric stretching and
bending vibrations. The existence of an oxoethyl group is
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Figure 4. Raman spectrum of t-Se QDs.

indicated by the weak absorption bands at 1637 and 972 cm™".

The broad absorption around 3354 cm™ depicts the stretching
vibrations of H-bonded silanols with water (hydroxyl
group).””** The peak at 549 cm™ is associated with four-
membered siloxane ring vibrations of the matrix. From the
differential scanning calorimetry (DSC) curve (Figure Sb), the
sharp endothermic peak at 112.54 °C can be attributed to the
presence of moisture and other organic solvents in the Se—
Silica composite.”” The dip observed at 221.45 °C can be
assigned to the melting point of trigonal Se (~221 °C).*° The
absence of DSC thermogram peaks corresponding to the
monoclinic (~175 °C) and amorphous (~70 °C) forms
reaffirms the homogeneity and purity of the prepared
composite.”" The melting enthalpy value of t-Se QDs obtained
as 2.672 J/g is considerably lower than those of selenium
nanoparticles.”>~>* This can be attributed to the dependence
of size on the melting thermodynamics of the material.”
Going from bulk to quantum dots, there is an increase in the
surface area-to-volume ratio, thereby increasing the surface
energy. Hence, the melting process is carried out with the
contribution from surface enthalpy, which reduces the melting
enthalpy.>

The UV—visible absorption spectrum of t-Se quantum dots
shows broad absorption in the lower wavelength region
(Figure 6a), and an absorption edge is observed around 750
nm. Some previous studies available in the literature show that
trigonal Se nanowires have weak absorption maxima at 346,
450, and 570 nm.>® The semimetallic nature of the material
and structural similarities with the bulk cause broadening of
these individual peaks.”® The optical band gap of t-Se QDs is
1.64 €V as calculated from a Tauc plot (inset of Figure 6a).
According to values reported in the literature, trigonal
selenium exhibits a band gap energy value of 2 eV.'>>">®
Although a higher energy gap is expected in quantum dots due

to confinement effects, a slight decrease in band gap is
observed in t-Se QDs. This can be attributed to the presence of
surface states and traps.’”*’ Microstructural studies indicate
the presence of surface states and defects. Due to the smaller
size of nanocrystallites, a higher proportion of the total number
of atoms will be located on the surface. Moreover, nano-
crystallites have abrupt edges and imperfect surfaces. There-
fore, there will be a large density of surface states, which act as
active electron and/or hole traps upon optical excitation. The
excited carriers undergo nonradiative recombination and no
band edge emission was observed for t-Se QDs, consistent with
the results obtained by Jiang et al."> Under a UV excitation
wavelength of 350 nm, the t-Se—SiO, composite exhibits a
blue emission peaked at a wavelength of 434 nm (Figure 6b).
This can be assigned to direct interband radiative recombina-
tion in t-Se QDs."> Due to spin—orbit coupling, the valence
band and conduction band might undergo energy splitting and
radiative recombination of carriers can happen in the same k-
space between energy bands. From normalized PL spectra, it is
clear that the emission wavelength shifts from 418 to 449 nm
when the excitation wavelength varies from 320 to 370 nm
(inset of Figure 6b). The observed red shift in the emission
peak suggests that the prepared QDs possess excitation
wavelength-dependent emission, which is consistent with
reported data.'> The quantum yield (QY) for t-Se QDs is
obtained as ~0.13%. This low value of room-temperature
photoluminescence QY is due to the high defect density in the
material, which is consistent with HRTEM and UV-—visible
absorption data. The defect-mediated nonradiative recombi-
nation from surface states and trap sites outnumbers the
number of photons emitted, which results in the reduced
QY.®" Similar quantum yield values have been reported for
certain metal nanoclusters (NCs)®” and some two-dimensional
(2D) transition-metal dichalcogenides like MoS,” due to the
presence of surface states and defects.

Fluorescence Detection of Food Dyes. To examine the
sensing ability of the t-Se—SiO, composite for curcumin,
steady-state fluorescence emission spectra of t-Se QDs (0.2 g)
were closely monitored (Figure 7a) with different concen-
trations of curcumin (0—5 wt %). It can be observed that the
fluorescence intensity of t-Se QDs is decreased distinctly upon
addition of curcumin. Moreover, an increase in curcumin
content results in the occurrence of a new emission band
peaked at 550 nm wavelength. The enhanced characteristic
yellow emission of curcumin indicates the transfer of photon
energy between curcumin and t-Se QDs. The ratio of
fluorescence intensities peaked at 550 and 434 nm wavelengths
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Figure 5. (a) FTIR spectrum and (b) DSC measurements of the t-Se—SiO, composite.
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Figure 6. (a) UV—visible absorption spectrum of the t-Se—SiO, composite; the Tauc plot (inset) gives the optical band gap as 1.64 eV. (b)
Photoluminescence spectra measured in the t-Se—SiO, composite with varying ., from 320 to 370 nm. Normalized PL spectra (inset) show

excitation-dependent emission.
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Figure 8. (a) UV—vis absorption spectrum of curcumin and emission spectrum of t-Se QDs showing spectral overlap. (b) Fluorescence decay

curves of t-Se QDs and t-Se QDs—curcumin..

(Isso/I434) shows a satisfactory linear relationship (Figure 7b)
as the concentration of the analyte varies from 0 to S wt % (~0
to 10.52 mg). The calibration equation is as follows

1(550)/1(434) = 0.1611 + 0.49314[Q]

where 1(434) and I(550) are the fluorescence intensities of
emission bands at A, of 350 nm and [Q] represents the
concentration of curcumin. The limit of detection (LOD) was
calculated to be 0.09 wt % (~180 pug) with LOD = 3 ¢/,
where o represents the standard deviation of the pure Se QDs
for N = 3 and S is the slope of the calibration curve. The
obtained value of R* = 0.99785 indicates excellent linearity. To
assess the selectivity of the system toward curcumin, relative
fluorescence responses (I50/I454) of the t-Se—SiO, composite
toward interfering analytes like aspartic acid, alanine, arginine,

21529

glutamic acid, glycine, histidine, lysine, sucrose, fructose,
valine, glucose, and curcumin were analyzed. It is clear that
only addition of curcumin makes a remarkable change in the
Isso/ 1434 value (Figure S2).

Mechanism of Quenching. From Figure 8a, it can be
observed that the broad absorption of curcumin in the short
wavelength region has considerable overlap with the emission
spectrum of t-Se QDs. This clearly indicates that the decrease
in fluorescence of t-Se QDs upon addition of curcumin is due
to electron transfer, energy transfer, or the inner filter effect
(IFE).*>**~% As curcumin is negatively charged, there will be
no electrostatic interaction between selenium QDs and
curcumin.>>® Thus, the fluorescence quenching observed in
the mixture is not due to the electron transfer mechanism.
UV-—visible absorption spectra of t-Se QDs, Se—curcumin, and
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Table 1. Fluorescence Lifetime Parameters of t-Se in the Absence and Presence of Curcumin

curcumin (wt %) 7, (ns) a, 7, (ns)
0 4.10 17.75 19.26
0.5 441 16.46 27.07

) 73 (ns) a Tog (0S) s
5.41 0.25 76.83 1.96 131
420 0.23 79.34 2.04 1.32

curcumin are shown in Figure S3, and no additional peak can
be observed in the Se—curcumin spectrum. This eliminates any
possible complex formation between Se and curcumin which
suggests that the possible quenching mechanism observed in
Se—curcumin is the IFE. The enhanced emission peaked at the
550 nm wavelength observed for the t-Se—SiO,—curcumin
compared to the SiO,—curcumin mixture illustrates the
transfer of photon energy between curcumin and t-Se QDs
(Figure S4). To confirm the aforementioned quenching
mechanism, time-resolved fluorescence lifetime decay measure-
ments were carried out at an excitation wavelength of 340 nm
(Figure 8b). The fluorescence data was reliably fitted using a
tri-exponential decay function

1(t) = 100) + Y A, x )

where 7; represents the lifetime, A; denotes the relative
amplitude of the decay process, while I(0) and I(¢) refer to the
fluorescence intensities at 0 and t, respectively.”” The fitting
parameters obtained are shown in Table 1. The average
lifetime of t-Se QDs remains unchanged upon addition of 0.5
wt % curcumin. This implies that the excited fluorophore
decays in its native natural lifetime and is not in any way bound
to the analyte. This confirms the fluorescence quenching
mechanism of t-Se QDs as the IFE without any chemical link
between donor and acceptor systems. The results suggest that
solid-state fluorescence from t-Se QDs can be well applied to
less costly IFE-based practical fluorescence sensors.

B CONCLUSIONS

In summary, t-Se QDs in silica were synthesized using a
solvothermal-assisted rapid hydrolysis and polycondensation
route. A structural evaluation of the as-synthesized Se—silica
nanocomposites confirms the formation of trigonal Se QDs—
SiO, composites. From HRTEM images, nanocrystallites with
considerable planar defects were observed, and the oriented
attachment (OA)-based crystal growth mechanism was
discussed in detail. The lower band gap value of 1.64 eV
calculated from UV—vis absorption measurements can be
attributed to the presence of surface states and traps. The blue
emission observed for t-Se QDs under UV excitation was
successfully utilized for the sensitive detection of curcumin. To
the best of our knowledge, reports on solid-state fluorescence
in trigonal Se QDs are not readily available in the literature.
The decrease in fluorescence intensity of t-Se QDs in the
presence of curcumin was due to the IFE-based quenching
mechanism, which has significant applications toward design-
ing instrument-free practical fluorescence sensors.

B EXPERIMENTAL SECTION

Materials. Tetraethyl orthosilicate (TEOS) (Si(OC,Hs),,
98%), selenous acid (H,SeO;, 98%), and curcumin
([HOC4H;(OCH;)CH=CHCO],CH, from Curcuma longa
(turmeric) powder) were procured from Sigma-Aldrich.
Distilled water was used throughout the experiment.

Apparatus and Characterization. The crystallinity of the
sample was observed using a benchtop powder X-ray

21530

diffractometer (Aeris Research, PANalytical, The Netherlands)
with a scanning range of 20 = 10—90° with Cu Ka radiation (4
= 1.540598 A). Morphological parameters were evaluated from
field emission scanning electron microscopy (FESEM) images
recorded on a TESCAN MIRA3 LMH and high-resolution
transmission electron microscopy (HRTEM) data using a
TALOS F200S G2 transmission electron microscope (200 kV,
FEG, CMOS Camera 4K X 4K). Raman spectra obtained from
a Horiba Jobin Yvon T64000 Raman spectrometer were used
for phase identification. Structural analysis was carried out
using Fourier transform infrared (FTIR) spectra in the region
400—4000 cm™' obtained from an FTIR spectrometer
(Thermo Nicolet, USA) at room temperature. Thermal
analysis was performed using a differential scanning
calorimeter (TA Instruments, Germany) in the temperature
range 30—600 °C at a heating rate of 10 °C/min. The
absorption spectra in the entire visible range were recorded on
a UV—vis spectrophotometer (Jasco, Japan). All fluorescence
measurements were recorded on a Fluorolog NIR spectro-
fluorometer (Horiba Jobin Yvon, USA). Decay lifetimes were
evaluated using a time-resolved Fluorimax fluorimeter (Horiba
Jobin Yvon, USA).

Synthesis of the Se—Silica Composite. Se (10, 20, 30,
and 40 wt %) in 2 g of silica was prepared by a simple
solvothermal route through rapid hydrolysis, condensation,
and polymerization of tetraethyl orthosilicate (TEOS) in the
presence of ethanol and distilled water. An aqueous solution of
selenous acid was added to TEOS and ethanol at room
temperature. The precursor molar ratio of selenium to silica
was fixed at 1:2, 1:3, 1:5, and 1:11 for the synthesis of 40, 30,
20, and 10 wt % Se—silica nanocomposite, respectively. Two
drops of 1 M HNO; was added as a catalyst. The resulting
mixture was stirred continuously for 1 h to obtain a clear
solution. The molar ratio of TEOS—water—ethanol was taken
as 1:2:2. The solution was then poured into a 50 mL Teflon-
lined autoclave and heated at 150 °C for 24 h. The gray-
colored composite obtained was powdered and used for further
characterizations.

Determination of Curcumin. For quantitative determi-
nation of curcumin in different systems, 0.2 g of 40 wt % Se—
SiO, was added to varying concentrations (wt %) of
chloroform solutions of curcumin (10 mL). The solution
was then centrifuged and washed with an excess of solvent to
remove the loosely bound residues. The mixture was then
dried, and the optical properties of the slightly yellowish
powder obtained were investigated by fluorescence spectros-

copy.
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