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A solid state synthesis for obtaining nanocrystalline silicon was performed by high temperature

reduction of commercial amorphous nanosilica with magnesium powder. The obtained silicon powder

contains crystalline silicon phase with lattice spacings characteristic of diamond cubic structure

(according to high resolution TEM), and an amorphous phase. In 29Si CP MAS NMR a broad

multicomponent peak corresponding to silicon is located at �61.28 to �69.45 ppm, i.e. between the

peaks characteristic of amorphous and crystalline Si. The powder has displayed red luminescence while

excited under UV illumination, due to quantum confinement within the nanocrystals. The silicon

nanopowder was successfully dispersed in water containing poly(vinyl alcohol) as a stabilizing agent.

The obtained dispersion was also characterized by red photoluminescence with a band maximum at

710 nm, thus enabling future functional coating applications.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since Canham’s discovery of red photoluminescence (PL) from
porous silicon at room temperature [1], the interest in various
forms of nanostructured silicon is continuously growing.

Bulk silicon is indirect band-gap (1.12 eV) semiconductor, in
which the optical transitions are allowed only if phonons are
absorbed or emitted to conserve the crystal momentum. It is
therefore an inefficient emitter, even at low temperatures.
However, in the nanometric size range the fundamental proper-
ties of silicon nanoparticles (Si NPs) differ from those of bulk
material due to the quantum confinement effect: when the
electron–hole pair (exciton), is created after photon irradiation, it
is confined within the crystallites (exciton radius for silicon is
4.3 nm [2]). The spatial reduction of dimensions to nanosize range
increases the uncertainty in the exciton momentum, thus
increasing the probability of band to band recombination
accompanied by photon emission [3–5].

Since silicon is an abundant, nontoxic, biocompatible, environ-
mental friendly and low cost material, silicon nanoparticles are
promising material for fabrication of novel devices such as light
sources (lasers, light-emitting diodes), photovoltaic cells [3,5–7],
memory devices [8] and can be also used as luminescent probes
for bioimaging [5,9].
ll rights reserved.

yshny).
There are two main approaches to synthesize silicon nano-
particles: ‘‘top down’’ based on high-energy dispersing of bulk
material, and ‘‘bottom-up’’ based on formation of nanoparticles
from precursor molecules. The ‘‘bottom up’’ fabrication of silicon
nanoparticles can be performed by three main routes: gas phase,
solution and solid state. Gas phase processes, e.g. high energy
decomposition of silane, like top down methods, yield usually
particles with broad size distribution [10,11] and rapid agglom-
eration, since the formed particles are not charged and are not
protected against aggregation by proper capping agents. The
solution phase processes allow capping of nanoparticles at early
stages of their formation, thus preventing aggregation that results
in rather narrow particles size distribution. However, preparation
of silicon nanoparticles by these routes is characterized by rather
low yields [12,13].

Three main approaches to solid state synthesis of silicon
nanoparticles were reported: reaction of polyanionic ‘‘Zintl’’
phases (e.g. NaSi) with metal halides at 200–500 1C in a glove
box [14], rapid metathesis reaction of sodium silicofluoride
(Na2SiF6) with sodium azide (NaN3) at 950–1000 1C [15], and
reduction of silica (400–650 nm) and Mediterranean sand with
magnesium by reaction under autogenic pressure at elevated
temperature (RAPET) [16]. In addition, silicon nanocrystals were
obtained as a by-product while preparing magnesia from silica-
based Aulacoseira diatom frustules by reduction with magnesium
vapor [17].

In this paper, we present a simple solid state process for
synthesis of photoluminescent silicon nanocrystals with the use
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of a low cost commercial precursor, which is an aqueous
dispersion of amorphous silica nanoparticles. The process is
based on high temperature reduction of the silica nanoparticles
with magnesium powder. The effect of the reaction conditions
(temperature and reaction duration) on the crystallinity of the
obtained nanoparticles was evaluated. The preparation of photo-
luminescent dispersions of obtained silicon nanoparticles, which
can be used for surfaces coating is also presented.
2. Experimental

2.1. Materials

Aqueous dispersion of amorphous silica nanoparticles (Ludox
HSs, 40 wt%, average particle size 11.5 nm) poly(vinyl alcohol)
(PVA), MW 13,000–23,000 and gelatin (type B approx. 75 Bloom),
were purchased from Sigma-Aldrich, and Mg powder (Z99%) was
purchased form Fluka. All other reagents were of analytical grade.
2.2. Synthesis

Magnesium powder (0.65 g) was added to 2 g of 0.5 wt%
aqueous gelatin solution containing 0.2 g of silica dispersion
(SiO2:Mg molar ratio of 1:20), the mixture was immediately
frozen in a liquid N2 bath and lyophilized overnight. The gelatin
was used to obtain a homogenous powder after lyophilization.
The obtained powder was placed in a ceramic crucible, and heated
in a tube furnace for 5 h at the required temperature, 520–750 1C
under N2 (the temperature was raised at a rate of 10 1C/min). The
sample was collected after cooling the reaction mixture at room
temperature. All the by-products were removed by treatment
with a concentrated hydrochloric acid (37 wt%) for 24 h. The
obtained product was then washed three times with distilled
water and dried at room temperature overnight. The reaction
yield (wt%) was calculated as the ratio of obtained crystalline
silicon to the theoretical according the reaction scheme.
2.3. Dispersion preparation

Dispersions of silicon nanoparticles (0.1 wt%) were prepared by
mixing silicon powder in aqueous solution of PVA as a stabilizing
agent (0.05 wt%) in ultrasonic bath (B-1510, Bransonic) for 5 min
followed by wet-milling for 2 h at 5000 rpm in Dispermat
(Dispermat-CV, VMA-Getzmann GmbH, Germany) with the use
of 0.3mm zirconia beads.
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Fig. 1. XRD pattern of the powder before treatment with HCl (a
2.4. Characterization methods

X-ray powder diffraction measurements were performed by
using D8 Advance diffractometer (Bruker AXS, Karlsruhe, Ger-
many) with a goniometer radius of 217.5 mm, Göbel mirror
parallel-beam optics, 21 Sollers slits and 0.2 mm receiving slit. The
crystallite size was calculated from the XRD data by the Scherrer
equation [18]:

L¼
kl

b� cosy
ð1Þ

where K is Scherrer constant (0.89oKo1), l is the X-ray
wavelength, b is the full-width at half-maximum (FWHM) of
the peaks and y is the Bragg angle.

The degree of crystallinity of the powders was calculated using
the following relation:

DC ¼
scr

scrþsam
� 100% ð2Þ

where Scr is the total area of peaks of the crystalline phase and Sam

is the area of the ‘‘halo’’ from the amorphous phase [19].
Particles size in the dispersions was measured by dynamic

light scattering (DLS), using Nano-ZS Zetasizer (Malvern, UK),
which detects particles in a size range of 0.6 nm–6mm. The
measurements were performed twice and the size distributions
were presented as number distributions.

HR-TEM imaging was performed with FEI Technai F20G2

operating at 200 keV accelerating voltage. Samples were prepared
by dispersing the silicon powder in ethanol in ultrasonic bath and
placing a drop of the obtained dispersion on a carbon coated
copper grid followed by drying in vacuum.

HR-SEM imaging was performed with FEI Sirion HR-SEM
(accelerating voltages from 200 V to 30 kV) equipped with EDS
microanalyzer.

Zeta potential measurements were performed at 25 1C with
Nano-ZS Zetasizer (Malvern, UK). The samples before measure-
ments were diluted with 10 mM NaCl solution.

Solid state 29Si CPMAS NMR spectrum was recorded with a
Bruker AVANCE II 500 NMR spectrometer using a broadband
4 mm probe. The spectra were measured at a Larmor frequency
of 99.38 MHz and spinning speed of 12 kHz. Spectrum pulse
lengths of 2.8ms were used at a B1 field of 83 kHz for both 29Si
and 1H, the recycling delay was 10 s. The chemical shift was
externally referenced to 13C-adamantane (ratio n0(13C) X(29Si)/
X(13C)¼n0(29Si), X(13C)¼0.25145020, X(29Si)¼0.19867187).

Photoluminescence spectra of the dispersions were measured
with a Varian Cary Eclipse spectrofluorimeter.
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) and after removal of the reaction by-products by HCl (b).
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3. Results and discussion

3.1. Synthesis

The synthesis of silicon nanoparticles was performed at
SiO2:Mg molar ratio of 1:20, since at lower ratios no photo-
luminescence of the obtained powder was detected. Typical
synthesis of silicon nanoparticles was carried out at 750 1C. The
reaction proceeds according to the following scheme:

SiO2+2Mg-Si+2MgO (3)

Because of the excess of magnesium in the reaction mixture, in
addition to the silicon and magnesium oxide, magnesium nitride
as by-product (synthesis was performed in N2 atmosphere) was
formed according to reaction 4:

3Mg+N2-Mg3N2 (4)

This byproduct was detected in the XRD of the reaction
product (Fig. 1a).

The presence of minor amounts of magnesium hydroxide is a
result of post-reaction hydration of MgO after exposure of the
powder to air.

In order to remove the byproducts, the obtained powders were
treated with concentrated HCl at room temperature followed
by thorough washing with triply distilled water and drying
at ambient conditions. The HCl treatment and washing are
Fig. 2. Degree of the powder crystallinity as a function of the reaction

temperature.

Fig. 3. HR-SEM image of the powder prepared at 750 1C fo
accompanied by the following reactions (Eq. 6 [20]):

MgO+2HCl-MgCl2+H2O (5)

Mg3N2+6H2O-3Mg(OH)2+2NH3 (6)

Mg(OH)2+2HCl-MgCl2+2H2O (7)

The products formed in reaction with aqueous HCl are water
soluble (MgCl2). The final product after thorough washing with
triply distilled water was obtained as a gray powder, which was
further characterized as described below. The yield of crystalline
silicon was calculated to be 18%.

3.2. Characterization of powders

Fig. 1b shows the XRD pattern of washed and dried powder.
Only peaks corresponding to crystalline silicon were detected, the
average degree of weight crystallinity of the powders and the
average crystallite size were 1176% and 43710 nm (according
to the Scherrer equation), respectively. The ‘‘halo’’ in the XRD
pattern is a result of the presence of a large amount of amorphous
phase in the obtained powder.

To evaluate the effect of the reaction temperature on the
crystallinity of the silicon nanocrystals, the reaction was
performed at 5201, 6001, 6301, 6601, 6801 and 750 1C for 1 h,
while the SiO2:Mg ratio was kept constant, 1:20. The degree of the
powder crystallinity as a function of the reaction temperature is
presented in Fig. 2. It was found that no crystalline phase was
formed at 520 1C. At 600 1C, a crystalline phase was detected, but
the degree of crystallinity was very low, and calculation of
particles size from this XRD data could not be performed. At
temperatures from 630 1C up to 750 1C (m.p. of Mg is 650 1C),
the crystalline phase was obtained with negligible change in
crystallites size while changing the temperature. The average
crystallite size was found to be 3976 nm.

The effect of reaction duration on the characteristics of
obtained material has been also evaluated. There was no notice-
able difference in the crystallite size or in the degree of
crystallinity while performing the reaction for 0.5, 1, 2, 3 and 5 h.

As seen from the HR-SEM image of the sample prepared at
750 1C for 5 h (Fig. 3a), the powder is composed of agglomerated
nanoparticles. According to quantitative EDS analysis (Fig. 3b), the
main element in the powder is silicon (�75 at%), but rather large
amount of oxygen (�20 at%) indicates that a part of the material
is silicon oxide (atomic Si:O ratio is �3.85).
r 5 h (a) and EDS with the results of microanalysis (b).
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Fig. 4 shows the solid state 29Si CP MAS NMR pattern of Si
powder with �10% of crystallinity. The position of broad
multicomponent peak at �61.28 to �69.45 ppm corresponding
to elemental Si is between the peaks characteristic of amorphous
and crystalline Si (approximately 50 and 80 ppm, respectively)
[21–24]. The signal with peaks at �101.32 and �110.99 ppm can
be attributed to the presence of Si–O bonds at the surface of
nanoparticles (O–Si–O, Si–OH) [22,23,25].

The powder that was prepared at 750 1C and 5 h duration has
been also characterized by HR-TEM (Fig. 5). Crystal lattice is
clearly seen, and the lattice spacings of 0.317, 0.196 and 0.167 nm
matches, respectively, the (1,1,1), (2,2,0) and (3,1,1) planes
of diamond cubic structured silicon. The HR-TEM images
clearly indicate the presence of much smaller crystals (4–10 nm)
as compared with estimation made with the use of Scherrer
equation (�40 nm). These nanocrystals are apparently embedded
within an amorphous matrix. The discrepancy in size determi-
nation is not unusual since the particle size distribution is
Fig. 4. 29Si CP MAS NMR spectrum of powder with 10% degree of crystallinity.

5nm

10nm

Fig. 5. HR-TEM image of Si nanocrystals i
wide, and the Scherrer equation gives the mean crystallite
size [26].

While exciting the powder under UV light, a strong red
emission was observed. In order to relate the particle size to the
bandgap energy of the quantum dot and to the PL wavelength, an
effective mass model has been applied. According to this model
[5], red emission of silicon quantum dots is expected in the size
range of 2.5–3 nm. The detection of red PL indicates that the
powder does contain silicon nanoparticles in this size range,
which is smaller than the calculated according to the Scherrer
equation. The possibility that specific surface sites contribute to
the visible PL of silicon nanoparticles by formation of localized
levels in bandgap also cannot be excluded [27]. Such localized
levels can be provided by formation of surface Si¼O or Si–OH
bonds [2,28–30].
3.3. Preparation and characterization of dispersions

Stable dispersions of silicon nanoparticles are required for
preparation of formulations, which can be used for coating of
various surfaces. Aqueous dispersions of silicon nanocrystals were
obtained by mixing the silicon powder in aqueous solutions of
polymeric stabilizing agents in an ultrasonic bath, followed by
wet-milling in the presence of 0.3mm zirconia beads.

After evaluation of various polymeric agents in order to find
those with good dispersing and stabilizing efficiency and
negligible emission in the visible range, PVA with MW in the
range of 13,000–23,000 was selected. The silicon nanoparticles
showed good dispersibility in water in the presence of this
polymeric stabilizer. The particle size distribution of the obtained
dispersion according to DLS is shown in Fig. 6. The average
particle size was found to be 10176 nm (by number
distribution). In view of the previous results, it can be assumed
that these particles are composed of aggregates of nanocrystals
and amorphous material.

Fig. 7 shows the zeta potential as a function of pH. As the pH
increases, the zeta potential of the dispersion changes from about
10nm

10nm

n powder prepared at 750 1C for 5 h.



ARTICLE IN PRESS

K. Kravitz et al. / Journal of Solid State Chemistry 183 (2010) 1442–14471446
+2 mV at pH 1.3 to about �28 mV at pH 7 with a wide plateau in
the pH range from 6.5 to 12. Since PVA is a nonionic polymeric
stabilizer, the negative charge can be a result of the ionization of
surface silanol groups of partially oxidized silicon nanoparticles
[31]. The presence of silanol groups is expected, in view of the
presence of oxygen in the powder and the NMR results.

Like silicon nanoparticles in powder, the silicon nanoparticles
in aqueous dispersion (pH 7.7) also display red PL under UV
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Fig. 6. Size distribution of silicon nanoparticles in aqueous dispersion by DLS
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Fig. 8. PL spectrum of the aqueous dispersion of Si nanoparticles (lower curve is lum

is 320 nm.
excitation (320 nm) (Fig. 8). The PL spectrum is characterized
by broad band with maximum at 710 nm and shoulder at
820 nm that corresponds, according to calculations based on
the effective mass model to crystals in the size range of
2.5–3 nm.
4. Conclusions

Silicon nanocrystals were successfully synthesized by simple
solid state method—reduction of commercial amorphous nano-
silica by magnesium at high temperature. The obtained silicon
powder was composed of nanocrystals of diamond cubic structure
embedded in amorphous matrix and was characterized by red PL
while excited with UV light. Stable aqueous dispersion of silicon
nanoparticles was prepared with the use of PVA as a stabilizing
agent. The obtained dispersion was also characterized by red
photoluminescence with a band maximum at 710 nm, the origin
of which is supposed to be quantum confinement effect. Such
dispersions may be promising precursors for development of
formulations, which can be used for silicon coating of various
substrates by, for example, ink-jet printing that paves the way for
fabrication of optoelectronic devices, e.g. light sources (lasers and
light-emitting diodes) and photovoltaic cells.
pH

7 8 9 10 11 12

ispersion stabilized by PVA as a function of pH.

700 750 800 850
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