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Abstract This study focus on the synthesis of amorphous silicon nanoparticles and understanding
the formation mechanism. Counter-flow quenching gases with different flow rates were injected
from downstream of the torch to understand the effect of quenching gas on the formation of silicon
nanoparticles. Transmission electron microscopy show that nanoparticles with spherical shape
and agglomerates consist of smaller particles were synthesized. X-ray diffraction analysis is used
to calculate the amorphization degree, which is defined as fraction of amorphous silicon in the
silicon nanoparticles including both crystal and amorphous. The obtained results show that higher
quenching gas flow rate leads to smaller diameter with higher amorphization degree. Electron
diffraction patterns reveal that nanoparticles with diameter less than 10 nm are amorphous and
agglomerated together, while for the nanoparticles with diameter larger than 10 nm are crystal.
The formation mechanism of amorphous silicon nanoparticles is explained by estimated nucleation
temperature and experimental results. Consequently, silicon nucleates at about 2400 K and then
silicon vapor condenses on the nucleus. Finally, smaller nanoparticles will keep amorphous phase,
while nanoparticles with a larger diameter grow to form crystalline.

1 Introduction
In the last 20 years, lithium ion batteries (LIB) have been
widely used in small electronic devices for their
advantages in energy density and cyclic life. However,
with the development of electric vehicles, higher
requirements have been proposed on the performance of
LIB, especially on their energy density.
Carbon anodes have been proved very useful because
of their stable cycling characteristics, but the small charge
storage capacity also limit the development of LIB.
Therefore, researches on the higher capacity anode
materials have attracted great interests. Silicon is found to
be a promising material because of its high charge storage
capacity of 4200 mAh/g which is approximately 10 times
higher than graphite as an anode material.
However, crystalline silicon undergoes a 400%
volume expansion during lithiation and delithiation
process and leads to serious electrode failure mechanisms.
Several approaches have been proposed to overcome this
problem. One of them is to form nanostructures, such as
nanocrystals, nanowires, nanotubes and nanoparticles.
Researchers found the particle-size-dependent fracture
behavior of silicon nanoparticle during the first lithiation;
that is, there exists a critical particle size of ~150 nm
below which cracking did not occur (Liu et al., 2012).
Furthermore, another approach to avoid the failure of the
anode material is amorphization. Amorphous silicon has
a better tolerance over crystalline silicon to volume
expansion processes (NG et al., 2006). Therefore, the
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amorphous silicon nanoparticle could be a good choice for
the LIB anode.
Induction thermal plasma is characterized by high
temperature, high chemical reactivity, and especially long
residence times of 10–100 ms compared with other forms
of thermal plasma (Tanaka et al., 2016). Furthermore,
induction thermal plasma can be used to prepare
amorphous material because the rapid quenching in the
plasma flame tail. In this research, induction thermal
plasma is used to synthesize the amorphous silicon
nanoparticles, and formation mechanism is investigated.

2 Experimental Methods
2.1 Experimental Setup and Conditions
The experiment is carried out with the apparatus shown in
Figure 1, which mainly consists of three parts, RF torch,
reaction chamber, and particle filter. The plasma was
generated by the RF power supply of 4MHz at 20 kW.
Experimental conditions are shown in Table 1.
Silicon powders with an average diameter around 5
μm were injected into torch through the powder feeder by
Ar carrier gas. The powder feed rate was fixed at 250
mg/min. Raw materials were injected into the top of the
plasma torch and immediately evaporated in the high
temperature region. Silicon vapor nucleates and
condenses in the tail region of the plasma because of the
temperature gradient. Obtained nanoparticles were
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3 Results

oxidized slowly under Ar atmosphere with 2vol% of O2
after plasma experiments.

Several experiments were conducted with different
quenching gas flow rates, in order to understand the effect
of quenching gas on amorphous silicon nanoparticles
synthesized with induction thermal plasma.

Table 1. Experimental conditions for the induction thermal
plasma system
Plasma power
Pressure

20 kW
1 atm

Frequency

4 MHz

Sheath gas

Ar 60 L/min

Inner gas

Ar 5 L/min

Carrier gas

Ar 3 L/min

Quenching gas

Ar

Quenching gas flow rate

0–70 L/min

Powder feed rate

250 mg/min

3.1 Effect of the quenching gas flow rate on the
morphology of nanoparticles
The morphology and the size distribution of the prepared
nanoparticles without quenching gas are shown in Figure
2. Most of the obtained nanoparticles are spherical and
have different diameters. The size distribution of particles
ranges from 10 nm to hundreds of nanometers. The
number mean diameter of the prepared silicon
nanoparticles is estimated as 93 nm in this case.

A counter flow Ar gas was injected into chamber to
enhance the quenching effect for silicon nanoparticles.
The range of flow rate is determined to vary from 0 to 70
L/min. The distance between the outlet of the quenching
tube and the torch was fixed at 190 mm.

Figure 2. TEM image and size distribution of synthesized
nanoparticles without quenching gas

Figure 3. TEM image and size distribution of synthesized
nanoparticles with quenching gas at 70 L/min

Figure 1. Experimental setup of RF induction thermal plasma
for preparation of nanoparticles

Size distribution of particles synthesized with the
quenching gas injection was analyzed and shown in
Figure 3. The morphology for the most nanoparticles are
similar with that shown in Figure 2, that most particles are
spherical. However, a large amount of nanoparticles with
diameter smaller than 10 nm appears, while this
phenomenon cannot be observed in the case without
quenching gas. The agglomerated small particles are
signed by yellow arrow shown in Figure 3, which has a
significantly different morphology from the spherical
nanoparticles. The difference between those two kinds of
nanoparticles will be discussed deeply in next section.
The average diameter in Figure 3 was estimated as 44
nm, and is smaller than that shown in Figure 2. This is
because of the appearance of large amount of small
particles, which can be observed from the left shift of the
size distribution curve compared with Figure 2 and 3. This
phenomenon can also be observed with quenching gas
flow rate increases from 0 to 70 L/min, that larger amount
of small particles appears with quenching gas flow rate

2.2 Analysis
The crystal structure of the synthesized nanoparticles was
determined through powders X-ray diffraction (XRD,
Rigaku Multiflex), operating with a Cu Kα source (λ =
0.1541 nm). The diffraction data was collected using the
continuous scan mode at a speed of 2°/min in the region
of 10–90° with a step of 0.04°. The accelerating voltage
and applied current were 40 kV and 50 mA, respectively.
The particle morphology was observed by transmission
electron microscopy (TEM, JEOL JEM-2100HCKM) and
size distributions were measured by counting
approximately 200 different particles. Electron diffraction
patterns of nanoparticles were also analyzed by TEM. In
addition, amorphization degree defined as the fraction of
amorphous silicon in the silicon nanoparticles including
both crystal and amorphous, and was calculated by
internal standard method with XRD results, while ZnO
was chose as the standard material.
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increases. The reason for this phenomenon can be
explained as more quenching gas leads to steeper
temperature gradient. Shigeta and Watanabe (2008)
revealed the quenching rate changes with different
quenching gas flow rates. Quenching rate in our
experimental setup was estimated as 1.0x104 K/s without
additional quenching gas, and it increases to 4.2x106 K/s
when the quenching gas flow rate increases to 20 L/min.
Then the nucleation is promoted and the number of the
produced nuclei increases. The vapor consumption per
each nucleus becomes smaller because the total amount of
silicon vapor is constant. Then a larger fraction of small
nanoparticles synthesized.

amorphization degree will be discussed directly in next
section.

4 Discussion
4.1 Relationship between diameter of particles
and amorphization degree
Nanoparticles are divided into 4 groups with different
diameters, and the volume fraction were estimated to
understand the relationship between diameter and
amorphization degree as shown in Figure 5. Agglomerate
consists of particles with diameter less than 10 nm
overlaps each other seriously and cannot be measured
directly as shown in Figure 3. Therefore, estimation of
volume for agglomerate through diameter is difficult.
Here, an assumption was made that the average thickness
of agglomerate is 10 nm, and the area can be detected by
TEM results directly. Then volume of agglomerate can be
estimated through a simple multiplication calculation with
thickness and area.
Figure 5 shows volume fraction of samples with
different diameters when amorphization degree is 55%
and 86%, corresponding to Figures 2 and 3, respectively.
This figure presents that the volume fraction of the
agglomerate is only about 11.7% in the case of lower
amorphization degree, while the fraction increases to
47.4% when the amorphization degree is 86%. Therefore,
the higher fraction of agglomerate leads to higher
amorphization degree.

3.2 Effect of the quenching gas flow rate on the
amorphization degree
Figure 4 indicates the effect of quenching flow rate on the
amorphization degree, which was defined and estimated
as shown in the following equation.
(Amorphization Degree) =

𝑥𝑥𝑎𝑎

𝑥𝑥𝑎𝑎 +𝑥𝑥𝑐𝑐

(1)

where x indicates the fraction of the considered species in
the prepared nanoparticles. Subscripts of α and C denote
amorphous and crystalline phases.

Figure 4. Effect of quenching gas flow rate on amorphization
degree

Obtained result shows that higher quenching gas flow
rate leads to a higher amorphization degree. There are
several reasons for this phenomenon. One of the possible
reason is the increased quenching rate with higher flow
rate as we discussed before. However, the required
quenching rate for the formation of amorphous bulks and
nano materials were calculated by other researchers,
which are about 5.0x1011 K/s (Ishimaru et al., 1997) and
7x109 K/s (Shneidman, 1996), respectively. This fact
suggests that the quenching rate in the current experiment
is not sufficient to obtain the amorphous phase.
According to previous literatures, some researchers
proved that the amorphous phase is thermodynamically
preferable when the particle diameter is smaller than 5 nm
in the case of silicon (Tomanek and Schluter, 1987).
Higher quenching gas flow rate leads to larger fraction of
small nanoparticles as discussed before, and that should
be the reason for higher amorphization degree. The
relationship between diameter of nanoparticles and

Figure 5. Volume fraction of nanoparticles with different
diameters in amorphization degree is equal to (a)
55% and (b) 86%

Figure 6. Diffraction patterns of different nanoparticles (red
cycle is the focus of the electron beam)

3

MATEC Web of Conferences 333, 03007 (2021)
APCChE 2019

https://doi.org/10.1051/matecconf/202133303007

Electron diffraction analysis was conducted to
understand the relationship between particular diameter
and particle phase, as shown in Figure 6. For the spherical
nanoparticles, some clear and regular diffraction spots can
be observed in the patterns, and suggests the sample is
crystal. According to the agglomerate consists of smaller
particles, some diffuse rings are obtained and indicates
that the agglomerate is synthesized as amorphous phase.
The reason for the higher amorphization degree can be
explained through the discussion before. The higher
quenching gas flow rate leads a larger amount of small
nanoparticles. Those small particles are amorphous and
the amorphization degree becomes higher.

process. The spherical nanoparticles were synthesized as
crystalline with diameter larger than 10 nm, while for the
smaller silicon nanoparticles with diameter less than 10
nm are amorphous.

5 Conclusion
Amorphous silicon nanoparticles were successfully
synthesized. Higher quenching gas flow rate leads to
higher amorphization degree. This can be explained by
the relationship between the amorphization degree and the
particle diameter. Smaller diameter leads to amorphous
silicon nanoparticles, while most small nanoparticles are
agglomerated. This research indicates that induction
thermal plasma can be used to synthesize pure amorphous
material at a single step.

4.2 Formation mechanism of amorphous silicon
nanoparticles
Homogeneous nucleation temperatures of Si considered
in the present study were estimated based on nucleation
theory considering non-dimensional surface tension
(Girshick et al., 1990). The homogeneous nucleation rate
J can be expressed as:
𝐽𝐽 =

𝛽𝛽𝑖𝑖𝑖𝑖 𝑛𝑛𝑠𝑠 2 𝑆𝑆
12

�

Θ
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