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Large amounts of silicon have been wasted as silicon cutting waste (SCW) during the silicon wafer
production process, which increases the cost of photovoltaic solar cells and causes environmental
pollution. In this paper, an innovative approach for producing B-SiC nanoparticles by using SCW as
silicon source and sucrose as carbon source is reported. The synthesized B-SiC nanoparticles were
characterized by XRD, FTIR, SEM, TEM, Raman, PL and DSC. The results showed that B-SiC nanoparticles
were successfully prepared with a particle size ranging from 40 to 50 nm, and have special
photoluminescence as well as good thermal stability. The recycling of SCW can not only solve the
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1. Introduction

With the rapid development of the worldwide photovoltaic
industry, the demand for crystalline silicon wafers is on the
rise." Silicon wafers are produced from crystalline silicon ingots
by multi-wire slicing methods. There are basically two methods
for silicon ingots slicing.” The early conventional method is
called the mortar process, in which silicon ingots are sliced by
abrasive particles (SiC) adhered on the wire and suspended in
an organic coolant (glycol). The other alternative method is
called the diamond-wire sawing method, where silicon ingots
are sliced by a high-speed reciprocating wire coated with dia-
mond. Currently, the latter method has become the main
method of silicon ingot slicing for its many advantages, such as
high slicing efficiency and high-quality products. However,
whatever the slicing method, approximately 35-40% crystalline
silicon would be wasted as silicon cutting waste (SCW) during
the wafer producing process since the diameter of the slicing
wire is nearly equal to the thickness of silicon wafers.*

To date, a lot of studies have been devoted to separating high
purity silicon from the SCW. The proposed works contain
phase-transfer separation,® centrifugation,® laser-assisted
vacuum smelting,” hydrobromination,® slag refining and alloy-
ing process.”'® However, most of these studies are limited to the
laboratory stage and the recovery scale is small. Therefore, it is
necessary to explore an efficient, economic and feasible way to
recycle the SCW for preparing high value-added products. Since
part of silicon particles are oxidized in the slicing process,
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environmental pollution issue but also benefits the economy.

a cover of SiO, film would be generated on the surface of silicon
particles.”* Therefore, the SCW is a potential raw material for
producing silicon carbide as its main constituents are Si and
small amounts of SiO,.

SiC has outstanding physical and chemical thermal
stability, excellent radiation resistance and mechanical
properties, high thermal conductivity and wide band gap
(2.4 ev for 3C-SiC)."»** Hence the nanostructured SiC
materials has been applied in the filed nanoscale electro-
devices, nanosensors, biological labels and functional
ceramic.'*'®* The reported routes for producing SiC nano-
particles include carbon thermal reduction method,"”
template growth method,*® arc discharge method,' chem-
ical vapor deposition method,*® sol-gel method*“** and
microwave assisted method.?® Besides, a lot of efforts have
also been devoted to the synthesis of SiC nanocrystals with
different waste. Rajagopal et al.>* synthesized valuable SiC-
glass fiber composite from waste printed circuit boards
and compact discs. Rajarao et al.™ used electronic waste as
carbon source to produce SiC-nanoparticles with a size of
40-90 nm. Zhicheng Ju et al.>® reported the synthesis of 3C-
SiC nanomaterials utilizing waste plastics and Si powder at
350-500 °C in a stainless steel autoclave. Maroufi et al.?®
succeeded in preparing mesoporous SiC nanofiber/particle
composite with e-waste glass and waste tyre rubber in
a high-temperature tubular furnace.

In this study, we successfully prepare 3C-SiC nanoparticle using
the SCW and sucrose as the raw materials. The properties of
synthesized SiC nanoparticle have been investigated in detail. It was
found that the produced 3C-SiC nanoparticle has the properties of
special photoluminescence and good thermal stability. This
method can be a feasible and economical route to produce SiC
nanoparticle and reduce the environmental pollution of SCW.
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2 Experimental
2.1 Raw materials

SCW and sucrose were used as the raw materials in this paper.
The SCW was provided by a new energy company in China.
Sucrose and other reagents used in this paper were analytically
pure and purchased from Sinopharm Chemical Reagent Co.,
Ltd. in Shenyang of China.

2.2 Methods

Firstly, sucrose was dissolved in deionized water in a beaker.
Then, SCW was put into sucrose solution and stirred vigorously
to form a homogeneous suspension (the mass ratio of SCW to
sucrose was set as 1 : 1). The suspension was continued heated
at 100 °C until the deionized water completely evaporated.
Subsequently, a dry black solid obtained and was ground into
powder. After above mentioned procedure, the two raw mate-
rials became a uniform mixture of silicon and carbon sources.
The mixture was placed in an alumina crucible and heated at
1500 °C with a tube furnace in a flowing argon atmosphere. The
heating rate was 5 °C min~" and the holding time at 1500 °C was
2 h. Ar gas was kept on following until the furnace was cooled to
room temperature, the as-synthesized products were collected
and then purified by diluted HF solution. The purified products
were washed by deionized water to neutral and dried in an oven.

2.3 Analysis

The X-ray diffraction (XRD, PANalytical X'Pert diffractometer
with Cu-Ka radiation (A = 0.15406 nm)) was used to identify the
phase component of the products. The infrared (IR) spectrum
(Nicolet 6700 Fourier transform infrared spectrometer) was
performed to study the surface chemistry of the products in the
wavenumber range of 4000-400 cm ‘. The field emission
scanning electron microscopy (SEM, ULTRA PLUS, Zeiss Ger-
many) and transmission electron microscopy (TEM, FEI Tecnai
G2 F20) with selected area electro diffraction pattern were used
to investigate the morphology and structure of the products.
The Raman spectra (Renishaw Invia microscope system) was
used to study the crystallinity and molecular structure of the
products with a wavelength of 514.5 nm excitation from an
argon ion laser source at room temperature. The fluorescence
spectrophotometer with a Xe lamp (Hitachi 850) was used to
measure the photoluminescence (PL) spectra of the products at
room temperature. The thermal analyzer apparatus (Netzsch
TGA/STA449F3) was used to study the thermal gravimetric and
differential scanning calorimetry analysis of the products under
air flow.

3. Results and discussion

Fig. 1(a) shows the typical SEM image and the EDS analysis of
the SCW. It can be seen that the particles of the SCW are in
a scaly shape and its size is mainly micron order. The EDS
patterns in the bottom left corner of Fig. 1(a) show that the SCW
is consisted of elements of Si and O. The presence of O element
in the SCW is mainly due to the oxidation of the silicon particles

23786 | RSC Adv., 2019, 9, 23785-23790

View Article Online

Paper

during the slicing process. This is because that the fine particle
size and large specific surface area of SCW, it is easy to be
oxidized. The particle size distribution of the SCW was shown in
Fig. 2(a). It is observed that the particle size of the SCW is of
micron grade with a mean diameter of ~1.34 pm, which is in
correspondence with the result of SEM image. We all know that
diamond cutting waste is mainly composed of silicon and
silicon oxide. Also it can be obtained from the XRD analysis
results below. To determine the exact content of each compo-
sition of the SCW, a further chemical analysis was performed
and the result is illustrated in Table 1, it is shown that the SCW
is basically composed of 79.80 wt% Si, 15.40 wt% SiO,, 2.10 wt%
C and 2.70 wt% metallic impurities. Moreover, the content of C
is derived from the abrasion of diamond during the slicing
process. As mentioned above, the high purity, fine particle size
and high activity of SCW are very suitable for preparing nano-
SiC.

Fig. 2 displays the XRD (a) and FTIR (b) patterns of SCW and
synthesized SiC nanoparticles. As can be seen from the XRD
pattern of SCW, all the diffraction peaks could be indexed to the
Si and no other crystalline impurities were detected. Five
reflection peaks of the synthesized SiC at 260 = 35.6, 41.4, 60.0,
71.8 and 75.5° correspond to (111), (200), (220), (311) and (222)
phases of 3C-SiC (JCPDS no. 29-1129), respectively. It is worth
noting that a small diffraction peak appear at 33.6° (denoted as
SF), which is resulted from the stacking fault on the [111] phase
in the cubic silicon carbide.”” The FTIR spectra of SCW and
synthesized SiC both showed absorption bands at 3400 and
1630 cm ™' due to the O-H stretching and bending vibrations of
physically absorbed H,O and surface -OH groups.”® Two major
peaks are registered at around 605 and 1065 cm ™" in the FTIR
spectrum of SCW, which is attributed to Si-O and Si-O-Si
stretching vibrations." It can be interpreted that SCW is inevi-
tably oxidized during slicing process. In the synthesized SiC
infrared spectrum, there is only one significant Si-C vibration
that can be noticed at 819 em ™ '.** It was noted that no other
impurities are found from the FTIR patterns of the synthesized
SiC, which is consistent with XRD results suggesting a complete
reaction of SCW with sucrose.

As shown in Fig. 3, the morphologies and structures of the
generated SiC nanoparticles was investigated by SEM, TEM,
SAED and Raman analysis. Fig. 3(a) and (b) are the SEM images
of the SiC, which shows the formation of the ordered and
sphere-like nanoparticles in shape. As well as the nanoparticle
are slightly agglomerated it is because of long reaction time.
Fig. 3(c) and (d) are the TEM images of the bright field and (111)
oriented dark field of the selected area of the sample. It can be
seen that the obtained SiC is composed of nanoparticles with
a narrow diameter distribution of 40-50 nm. It is basically
consistent with the result calculated by Scherrer formula at
40 nm. Fig. 3(e) shows a typical selected area diffraction of the
SiC nanoparticles, which display a polycrystalline phase and
each diffraction ring can be well indexed to the (111), (220),
(311) planes of the cubic SiC, respectively. Fig. 3(f) shows the
Raman spectrum of the synthesized SiC nanoparticles, it can be
clearly seen that two main peaks exist at 791 and 961 cm™ ',
which is attributed to the characteristic transverse mode (TO)
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Fig. 1 SEM image (a) and particle size distribution (b) of SCW.

and longitudinal mode (LO) of 3C-SiC. Compared with the bulk
SiC, a shift of 4-8 cm ™" toward low energy may be attributed to
the quantum confinement effect and stacking faults of the SiC
nanoparticles.® The result is consistent with XRD result. At the
same time, the sharp peaks confirm that the synthesized SiC
nanoparticles are fine and well crystalized. These above results
demonstrate that SCW can be used as secondary sources to
synthesize valuable nano-SiC. The possible mechanism of the
synthesis of nano-SiC can be inferred as follows: the nano-SiC is
suggested to be generated through heterogeneous reaction and
gas phase reaction. When the temperature was above 200 °C,
sucrose is dehydrated and concentrated. With further increase
of the temperature, the sucrose is carbonized and CO gas is
produced. Carbon radicals with high energy is generated at
about 450 °C, which intend to react with another carbon radical
and form C-C linkage because of their high catenation prop-
erties.** The newly formed carbon radicals, CO and C-C can be
used as active carbon reductants. In our experimental,
substituting Si powders with the SCW but containing SiO, on
the surface of the Si particle. Firstly, SiO, film on the surface of
Si is gradually consumed by reacting with carbon reductants to
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Fig. 2 XRD (a) and FTIR (b) spectra of SCW and SiC product.
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Table 1 Chemical analysis of the SCW

Component Silicon Silicon oxide Diamond Metallic purities

Contents/(wt%) 79.80  15.14 2.10 2.70

formation of the SiC nucleus at a relatively low temperature
(eqn (1) and (2)), it is because that the SiO, film is amorphous
and high activity. Subsequently, as the SiO, film was consumed,
the inner Si is exposed and reacted by CO and carbon radicals to
form SiO and SiC (eqn (3) and (4)). Then, the growth of SiC
nanoparticles is regarded as the deposition reaction of SiO and
CO on the SiC nucleus (eqn (5)). The growth mechanism of SiC
nanoparticles is agreement with the previous reports.*>** In
addition, with the temperature rose to 1414 °C (Si mp), Si
particles melt and which facilitated the formation of the SiC
nanoparticles. The flow of argon gas can protect the SiC nano-
particles from being oxidized during the whole reaction
process. The synthesis of SiC nanoparticle by SCW can be
explained by the following equations:

®) [ scw
X
3
=
8
E
=
& | SiC product
o
2 [ 2 L 2 1 2 L
4000 3200 2400 1600 800
Wavenumber/cm”
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Si(s, 1) + CO(s) — SiC(s) + SiO(g)

SiO(g) + CO(g) — SiC(s) + SiOx(s)

(cc)

SiOs(s) + 3C(s) — SiC(s) + 2CO(g)

Sis, 1) + C(s) — SiC(s)

SiO5(s) + 3CO(s) — SiC(s) + 2COx(g)

1)
(2)
(3)
(4)
(5)

The room-temperature photoluminescence (PL) spectrum

(with the excitation wavelength of 230 nm) of the obtained SiC
products is shown in Fig. 4(a). A peak with strong intensity can
be clearly observed at 475 nm, the emission peak for the
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Fig. 4 PL spectrum (a) and TGA analysis (b) of the synthesized SiC.
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Fig. 3 (a and b) SEM images SiC product, (c and d) TEM images of SiC product in the light and dark filed, (e) the corresponding selected area
electron diffraction (SAED) and (f) Raman spectrum of SiC product.

obtained SiC product is obviously blue-shifted, compared with
the previously reported PL of nanometer-sized SiC.>*** Feng

et al.* regarded that the blue-shift of the

PL maybe attribute to

quantum size effects of the nanoparticles. Other reports also
consider that the morphology, defects and quantum size of the
SiC nanoparticle might lead to the blue-shift of the PL peak.*”**
Combined with the defects of nano-SiC in XRD results, the blue-
shift of the PL peak in our study may be attributed to the
defective morphology of the SiC and quantum size effects of
nanomaterials. However, its exact luminescence mechanism
and the exact reasons needs further study. The TGA-DTA anal-
ysis (under a flow of air in the temperature range from 25 to
1550 °C) of the obtained SiC product is shown in Fig. 4(b). It can
be noticed that the weight of SiC is almost unchanged and the
exothermic and endothermic peak is not present blow 700 °C,
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which indicates that SiC product has good thermal stability. In
the range of 700-1000 °C, a slight increase of the SiC weight can
be ascribed to the oxidation of SiC surface, which generates
a thin film of SiO, and slow the oxidation rate of SiC. As the
temperature increases to about 1200 °C, a significant
exothermic peak and an increasing of the weight of SiC appear.
This phenomenon can be ascribed to the crystal transition of
SiO,, which results in the cracking of film layer. Subsequently,
the SiC product is further oxidized under the oxidative atmo-
sphere. These phenomena are consistent with other reports.*>**

4. Conclusion

Silicon cutting waste and sucrose were used as raw materials to
produce SiC nanoparticles by a carbothermal reduction process
in this paper. SiC nanoparticles with a size of 40-50 nm and in
the shape of a sphere were successfully prepared. The synthe-
sized SiC nanoparticles possess special photoluminescence and
good thermal stability. Hence the SiC nanoparticles are ex-
pected to be applied in many potential applications such as in
ultraviolet light-emitting diodes and functional ceramics
materials. The possible formation mechanism of the SiC is
suggested to be the heterogeneous reaction and gas phase
reaction. This innovative approach can be an effective solution
to reduce silicon cutting waste and decrease the cost of
synthesizing SiC nanoparticles simultaneously.
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