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Production of Silicon-based Nano-scale Materials Through High
Temperature Reduction of Silica by Titanium
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Abstract. The reduction of silica by titanium at 2073 K
has been studied in order to develop a production process
of silicon-based nano-scale materials. The silicon monox-
ide vapour, reaction intermediate products, has been trans-
ferred by argon carrier gas to colder parts of the reactor,
which results in the disproportionation reaction to form Si
and SiO,. The products include particles with diameter of
10-100 nm order and wires. An attempt to remove SiO,
by hydrofluoric acid treatment of the reduction products re-
sulted in the enrichment of Si particles.
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1 Introduction

Silicon-based nano-materials are of great importance in var-
ious fields, such as microelectronics. Precise control of
nano-scale structure exhibits high efficiency in light emis-
sion, attracting researchers to develop useful silicon-based
optical devices [1]. In the view of the steady increase in
the demand of the silicon-based nano-materials, great at-
tention should be paid in their effective production pro-
cess. One of the promising methods is to utilize the dis-
proportionation reaction of silicon monoxide, represented
by 25i0 — Si + SiO; [2-4].

In our previous papers, we reported the carbothermic re-
duction of silica-containing slag to produce variety of nano-
sized Si-based materials [5,6]. The process consists of the
formation of SiO vapour by the carbothermic reduction of
slag and the consequent transfer of SiO-containing vapour
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to cold part of the reactor, which leads to the deposition and
then the disproportionation reaction. We found the reason-
able correlation between the morphology of the products
and the process parameters including deposition tempera-
ture and carrier gas flow rate. This smelting process can be
relatively easily scaled-up for the production of nano-sized
silicon-based materials in large amount. On the other hand,
the contamination of silicon carbide, formed presumably by
the following reactions, cannot be avoided in carbothermic
reduction:

2C(s) + SiO(g,l) = SiC(s) + CO(g),
38i0(g,,s) + CO(g) = SiC(s) + 2Si04(s),
SiO(g,Ls) + 3CO(g) = SiC(s) + 2CO,(g).

A chemical analysis showed that more than 10 atomic per-
cents of carbon is included in the reaction products [6]. One
possibility to overcome the difficulty is not to use carbon
but other reducing agent, such as reactive metals, e.g., alu-
minium and titanium. In the present paper we address the
results of reduction of SiO, by titanium at 2073 K. The
characteristics of the reaction products are presented. More-
over, an attempt was made to increase the yield of silicon
by treating the reaction products with aqueous hydrofluoric
acid solution which removes silica according to the follow-
ing reactions:

Si0, + 6HF(aq) = H,SiFs(1) + 2H,0,
Si0, + 4HF(g) = SiF4(g) + 2H,0.

2 Experimental Procedure
2.1 Materials

Sample was prepared by mixing the powders of SiO,
(Quartz, 99.9 %, Particle size = ca. 0.8 um, Kojundo Chem.
Lab.) and Ti (99.9 %, Particle size under 45 pm, Kojundo
Chem. Lab.). The compositions of [SiO,] : [Ti] =1 : 0.5,
1:0.7,1:1and 1 : 2 in molar ratio were examined. In a
typical experimental run, total weight of mixture was 15 g
for [SiO,] : [Ti] = 1 : 2 and 12 g for other compositions.
Prior to the high temperature reaction, a few millilitres of
starch solution were added as a binder to the mixture, which
was then pelletized to several discs with the diameter of
8 mm.
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Figure 1. Schematic experimental set-up for high tempera-
ture reduction of silica.

2.2 Reduction Reaction

High temperature reduction was carried out in a zirconia
crucible (0.d. = 25 mm, i.d. = 20 mm, height = 100 mm)
which was heated by induction furnace via a carbon holder.
Figure 1 shows the schematic experimental set-up. The cru-
cible, carbon holder, and the alumina holders were put in a
double-walled quartz reactor, which was cooled with water.
The reaction was carried out in argon atmosphere. Argon
carrier gas with the flow rate of 1.2 L./min was introduced
from the bottom of the reactor. After the temperature of
the crucible, measured by a pyrometer, was stabilized at
2073 K, sample pellets were quickly introduced from the
upper glass tube, which was connected with an alumina
tube (0.d. = 25 mm, length = 300 mm), to a zirconia cru-
cible. The pressure inside the reactor was slightly reduced
with help of a diaphragm pump so that the reaction products
flow upward towards a membrane filter (Pore size 0.10 pm,
Advantec).

2.3 Characterization of Products

After the reaction, products distribute at membrane filter,
glass tube, and alumina tube, and inside the crucible. The
last type of products is not considered in the present pa-
per because our main concern is the deposition product. In
our previous studies on carbothermal reduction of silica-
containing slag, it was shown that the morphology of reac-
tion products changes at different deposition temperature.
Therefore, we collected the products separately, namely at
filter, glass tube, upper half and lower half of alumina tube.
The products were characterized by XRD (XRD-6100, Shi-
madzu), SEM (JSM-6060, JOEL), and TEM (H-800, Hi-
tachi).

2.4 HF Treatment of Reduction Products

The silicon dioxide, formed in disproportionation reaction,
was removed by adding 100 mg of reduction products into
50 mL of aqueous HF solution (46—48 mass%, Wako pure
chem.) for 30 min. It should be here noted that the HF
solution was bubbled with argon gas for 30 min prior to
the addition of reduction products and during the dissolu-
tion treatment in order to remove the dissolved oxygen in
the solution. The solution was then filtered with a mem-
brane filter (Pore size 0.10 um, Advantec). The powders
remaining on the filter were characterized by the analytical
equipments mentioned above.

3 Results and Discussion
3.1 Products Identification

Figure 2 shows the XRD patterns of reaction products col-
lected at different positions. A broad peak around 26 ~ 25°
can be attributed to amorphous SiO and/or SiO,. It is
clearly seen that the diffraction peaks of silicon are found in
all reaction products but the reaction products collected at
alumina tube contain crystalline silica as well as quartz. The
latter is presumably the initial quartz in the sample, which
may be due to the splash phenomena, i.e., transfer by car-
rier gas, at the initial stage of the reaction. In comparison
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Figure 2. XRD patterns of reaction products collected at
(a) lower part of alumina tube (i.e., from bottom to 15 mm
above bottom of the tube), (b) upper part of alumina tube
(from 15 mm above bottom to the top of tube, i.e., 30 mm
above bottom), (c) glass tube, (d) filter. The composition
is [SiO,] : [Ti] = 1 : 0.7 in molar ratio. The powder
diffraction file number is listed in the legend.



Silicon-based Materials Through High Temperature Reduction of SiO2 by Ti

369

[SiO3] : [Ti] 1:05

1:07 1:

1 1:2

Gram of product/1 g of initial SiO,  0.027  0.043

0.041

0.024

Table 1. Product yield collected at filter.

to the carbothermic reduction of silica, the reduction by ti-
tanium leads to the significant suppression of the formation
of silicon carbide. It should be noted that the intensity of
X-ray diffraction peaks of §-SiC is comparable to that of Si
in carbothermic reduction [6].

The diffraction peaks of silicon in the sample collected at
filter are stronger than those collected at positions closer to
the reactor. This indicates that the concentration of metallic
silicon in the products at filter is higher than those collected
at different positions. Taking this result and the results of
our previous study on the carbothermic reduction of silica-
containing slag into account, we focus on the products cap-
tured at filter.

3.2 Influence of the Composition on the Reaction Products
at Filter

The variation of the composition changes the activity of the
relevant species, so that the products distribution and the
phases can change. Figure 3 shows the XRD pattern of
products at filter with different initial sample compositions.
Sharp diffraction peaks of silicon are observed in all the
cases. However, their relative intensity against the broad
background peak around 26 ~ 25° varies with composi-
tion, i.e., they are highest at [SiO,] : [Ti] = 1 : 0.7. Itis
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Figure 3. XRD patterns of reaction products collected at
filter for the composition of [SiO,] : [Ti]=(a) 1 : 0.5,
(b)1:0.7,(c)1:1and(d) 1 :2in molar ratio.

expected that the composition of [SiO,] : [Ti] = 1 : 0.5
is stoichiometrically required for the SiO formation, i.e.,
SiO; + (1/2)Ti = SiO + (1/2)TiO,. The present re-
sult shows that slightly higher amount of titanium is op-
timum with respect to the concentration of silicon in the
products. The increase in the titanium composition from
[SiO,] : [Ti] = 1 : 1to 1 : 2 leads to the decrease in
the relative intensity of diffraction peaks of silicon. It is
known that silicon and titanium form various intermetallic
compounds [7]. Thus, the decrease in activity of silicon in
melts may be responsible for the decrease in the amount
of silicon in reaction products. We should also remark the
yield of products collected at filter, which is summarized
in Table 1. The yield is, in general, low, i.e., a few percents
of the initial SiO,. This is expected because the equilibrium
reaction is presumably the reduction of silica to metallic sil-
icon, represented by SiO, + Ti = Si 4 TiO5. In the case of
[SiO,] : [Ti] = 1 : 2, the product yield is very low, which
indicates the low activity of silicon.

As for the size of the silicon crystallites, Scherrer’s equa-
tion for the X-ray diffraction peaks of silicon was employed
[8]. We obtained the size of ~ 20 nm. The composition de-
pendence on the size was not observed.

The SEM images of the products at filter are shown in
Figure 4. The products consist of fibrous and particulate
materials with the size of 10-100 nm. A SEM-EDS (energy
dispersion spectra) analysis showed that the most intense
X-ray fluorescence of silicon was observed at the compo-
sition of [Si0,] : [Ti] = 1 : 0.7 in accordance with the
results of XRD. There is a tendency where the concentra-
tion of silicon correlates with the relative amount of fibrous
products.

3.3 TEM Analysis

TEM images of both fibrous and particulate products are
shown in Figure 5 and Figure 6, respectively. As seen in
Figure 5, dark parts indicate the existence of crystalline ma-
terials. They are crystalline silicon, as shown in diffrac-
tion pattern where diffraction spots, corresponding to that
of (111) plane of silicon, is observed. On the other hand,
particulate materials are mainly amorphous, as depicted in
their diffraction patterns (Figure 6). The energy dispersive
spectra indicate that the relative amount of oxygen in partic-
ulates is higher than that in fibres, the former is presumably
amorphous SiO and/or SiO,, and the metallic silicon is en-
riched in amorphous fibre matrix.
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Figure 4. SEM images of the reaction products collected at filter for the composition of [SiO,] : [Ti]=(a) 1 : 0.5,
(b)1:0.7,(c)1:1and(d) 1 :2in molar ratio.
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Figure 5. (a) TEM image of the fibrous products collected at filter. (b) Electron diffraction pattern from the circle region
in the TEM image. (c) Energy dispersive spectra obtained from the whole region of the TEM image. The peak intensity
is normalized by that of silicon at ~ 1.7 keV. The composition is [SiO5] : [Ti] = 1 : 0.7 in molar ratio.
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Figure 6. (a) TEM image of the particulate products collected at filter. (b) Electron diffraction pattern obtained from the
whole region of the TEM image. (c) Energy dispersive spectra obtained from the whole region of the TEM image. The
peak intensity is normalized by that of silicon at ~ 1.7 keV. The composition is [SiO,] : [Ti] = 1 : 0.7 in molar ratio.

3.4 Attempt to Remove Silicon Dioxide in Reaction
Products

As mentioned above, reaction products contain amorphous
particulates and crystalline silicon particles in amorphous
wires. As far as the disproportionation reaction of SiO is
employed, the formation of SiO, cannot be avoided. In or-
der to establish a process of the silicon particles production,
it is essential to enrich the crystalline particles. Therefore,
we have carried out the hydrofluoric treatment of reaction
products. Figure 7 shows the SEM images of the starting
and HF-treated materials. Obviously, the relative amount
of the particles is increased by the acid treatment, indicat-
ing the removal of amorphous fibrous materials. Figure 8
shows the TEM image of a HF-treated material and the cor-
responding electron diffraction pattern. The materials are
silicon with the size of ~ 10 nm.

The present method is very promising for the produc-
tion of silicon particles. However, there are several difficul-
ties, such as low yield of silicon particles and very sensi-
tive property against oxidation. A precise control of parti- Figure 7. SEM image of a reaction product collected at
cle size distribution is also desired. Further optimization of ~filter (a) before and (b) after HF treatment.
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Figure 8. (a) TEM image of the reaction product collected
at filter after HF treatment, (b) its electron diffraction pat-
tern.

the process parameters, such as a precise control of reaction
atmosphere and carrier gas flow rate and the utilization of
protective coating of the particles, is needed.

4 Conclusion

In the present study we addressed the formation of nano-
scale Si-based materials which were produced by the re-
duction of silica by titanium at 2073 K. The reaction prod-
ucts precipitates were silicon-based fibrous and particulate
materials with the order of 10—-100 nm. In comparison to re-

sults of carbothermic reaction, the contamination of silicon
carbide was significantly suppressed. Further treatment of
products can enrich the silicon particles. At present the final
yield of the particles is less than 1% of the initial SiO, af-
ter HF treatment, so that further optimization of the process
parameters is needed.
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