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ABSTRACT: Silicon nanoparticles (Si NPs) exhibiting
observable luminescence have many electronic, optical, and
biological applications. Owing to reduced toxicity, they can be
used as cheap and environmentally friendly alternatives for
cadmium containing quantum dots, organic dyes, and rare
earth-based expensive phosphors. Here, we report an
inexpensive silicon precursor, namely rice husk, which has
been employed for the synthesis of Si NPs by rapid microwave
heating. The Si NPs of ~4.9 nm diameter exhibit observable
green luminescence with a quantum yield of ~60%. They show
robust storage stability and photostability and have constant
luminescence during long-term UV irradiation extending over
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48 h, in contrast to other luminescent materials such as quantum dots and organic dyes which quenched their emission over this
time window. Green luminescent Si NPs upon mixing with synthesized red and blue luminescent Si NP species are shown to be
useful for energy-efficient white light production. The resulting white light has a color coordinate of (0.31, 0.27) which is close to
that of pure white light (0.33, 0.33). The performance of our white light emitting material is comparable to that of a commercial
white light emitting diode (WLED) bulb and is shown to be better than that of a commercial compact fluorescent lamp (CFL).
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B INTRODUCTION

Silicon as a source of light has been the dream of scientists for
several years. Silicon in the thin film form is one of the major
foundations of modern society. Until now it has been used as
the base material for the development of photovoltaics' > and
microelectronics,® but silicon emitting light can bring a
revolution in photonics,” optoelectronics,” and biotechnology.”
In the early 1990s, Canham discovered the emission of visible
light from silicon which he attributed to the porous nature of
silicon and that finding paved the way for research on
luminescent silicon nanoparticles (Si NPs).'”"" Since then it
has been more than two decades of ongoing research which has
moved the focus from porous silicon to colloidal Si NPs or
silicon quantum dots.'”~*" Printing such thin films require inks
based on silicon. Applications of inks composed of Si NPs vary
from printable electronics, flexible solar cells, solar roofing, etc.
As these particles are biodegradable with an expected
environmental lifetime of the order of 6 months with reduced
toxicity, they hold great promise in biotechnological
applications such as bioimaging””*~>’ and can be used as a
replacement for quantum dots. Production of Si NPs requires
high energy processing as silicon exists in nature as SiO, which
requires energy (AH = 169.7 kcal/mol at ~3000 K for the
reaction, SiO, + C = Si + CO,) for its reduction.”®
Nanoparticles of silicon are particularly useful to create stable
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and solvent compatible suspensions. They are also useful due to
their inherent changes in the electronic, optical, and mechanical
properties. Sustainable manufacturing of Si NPs is important
for cheaper, energy efficient, and consequently affordable
technologies.

Si NPs have been made chemically by various methods
involving chemical reductants. They have also been made by
using microwave synthesis,”” hydrothermal synthesis,”® chem-
ical vapor deposition,”’ laser ablation,”* mechanochemical
method,” plasma assisted aerosol precipitation,”®  sono-
chemical synthesis,3° and even room temperature solution
phase reduction where the ligand is used for multiple purposes
such as capping as well as reduction.’® All these reactions
invariably require costly chemicals, uncommon instrumentation
and procedures, harsh experimental conditions, and long time.
Most of the time, chemical methods used a few commonly
available starting materials such as aminopropyltrimethoxy-
silane and its variants which are expensive. Si NPs possess weak
aqueous solubility due to the presence of hydrophobic groups
on the surface (e.g,, Si—H bond), and this is a major limitation
for their use in biomedical applications. Several methods have
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been reported for Si NPs functionalization with hydrophilic
groups but functionalization often leads to decrease in quantum
yield.*” Again, synthesis involves the top-down method where
precursors, such as silicon powder, SiO,, nanowires, etc., were
used. Below we present a bottom-up approach for the synthesis
of hydrophilic Si NPs preserving high quantum yield.

Rice husk as a resource is estimated to be available to the
extent of 770 million tons annually, which is generally used as a
heat source in rice mills and hence readily available. Our
method uses a simple, one-pot, rapid microwave reduction of
silicon precursors in the husk presumably by carbon precursors
under conditions of ambient pressure and high temperature,
available in a microwave. The particles are stable at room
temperature and at different experimental conditions for an
extended period of time allowing them to be useful for
applications.

B EXPERIMENTAL SECTION

Materials. Rice grains were purchased from a local market in
Chennai (Tamil Nadu, India). Sodium hydroxide was purchased from
Merck Life Science Private Ltd. CdTe (Red luminescent) quantum dot
sample was a gift from Prof. E. Prasad’s lab (Dept. of Chemistry, IIT
Madras). For preparing solutions, Milli-Q_(Millipore) water was used
as the solvent. Perylene dye was purchased from Sigma-Aldrich for
quantum yield calculations. Aminopropyl trimethoxysilane (APTMS)
was purchased from Sigma-Aldrich and was used for the synthesis of
blue Si NPs. For the synthesis of Au@BSA, both HAuCl, and the
protein, bovine serum albumin (BSA), were purchased from Sigma-
Aldrich.

Synthesis of Green Luminescent Si NPs. About 2 g of rice husk
were ground to make a fine powder. To that powder, about 10 mL of
aqueous NaOH (1M) was added. No additional reducing and
protecting agents were added to it. This mixture was heated in a
microwave oven (2.45 GHz, 600 W). During the reaction, as the
solution was dried, S mL of solvent was added and heated and the
process was continued for 1 h at an interval of 10 min. Finally, the
microwaved solution was taken out and centrifuged to remove any
unreacted materials present. The supernatant was collected and
analyzed, and it was found to contain Si NPs.

Removal of Anthocyanin Dye from Si NPs. Rice grains contain
pigments like anthocyanin which in basic medium shows green
luminescence. Removal of anthocyanin from the Si NPs was necessary
to make sure that the observed luminescence was due to Si NPs and
not due to anthocyanin. The separation was done using Amicon Ultra-
1S Centrifugal Filter Units, with a molecular weight cutoff of 10 kDa.
As the molecular weight of Si NPs was different from anthocyanin,
they were easily separated. To remove any adsorbed anthocyanin, the
particles were washed repeatedly.

Quantum Yield Calculation of Si NPs. For the green
luminescent Si NPs, the PL quantum yield was calculated using
perylene dye as a reference, taken in cyclohexane. Freshly prepared
solution was used to avoid errors. Perylene has excitation and emission
maxima in the range of 360—420 and 430—530 nm, respectively. For
comparison with Si NPs, the excitation wavelength chosen was 420
nm. At this excitation wavelength, the optical densities of both the dye
and Si NPs were adjusted to the same values. Photoluminescence (PL)
spectra of the solutions of the same optical density solutions were
recorded and areas of the PL curves were calculated. Integrated PL
intensities vs corresponding optical densities were plotted and fitted
with a straight line to yield two slopes which could be employed in
determining the quantitative output using the established equation:

O = q)Dye(KSi/ KDye)(RI)SiZ/ (RI)DyeZ
where K; and Kp,, stand for straight line slopes and (RI)g, (RI)p,,

®g, and Pp,, represent the refractive indices of the solvents and
quantum yields of the Si NPs and the dye, respectively.*®
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Comparison of Photostability of Fluorescein Isothiocyanate
Dye, CdTe Quantum Dots, and Si NPs. For the photostability
comparison, the PL intensities of all the luminescent materials were
adjusted to the same value. Equal volumes of all the samples were
taken for better comparison. The measurements were performed
under a 365 nm UV lamp with a power of 6 W.

pH Stability and Time-Dependent Stability of Si NPs. pH
values of the silicon nanoparticle solutions were adjusted by adding aq
NaOH and HCI dropwise. A digital pH meter (MP-1 PLUS, Susima
technologies) was used for the measurement of pH of the solution.
Fluorescence intensities of the samples were measured using Horiba
Yvon Nanolog (FL-1000) fluorimeter. Time-dependent luminescence
intensity measurements were performed over a period of 1 month to
check the stability of the nanoparticles. The measurements were
performed at an interval of 3 days.

White Light Emission. A mixture of green Si NPs (rice husk
synthesized), blue luminescent Si NPs (APTMS synthesized), and red
luminescent Au@BSA clusters were prepared to demonstrate white
light emission. The materials were selected such that they all show
emission at the given excitation range as well as they are soluble in the
same solvent, i.e. water. The excitation wavelength chosen was 360
nm.

Synthesis of Blue Emitting Si NPs. About 0.8 g of sodium citrate
was dissolved in 20 mL of water. To this solution, 1 mL of
aminopropyl trimethoxysilane (APTMS) was added and agitated
homogeneously for 2 min. Then the solution was transferred into a
hydrothermal bomb and was kept at 170 °C for 24 h and cooled to
room temperature. The transparent solution was dialyzed using a
membrane with molecular weight cut off 12 kDa and stored at 4 °C for
use.

Synthesis of Au@BSA Cluster. A 10 mL portion of the aqueous
solution of HAuCl, (6 mM) was added to 10 mL of BSA (25 mg/mL).
The solution was stirred for S min, and 1 mL of NaOH (1M) was
subsequently added. The pH of the solution was kept at 12. The
reaction was continued with mild stirring for 24 h. The color of the
solution changed from golden yellow to dark orange. The solution
exhibits intense luminescence under UV light. The sample was
dialyzed using a membrane with molecular weight cut off 12 kDa, and
the purified sample was kept at 4 °C for further use.

Luminous Efficacy Measurements of CFL, WLED, and Our
Material. A compact fluorescent lamp (CFL) and white light emitting
diode (WLED) of power 14 and S W, respectively were bought for the
luminous flux comparison. The luminous flux of the emitting material
was given as, luminous flux (¢,) = illuminance (E,) X surface area (A).

For easier calculation of the surface area, a spherical CFL and a
WLED were purchased. Surface area of CFL and WLED are 4z
where r is the radius of the spherical bulbs. Surface areas of cylindrical
Petri dish on which our material was coated is 2zrh + mr*. The
illuminance was measured using a Lux meter. Luminous efficacy was
calculated as luminous flux per unit power. For the illuminance
measurement, the distance from the source to the Lux meter sensor
was kept constant. A (3 W, 3 V) UV LED was used as the source for
white light emission.

B RESULTS AND DISCUSSION

Synthesis, Mechanism, and Optical Properties of Si
NPs. Synthesis of silica nanoparticles from rice husk biomass is
an established area both in research and in industry. Such
materials are considered as a sustainable source of high quality
silica for diverse applications.””~*" There are previous reports
on the synthesis of porous silica particles by microwave
irradiation of chemically process rice husk.”” Reports are also
available on the magneisothermic reduction of silica to silicon
which was utilized as an electrode material.”> Both these
methods do not report synthesis of luminescent Si NPs. Our
synthetic methodology does not utilize prior chemical
processing and avoid the use of external reducing agent.
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Figure 1. (A) Procedures involved in the synthesis of green luminescent Si NPs. (B) Schematic illustration of nanoparticle nucleation, growth, and
coalescence leading to smaller Si NPs. (C) Absorption (ABS), excitation (PLE), and emission spectra (PL) of the Si NPs.
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Figure 2. (A) Large area TEM image of the rice husk synthesized Si NPs. (B) HRTEM image of the Si NPs and the inset shows a lattice spacing of
0.31 nm arising from the (111) plane of silicon. (C) EDAX spectrum of Si NPs along with the atomic percentages of the elements present. Carbon
and copper are from the grid although some carbon is present in the sample too. (D) Lattice distance profile of Si NPs for the (111) crystal plane. It
is the profile of 10 consecutive lattice planes, an average of which was considered as the lattice distance between the planes.

The synthetic procedure used is shown in Figure 1A. Fine
powder of husk was taken and 1 M NaOH was added dropwise
with stirring. The solution was heated in a microwave oven for
an hour in a porcelain crucible. Finally it was taken out and
cooled to room temperature and separated from anthocyanin
by centrifugal ultrafiltration. The Si NPs were stored at 4 °C for
further use. One of the advantages of this method of synthesis
of Si NPs is that no additional reducing agent was used for
reducing silica to silicon. The reduction was presumably due to
the carbon backbone materials (cellulose, hemicellulose, lignin,
etc.) present in it and the exact mechanism of reduction is not
clearly understood. Reduction of silica to silicon by carbon
takes place at extremely high temperatures, ie., at ~3000 °C
which follows the reaction, SiO, + C = Si + CO,. Although the
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temperature employed here is only 170 °C, it is presumably the
local temperature around the particles that is attributed to the
reduction which can be as high as the reduction temperature of
silica.

The growth of Si NPs upon microwave heating may occur via
the formation of smaller nuclei followed by Ostwald ripening
(Figure 1B). Once a sufficient number of nuclei form, Ostwald
ripening occurs by the coalescence of smaller particles onto the
larger ones in order to reduce the surface free energy. In our
case, microwave heating was performed for 1 h to get the
required nanoparticles. Figure 1C displays the normalized UV—
vis absorption, excitation as well as photoluminescence of the
nanoparticles. The A, of these nanoparticles was 420 nm and
the emission at the corresponding excitation was 520 nm.
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Figure 3. (A) Size distribution of Si NPs from the TEM image with an average size of 4.9 nm. (B) DLS size measurement of green emitting Si NPs
shows an average size of 6.5 nm. (C) XRD characterization of the as Si NPs along with the standard JCPDS data for cubic silicon. (D) XPS spectrum
of Si NPs showing features of Si(0) due to silicon core and Si(I) due to oxidized silicon surface. The strong main feature at 103.7 €V is due to silica.
(E) FTIR spectra of the Si NPs and rice husk with the regions marked showing possible functionalities. Specific region is expanded on the left.

Distinct absorption features of the nanoparticles were observed
at 270 and 350 nm. The energy at 350 nm corresponds to the
intrinsic direct I'=I" band gap of silicon and is a commonly
observed peak in Si NPs.** Peak at 270 nm corresponds to the
L—L transition of silicon.** The existence of two peaks gave an
indication of the presence of silicon particles in solution. The
solution appears brown under white light illumination and
exhibits green luminescence under ultraviolet light. The
solution upon freeze-drying gave a dark brown powder (Figure
1A). The system has yielded unreacted silica particles also. The
silica particles were removed carefully by changing the pH. The
estimated yield of Si NPs was 5%.

TEM and EDS Characterization of Si NPs. Figure 2A
shows a large area TEM image of Si NPs displaying the high
population of nanoparticles formed during the synthesis.
Nanoparticles are largely spherical in nature as shown in the
HRTEM image (Figure 2B) having a lattice distance of 0.31 nm
matching with the (111) plane of cubic silicon. There were no
additional reducing agents or protecting ligands added to the
solution. The spherical nature of the nanoparticle is an
indication of surface protection presumably by the oxygen
and nitrogen containing decomposition products of rice husk.
EDAX spectrum and lattice distance (Figure 2C and D) profiles
further confirm the existence of Si NPs in solution.

Structure and Surface Characterization of Si NPs. The
nanoparticles feature excellent hydrophilic nature owing to the
nature of surface functionalities. In order to check the
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dispersibility of Si NPs, organic solvents, i.e. DCM and hexane,
were added to the aqueous dispersion (Figure SI3A and B) and
the mixture was shaken. As organic solvents are nonpolar and
hydrophobic in nature, the Si NPs were not dispersible and a
separate layer was formed whereas the Si NPs were dispersed in
water. Figure 3A showed the size distribution of the
nanoparticles and average size of these nanoparticles observed
was 4.9 + 0.2 nm demonstrating their highly monodisperse
nature. Additional information on size of the nanoparticles in
solution was collected by DLS measurements. The size of the
nanoparticle observed was 6.5 nm (Figure 3B), slightly higher
than that observed in TEM owing to distinct surface states of Si
NPs under different measurement environments (DLS
measurements are based on hydrodynamic radius which
includes the surface ligands).l(”‘%"kg_47 Zeta potential of the
Si NPs were measured to be —27.1 mV. This gives an idea
about the groups at the surface of Si NPs which are likely to be
composed of O and N containing species.

Figure 3C displays the XRD features of the as synthesized
nanoparticles. Standard diffraction peaks at 28.4°, 47.3°, and
56.1° corresponding to (111), (220), and (311) crystallo-
graphic planes, respectively, matching with the XRD pattern of
cubsic silicon. For comparison, JCPDS data of cubic silicon (file
no. 00-027-1402) are also presented for reference. Figure 3D
shows the XPS spectrum of the synthesized nanoparticles. The
deconvoluted spectrum shows the presence of different
oxidation states of silicon present in the sample. Peaks at

DOI: 10.1021/acssuschemeng.7b04911
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Figure 4. (A) Variation of PL intensity of Si NPs as a function of time. (B) Variation of PL intensity as a function of pH. (C) Photostability
comparison and photograph of FITC, CdTe QDs, and Si NPs under continuous UV irradiation up to 48 h.

~99.6, 100.7, and 103.7 eV confirm the presence of Si(0), Si(I),
and Si(IV) oxidation states, respectively. The Si(0) state
indicates the formation of reduced silicon. The Si(I) state is
probably due to surface oxidation by the attachment of oxygen
and nitrogen containing species as protecting agents. The
oxidation state of (IV) indicates the unreacted silica present in
the form of silicates of sodium (NaOH was added). In contrast,
the XPS spectrum of rice husk (Figure S7) exhibits two peaks
in the energy range of 101 and 103.5 eV, attributed to the
suboxides and oxides of silicon (silica), respectively. The XPS
data clearly suggest the reduction of Si(IV) to Si(0) in the
prepared Si NPs by microwave reduction. In order to acquire
molecular information, FTIR spectra (Figure 3F) of the Si NPs
were measured along with the precursor rice husk. Rice husk
shows a peak at ~3435 cm™" due to the vibrational stretching of
N-H/O—H bonds present. Similarly, peaks at 2923, 1645,
1455, and 1405 cm™" correspond to sp®> C—H stretching, N—H
bending, CH, bending, and C—N stretching, respectively. Peaks
at 2923 and 14SS cm™' indicate the presence of carbon
backbone materials like cellulose, hemicelluloses, etc. Peaks at
1645 and 1405 cm™ indicate the presence of amino/amide
groups, probably due to the presence of proteins/amino acids
present in it. Peaks at 2342 and 2361 cm™' arise due to
background CO,. Peaks at 1040 cm™ correspond to Si—O
stretching. In striking contrast, one can clearly see the
additional peaks at 833 and 857 cm™' ascribed to the Si—N
stretching vibrations in Si NPs confirming the existence of Si—
N bonds which are missing in the IR spectrum of rice husk.”’
Similarly, peaks at 1045, 1645, 1445, and 1405 cm ™" are due to
Si—O, N—H, CH,, and C—N stretching and bending vibrations,
respectively. FTIR characterization gives an idea about the
nature of the surface ligands protecting the Si NP core.

pH and Photostability Comparison. Photoluminescence
spectrum of Si NPs at an interval of 3 days, for a period of 1
month was studied (Figure S1SA). The figure shows that there
is no shift in the emission maximum during this period
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indicating that the Si NPs are quite stable and do not degrade
or change with time (Figure 4A). The decrease in intensity
from the first day of the measurement and after 30 days is only
12%. Preservation the PL properties for longer period can be
effective for bioimaging as well as biosensing. In order to
function effectively in biological media, the nanoparticles
should be stable over a wide range of pH as different biological
systems work under different pH conditions. The fluorescence
spectrum as a function of pH was measured (Figure S1SB).
The pH was varied from S to 12 covering the pH range of most
microorganisms. Variation in fluorescence intensity (Figure 4B)
was within 9% when the pH was changed from basic (pH 12)
to acidic environment (pH S5). Si NPs possess excellent
photostability under UV-irradiation, preserving its stability as
well as brightness. Photostability comparisons were performed
among the green luminescent nanoparticles, CdTe quantum
dots, and fluorescein isothiocyanate (FITC) dye under UV
lamp. Under UV light, CdTe degraded faster; after 24 h, it was
completely degraded, whereas the dye quenched owing to
photobleaching. The PL intensity of CdTe quantum dots
decreased by more than 80% in the first 16 h (Figure $10) and
was completely quenched by 24 h. A similar trend was observed
in the case of the dye. However, the fluorescence of
nanoparticles was intact. There were several methods reported
such as biomimetic synthesis of Si NPs where the synthesis was
cheap, facile, and green, but the quantum yield obtained was
low in the range of 15-20%.”” Reports of ultra bright
luminescent Si NPs having quantum yield up to 90% has
been reported, but such methods used are expensive as well as
toxic precursors.43 In contrast, our material is competitive
enough with a quantum yield of ~60% (Figure S8) which used
an inexpensive precursor.

Si NPs Utilized in White Light Production. Nowadays
white light emitting materials have gained significant attention
as major components in light emitting devices (LEDs).*
Taking into consideration the huge energy demand, especially
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Figure 5. (A) Emission of white light from a mixture of blue (Si NPs), green (RH-Si NPs), and red (Au@BSA) luminescent materials. (inset)
Photographs of different luminescent materials under UV and visible light. (B) Chromaticity diagram showing the coordinates of the white light

emitted (0.31, 0.27) after mixing the materials.

in developing economies, WLEDs are important for energy
saving. Low cost and environment friendly WLEDs utilizing
organic and inorganic molecules have attracted huge interest in
recent years and can be substitutes for expensive rare-earth
based sources or Cd based inorganic quantum dots.*’~>'
Herein, the synthesized green luminescent Si NPs were mixed
with blue emitting Si NPs and red emitting Au@BSA>? clusters
to produce white light and the performance of the composite
material was checked. The inset in Figure SA shows the
individual colors under UV and visible light as well as the white
light obtained after mixing the solutions (in a 2:1:1 volume
ratio of blue, green, and red luminescent materials). The
wavelength selected for excitation was 365 nm. Figure SA
shows the individual PL spectra of the luminescent nano-
particles along with the spectrum of white light emitted from
the mixed sample.

The color characteristics from the luminescent materials
were analyzed using a CIE 1931 chromaticity diagram. The CIE
coordinates observed (Figure SB) for the white light was (0.31,
0.27) which is in excellent agreement with the pure white light
coordinates of (0.33, 0.33).

Application of the White Emitting Material as a Light
Source. Luminescence from the material is generally observed
in the colloidal phase. Often aggregation induced quenching
lowers the luminescence properties when the sample was dried
to films or powders.””** However, in order to use the material
directly as a phosphor in WLEDs, high quality luminescence
from the material in the solid state is needed. In order to check
the solid state emission, the material was mixed with cellulose
as a supporting material and kept at 60 °C for drying on a Petri
dish and its luminescence was checked. A UV LED was
purchased, and a Petri dish coated with the material was placed
above it. Figure 6A—C are demonstrations of the usability of
the materials as a white light source. It displays excellent white
light emission in the solid state ensuring its potential
application in the field of WLEDs. The performance of our
material was compared with the commercial WLEDs and CFLs.
Figure 6D shows such a comparison. The luminous efficacy of
our material was superior to the commercial CFLs. Temper-
ature-dependent luminescence measurements were performed
to check the thermal stability of white light emitting material. It
showed negligible change over the measured range of
temperatures. The material was not only unaltered to the
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Figure 6. (A) Photographic image of the material coated Petri dish
connected to a 3 V, 3 W UV LED when the battery was turned off,
under visible light. (B) Photographic image of the same material
emitting white light when the battery was turned on under visible light.
(C) Photographic image of the material emitting white light when the
battery was turned on under dark. A white spot marked with an arrow
appeared in B and C due to camera reflection. (D) Luminous efficacy
comparison of our material with a commercial WLED and CFL.
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applied temperature but also was endowed with stability over a
longer period of time (Figure S11 and S12) making it suitable
as a phosphor material in LEDs.

B CONCLUSION

In summary, we have demonstrated a one-pot solution-
processed low temperature synthesis of Si NPs showing bright
green emission from a cheap, readily available precursor,
namely rice husk without using expensive equipment, harsh
conditions, and complicated procedures. The synthetic method
is rapid and cost-effective and can be applied for mass
production (0.1 g of Si NPs from 2 g of rice husk). The
nanoparticles exhibit excellent monodispersity and water
dispersibility, high photo- and pH-stability and high quantum
yield, and hold promise for a wide range of optoelectronic and
bioimaging applications. Owing to their reduced toxicity, they
can be employed as alternatives to inorganic quantum dots and
organic dyes. The material offers stable solution as well as solid
state luminescence, reflecting their capabilities as a sensor and
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can be utilized as a phosphor material for the production of
white LEDs and lasers, thereby extending its applicability for
domestic, industrial, and research purposes. Rice husk
synthesized Si NPs may facilitate their use for solar cells,
biosensors, printable electronics, etc., and may be used in the
advancement of nanoparticle-based bioimaging.
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