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JES Focus IssuE oN PROGRESS IN MoLTEN SALTS AND lonic Liquips

Electrolytic Production of Silicon Using Liquid Zinc Alloy in
Molten CaCl,

Kouji Yasuda,*">** Takeyuki Shimao,* Rika Hagiwara,>* Takayuki Homma,>*
and Toshiyuki Nohirad-*-*

“Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto University,
Yoshida-honmachi, Sakyo-ku, Kyoto 606-8501, Japan

bAgency for Health, Safety and Environment, Kyoto University, Yoshida-honmachi, Sakyo-ku, Kyoto 606-8501, Japan
¢Faculty of Science and Engineering, Waseda University, Shinjuku-ku, Tokyo 169-8555, Japan

Institute of Advanced Energy, Kyoto University, Gokasho, Uji 611-0011, Japan

A new electrolytic production process for solar-grade Si has been proposed utilizing liquid Si—Zn alloy cathode in molten CaCl,.
To establish this process, the behavior of liquid Zn metal in molten CaCl, at 1123 K was investigated. Evaporation of Zn metal was
largely suppressed by immersion in the molten salt, which enabled the use of a Zn electrode despite its high vapor pressure. Cyclic
voltammetry results suggested that the reduction of SiO, on a Zn cathode proceeded at a more negative than 1.45 V vs. Ca?*/Ca.
After potentiostatic electrolysis at 0.9 V, Si particles with sizes of 2-30 wm were precipitated in the solidified Zn matrix by a slow
cooling process. The rate-determining step for electrochemical reduction of SiO; on the Zn cathode was discussed on the basis of a
measurement of the alloying rate between solid Si and liquid Zn.
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Photovoltaic (PV) power generation has been developed as one of
the key technologies that can mitigate the energy and environmental
issues. Several national projects were launched in the 1970s such as
the Sunshine Project of the Ministry of International Trade and Indus-
try (MITI) in Japan and the Federal Photovoltaic Utilization Program
of the Department of Energy (DOE) in the United States. Since then,
the situation has changed dramatically, especially in the most recent
decade, as demonstrated by the increased installation of PV cells
promoted by political and financial support in various countries, the
broadened use of technologies ranging from conventional electronic
calculators and independent power sources to large-scale power sta-
tions, and the diversification of solar cell materials. Accordingly, the
production volume of PV cells has increased in the 21st century by
a factor of more than 100; it was 285 MW in 2000 and 36,100 MW
in 2013." The percentage of the production volume contributed by
compound-type solar cells such as the CdTe type and Cu-In-Ga-Se
(CIGS) type, which was only 0.4% in 2000, increased to 7.6% in
2013.!

PV cell installation is expected to increase further in the future, as
these cells represent a key technology for addressing environmental
issues and providing diverse energy sources. In terms of solar cell
materials, compound-type solar cells have drawbacks for mass pro-
duction because the production capacities are limited by the supply
of component materials obtained as byproducts in nonferrous met-
allurgy. For instance, the production capacity of CdTe solar cells is
at most 6 to 8 GW per year owing to the limited supply capacity of
Te,? and that of CIGS solar cells is 20 to 30 GW owing to the limited
supply of Ga. Therefore, crystalline Si solar cells are most likely to
be the main product of the PV industry in the long run.

High-purity Si used for crystalline Si solar cells is called solar-
grade Si (SOG-Si), and its purity exceeds SN-7N. The Siemens
process>® using H, reduction and/or thermal decomposition of
trichlorosilane (SiHCls3), which is currently used to produce SOG-
Si, was originally developed to manufacture semiconductor-grade Si
(11N-12N purity) for large-scale integrated circuits (LSIs). Because
of the slow reaction kinetics of silane gases, the Siemens process has
inherent drawbacks of low productivity and low energy efficiency.

*Electrochemistry Society Member.
“E-mail: yasuda.kouji.3v@kyoto-u.ac.jp; nohira.toshiyuki.8r@kyoto-u.ac.jp

To develop a next-generation production process for SOG-Si, vari-
ous types of Si production or refining processes that can overcome
the low productivity of the conventional Siemens process have been
investigated, such as H, reduction and/or decomposition of silane-
based gases in improved Siemens-based processes, metallothermic
reduction of silicon halides by metal reductants such as zinc and alu-
minum, and purification of metallurgical-grade Si (MG-Si; 98-99%
purity) using metallurgical purification methods.”® A refining process
using the fluidized bed reaction of monosilane (SiH,) at REC Silicon
and SunEdison Samsung Fine Chemicals and upgrading of MG-Si
(UMG) using various refining techniques have been operated recently
on a mass production scale.’

Our group has studied direct electrolytic reduction of solid SiO; to
Siin molten CaCl, at 1123 K as a new type of electrochemical process
of Si0, reduction.'®'? In this method, electrochemical reduction of
insulating SiO, is realized by using a SiO, contacting electrode, which
provides a three-phase interface between the conductor, SiO,, and
molten salt.

Si0, (s) + 4e (through conductor) — Si (s) + 20>~ 1]

We also proposed that a combination of electrolytic reduction of
purified SiO, and directional solidification refinement is a potential
low-cost method of SOG-Si production.'*"!3 To improve the produc-
tivity of the process, we recently studied the electrochemical reduction
of SiO, granules set on a bottom cathode in molten CaCl,, analogous
to the Hall-Héroult Al production process.'® Many research groups,
including ours, have investigated direct electrochemical reduction of
SiO, for SOG-Si production.!” However, recovery of the powdery
Si product from a mixture of Si, SiO,, and CaCl, is one of the chal-
lenges of using this method. Because separating the solid product
from the molten salt is an inherent problem for molten salt processes,
cathodic products are usually manufactured in the liquid state to fa-
cilitate their subsequent recovery in practical production processes of
Li, Na, Mg, and Al metals, and rare earth metals/alloys. Thus, we
expected that using a liquid Si alloy cathode would be a solution for
SOG-Si production in molten CaCl,.

A typical method of recovering a certain metal from a liquid alloy
uses the principle of a solubility decrease with temperature reduction.
A well-known industrial process, the imperial smelting process (ISP),
is the simultaneous metallurgical production of Zn and Pb. When a
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Table I. Properties of alloying elements for Si.

Metal Tmp. /K Tvp. /K Solubility of Si at 1123 K/ mol% Distribution coefficient between liquid and solid Si at Try, p, (Si)
Zn 69332 11802 6.0°4 1 x 107554
Sn 5053 28753 0.9%° 1.6 x 107253
Pb 60132 201952 <0.2% 2 x 107358
Al 93352 279152 32.6%7 2 x 10735

liquid Si alloy cathode is applied to electrolytic reduction of SiO; in a
molten salt, there are many advantages, such as easy separation of Si
from both the molten salt and unreacted SiO,, and easy transfer from
the electrolysis cell. Further, because MG-Si can be refined by solid-
ification of liquid Si alloys,>”" a high separation ability is expected
in the precipitation of Si from a liquid alloy, in which impurities are
removed from the solid phase.

As alloying elements for Si that give a liquid alloy, Zn, Sn, Pb,
and Al are candidates because they have no intermetallic compounds
with Si. Their characteristics are summarized in Table 1.°>>° Although
Al shows promise because of its greater solubility at the electrolysis
temperature, it is difficult to remove Al impurities from the Si phase.
The minimum impurity level of Al is reported to be approximately
100 ppm for electrolysis of SiO, on an Al cathode®' and refining of
low-purity Si using a Si—Al alloy.””*! Considering many factors, we
selected Zn as the alloying element. For instance, the lower boiling
point and smaller distribution coefficients are advantageous for ob-
taining high-purity Si products after vacuum refining and directional
solidification in the final step.

Figure 1 schematically illustrates the proposed process for SOG-
Si production using a liquid Si—Zn alloy cathode in molten salt. The
overall process consists of three major processes: electrolysis, precip-
itation, and refining. In the electrolysis process, solid SiO; is reduced
to form a Si—Zn liquid alloy at the cathode.

SiO, (s) + Si—Zn (I, low Si conc.) + 4e~ — Si—Zn
(, high Si conc.) + 20>~ [2]

Figures 2a and 2b show the entire range and Zn-rich side of the phase
diagram for the Si—Zn system, respectively.”* Here, the changes in
temperature and composition in the proposed process are indicated in
Figure 2b by arrows. The solubility of Si in liquid Zn is 6 at% at 1123
K. The Si—Zn liquid alloy produced at the bottom of the electrolysis
cell is separated from the molten salt by density difference and is
transferred to the precipitation process. In the precipitation process,

Electrolysis
High-purity
SiO, powder % COX P.S.
caCl, (1)
i-Zn

1123 K (1) Electrolysis

(4) Raise temp.

metallic Si is recovered by lowering the temperature.
Si—Zn (I, high Si conc.) — Si(s) + Si—Zn (I, low Si conc.) [3]

When the temperature is lowered to 923 K, the solubility is also
lowered to 1 at%-Si; thus, solid Si at 5 at% with reference to Zn is
recovered. After the precipitation process, the Si—Zn alloy with a low
Si concentration is reused as the cathode in the electrolysis process.
The produced Si is then transferred to the refining process. An ingot
of SOG-Si is manufactured by directional solidification of the treated
Si after leaching and vacuum refining.

This process is expected to have several advantages in terms of
productivity and purification ability. In contrast to the Siemens pro-
cess, the proposed process can be operated semicontinuously, which
contributes to high productivity. High purification efficiency is ex-
pected because there are two segregation steps: precipitation of solid
Si from the Si—Zn liquid alloy in the precipitation process and pre-
cipitation of solid Si from liquid Si in the refining process. The
low distribution coefficients of the impurity elements, which in-
dicate high purification ability, are reported for precipitation from
both liquids of metallic Si** and alloys of Si-Al,>"*! Si—Cu,* Si—
Sn,*46 Si—Fe,** Si—Ni,*® and Si—Na.’! Furthermore, the remaining
Zn can be easily removed to several parts per million even by the
evacuation techniques used more than 30 years ago.®® More com-
plete removal of Zn is possible by using advanced vacuum refining
technology.

In this study, the fundamentals of the electrolysis process, namely,
evaporation of Zn metal in molten CaCl,, electrochemical reduction
of SiO, on the Zn cathode, and the alloying rate for the Si—Zn system,
were investigated at 1123 K. The effect of immersion of Zn metal in
molten CaCl, on its evaporation behavior was analyzed. Regarding
the electrochemical behavior of the liquid Zn electrode, Kipouros and
Sharma reported electrolysis of a Ca—Zn liquid alloy in the molten
CaCl,—~CaO-CaF, system at 973-1023 K.%! However, the electrode
potential was unclear because a two-electrode system was employed.
In the present study, we investigated the effective potential range for

Refining

(5) Evaporation

Precipitation

i
Si deposit (s) »&
L

/ / (3)Recovery Remained Zn
> 1 Z o TWo
o o
Ca ¥/ 5 s
~ ° o
Si-Zn (/) (o) o
123 K3) | ower tomp. 923 o i
SOG-Si
ingot  (6) Directional

solidification

Figure 1. Schematic drawing of SOG-Si production using electrochemical reduction of SiO, powder on a liquid Si—Zn alloy cathode in molten CaCl,.
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Figure 2. Binary phase diagram for the Si—Zn system.>* (a) Entire composi-
tion range and (b) Zn-rich region.

the production of Si—Zn alloy by electrolysis of SiO, granules on the
Zn electrode. Furthermore, the alloying rate was studied to estimate
the rate-determining step in the electrochemical reaction on the Zn
electrode.

Experimental

Evaporation of Zn.—The evaporation rate of Zn in Ar atmosphere
at 1123 K was measured using the weight change of Zn metal (Kojundo
Chemical Laboratory Co., Ltd., 99.9999%, grains, 5.4-5.6 g) placed
at the bottom of a silica tube [outer diameter (0.d.) 12.5 mm, inner
diameter (i.d.) 10.5 mm] with and without added CaCl, (Kojundo
Chemical Laboratory Co., Ltd., >99%, 5.4-5.6 g or 8.2-8.4 g). The
samples were dried under vacuum at 453 K for 24 h and charged in
a silica tube in a glove bag under an Ar atmosphere. Then, a balloon
was set on the open end of the tube with a paraffin film to maintain
the Ar atmosphere. The tube was inserted into a silica chamber (i.d.
127 mm, height 403 mm) in an electric furnace maintained at 1123
K and was left for a given period of time. The tube was pulled out
in 1 min and then cooled at room temperature. The Zn sample was
weighed after water washing and drying. If separation of the Zn sample
from the silica tube was difficult, its weight was calculated from the
values before and after leaching treatment with 1 M HCI solutions.
The Zn content in the molten salt was analyzed using inductively
coupled plasma atomic emission spectrometry (ICP-AES; Thermo
Scientific, iCAP 6200 Duo) of a solution prepared by dissolving 0.1
g of recovered CaCl, into a HNOj solution.

H5051

Aroutlet (a) (b) () (d) (¢) Arinlet
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vessel

Heater
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Figure 3. Schematic drawing of the electrolysis cell. (a) AgT/Ag reference
electrode, (b) graphite counter electrode, (c) liquid Zn electrode with SiO;
granules, (d) CaZt/Ca dynamic reference electrode on a Mo wire, (e) thermo-
couple, (f) molten CaCl,, and (g) alumina crucible.

Electrochemical behavior—Figure 3 schematically illustrates the
electrochemical apparatus. CaCl, (350 g) was charged in an alumina
crucible (Nikkato Corp., SSA-S grade, o.d. 87 mm, i.d. 80 mm, height
129 mm) and dried under vacuum at 453 and 773 K for 24 h at each
temperature. All the electrochemical experiments were performed in
adry Ar atmosphere at 1123 K. The electrochemical behavior was in-
vestigated by cyclic voltammetry and potentiostatic electrolysis using
a newly designed liquid Zn electrode. Figure 4 shows a photograph
and a schematic illustration of the liquid Zn electrode. Zn grains (Ko-
jundo Chemical Laboratory Co., Ltd., 99.9999%, grains, 3-5 mm,
1.3 g) were set at the bottom of an alumina tube (Nikkato Corp.,

(a) (b)
; I I Mo wire

* Alumina
insulating tube

Alumina tube

10 mm

Figure 4. (a) Photograph and (b) schematic illustration of the Zn electrode.
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Figure 5. Photographs of the samples (a-1),(b-1) before and (a-2),(b-2) after
the evaporation experiments. The evaporation experiments were performed
(a-1),(a-2) without and (b-1),(b-2) with immersion in molten CaCl, at 1123 K
for 6 h.

SSA-S grade, 0.d. 13 mm, i.d. 9 mm) with an open window 10 mm
x 20 mm in size on the side. A Mo wire (Nilaco Corp., dia. 1.0 mm,
99.95%) threaded into an alumina insulating tube (Nikkato Corp.,
SSA-S grade, o.d. 2.0 mm, i.d. 1.0 mm) was used for an electric lead.
Purified SiO, grains (Taiheiyo Cement Corp., dia. < 0.1 mm, 0.30 g)
were placed above the Zn grains. The densities of liquid Zn, solid SiO,,
and molten CaCl, are 5.9 g cm™3,%2 2.2 g cm~3, and 2.05 g cm 3% at
1123 K, respectively. The counter electrode was a graphite rod (Tokai
Carbon Co., Ltd., dia. 5.0 mm). An Ag*/Ag reference electrode was
used.'® The potential was calibrated using the Ca?*/Ca redox poten-
tial measured by electrodepositing Ca metal on a Mo wire electrode
(Nilaco Corp., dia. 1.0 mm, 99.95%).!® In the cyclic voltammetry
tests, in situ IR compensation using an electrochemical measurement
system was performed with a compensation ratio of 95%, which was
the highest value in the range that did not cause potential instability.
After potentiostatic electrolysis, the sample was recovered from the
cell within 1 min and allowed to cool to room temperature by ra-

Journal of The Electrochemical Society, 164 (8) H5049-H5056 (2017)

diative cooling. The samples remaining in the alumina tube were cut
into halves and polished with emery paper of descending degrees of
roughness, specifically, #240, 400, 600, 1000, and 2000, and finally
with a buffing compound (Buehler, Micro Polish II, 0.3 pwm). The
analysis was conducted using scanning electron microscopy (SEM;
Keyence Corp., VE-8800) and energy-dispersive X-ray spectroscopy
(EDX; AMETEK, EDAX Genesis APEX2).

Alloying reaction between solid Si and liquid Zn.—Zn granules
(330 or 660 g, Wako Pure Chemical Industries, Ltd., grains) were
charged into 210 g of molten CaCl, to prepare a Zn pool in a graphite
crucible (Toyo Tanso Co., Ltd., IG-110 grade, 0.d. 90 mm, i.d. 80 mm,
height 120 mm) in a dry Ar atmosphere at 1123 K. Single-crystal Si
plates [SUMCO Corp., 6 mm x 35 mm, thickness 0.5 mm, n-type,
(100) plane, resistivity 1-10 € cm] or Si prismatic rods (Furuuchi
Chemical Corp., 4 mm x 4 mm, height 30 mm) attached to a Ni
wire (Ryoko Sangyo Co., Ltd., >99%, dia. 1.0 mm) and mullite tubes
(Nikkato Corp., HB-grade, o.d. 6 mm, i.d. 4 mm, length 500 mm)
were immersed in the Zn pool for 2-60 s. Round Si rods (Furuuchi
Chemical Corp., dia. 6 mm, length 50 mm) affixed to a stainless steel
tube (SUS304, 0.d. 12.0 mm, i.d. 8.0 mm, length 500 mm) by a ceramic
bond were also used for the measurements. For some experiments, Si
lumps were added to the liquid Zn pool to prepare Si—Zn alloys.
Si samples were immersed in the Zn pool or Si—Zn pool for a fixed
duration and then pulled out and cooled at room temperature. After the
adhered salt was washed away with water, the thickness or diameter
of the Si specimens before and after immersion was measured by a
micrometer.

Results and Discussion

Evaporation of Zn.—Since the vapor pressure of Zn at the elec-
trolysis temperature of 1123 K is rather high (0.54 atm),”> one may
assume that metallic Zn cannot be used as a liquid electrode because
of immediate evaporation at temperatures close to its boiling point.
On the other hand, the suppression of Zn evaporation in molten salt
is well expected by the analogy that the evaporation rate of water in
a test tube is significantly suppressed when the surface of water is
covered by oil. Thus, the evaporation behavior of Zn in molten CaCl,
was investigated before the electrochemical experiments.

Figure 5 shows photographs of the samples before and after the
evaporation experiments at 1123 K for 6 h. When only Zn metal
was placed at the bottom of the tube maintained in Ar atmosphere, a
considerable quantity of Zn deposits was observed on the upper side of
the inner part of the tube, where the temperature was lower than 1100
K (Figure 5a2). These deposits result from evaporation and transport
from the liquid Zn through the gas phase. On the other hand, in the
presence of a molten CaCl, layer of 5.4-5.6 g, solidified CaCl, and
Zn layers were observed, and no deposit was formed in the upper part,
as shown in Figure 5b2. The stacking sequence of these layers (CaCl,
above Zn) is determined by their densities, and the layer thickness is

Table II. Weight of Zn samples after evaporation experiments at 1123 K.

Weight of Zn
Time, t/h  Thickness of CaCl; layer, Icacl,/ mm  Surface area, A/ cm?  Before, Wper / g After, Wy /g Loss®, Wipss / g Loss®, Wigss / g cm™2
0.25 0 0.866 5.5322 5.2184 3.14 x 107! 0.362
0.25 31 5.5119 5.5026 9.30 x 1073 0.0107
6 0 5.4502 4.3979 1.05 1.22
6 31 5.6016 5.5730 2.86 x 1072 0.0330
6 47 5.4916 5.4672 244 x 1072 0.0282
24 0 5.5781 1.6440 3.93 4.54
24 31 5.5310 5.4401 9.09 x 1072 0.105
24 47 5.4688 5.4141 5.47 x 1072 0.0632
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Figure 6. Weight loss of Zn per area at 1123 K. (a) Plots with and without
immersion of Zn sample in molten CaCl,. (b) Weight loss versus time for
CaCl, layer thicknesses of 31 and 47 mm.

the same as that calculated (Zn: 10 mm, CaCl,: 31 mm). The weight
loss of Zn metal in the experiments with and without the presence of
molten CaCl, over liquid Zn is summarized in Table II and plotted
in Figure 6a versus the reaction time. The graph clearly shows that
evaporation was significantly suppressed by the presence of the molten
salt layer above the liquid Zn metal. In both cases, the weight of the
Zn metal decreased almost linearly with time. The evaporation rate,
defined as the slope of the plot is 1.90 x 107! g cm™2 h™! when the
Zn metal was evaporated in the absence of CaCl,. The rate decreases
significantly to 4.45 x 107 gcm~2 h~! (0.023 times) in the presence
of the molten salt, which corresponds to an evaporation rate of 0.18
mm day~!. Thus, the evaporation of Zn metal covered with molten
CaCl, is found to be negligibly small when it is used as a cathode in
the electrolysis process, despite the high vapor pressure of Zn.

In spite of the slowed kinetics, a small evaporation of Zn was ob-
served in this study which is different from the case of water covered
with an immiscible oil layer. The different kinetics results from solu-
bility of the species in the covered layer. The concentration of Zn in
the 31-mm-thick molten CaCl, after reaction for 24 h was determined
as 0.91 wt% by ICP-AES. Thus, Zn metal is thought to first dissolve
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Figure 7. Cyclic voltammograms for liquid Zn electrodes in molten CaCl, at
1123 K. Scan rate: 0.2 Vs~

into the molten salt and then evaporate at the interface between the gas
and the molten salt after transport in the melt. To investigate the effect
of diffusion distance of the dissolved Zn in molten CaCl, on the evap-
oration rate, experiments were carried out with different thicknesses
of molten salt layer. Figure 6b compares the evaporation behavior at
different thicknesses of the molten CaCl, layer. The evaporation rates
for thicknesses of 31 and 47 mm are 4.45 x 10~ and 2.75 x 1073
g cm™2 h7!, respectively. Obviously, the rate of weight loss varies
inversely with the thickness of the CaCl, layer. Thus, diffusion in the
molten salt is likely the rate-determining step.

Electrochemical behavior—Figure 7 shows the cyclic voltammo-
grams of a liquid Zn electrode with and without SiO, granules. The
solid curve for Zn metal without an addition of SiO, granules indicates
a negative current around 50 mA cm~2 from the rest potential (1.48
V vs. Ca?*/Ca) and a sharp current increase at 0.9 V. Because Ca and
Zn form a liquid phase over the entire composition range at 1123 K,*
this current is attributed to the formation of liquid Ca—Zn alloy. The
potential of 0.9 V vs Ca>*/Ca corresponds to the Ca mole fraction of
1.6 x 107 in liquid Ca—Zn alloy calculated from Henry’s law and the
reported activity coefficient of Ca at 1073 K (2.15 x 1073).% To con-
firm the reaction, the Zn electrode was galvanostatically electrolyzed
at —1.06 A cm~2 for 30 min. The open-circuit potential immediately
after electrolysis was 0.35 V. When the sample was analyzed by EDX,
the composition of the surface zone was determined to be 90 at%Zn—
10 at%Ca. These values agree with those calculated from the reported
activity coefficient of Ca.% Incidentally, the Ca content was below the
detection limit of EDX in the samples obtained by potentiostatic elec-
trolysis at 0.90 V, which is explained by the fact that less electricity
is used compared to the case of galvanostatic electrolysis. From the
above results, the reduction current observed at values more negative
than 0.9 V is attributed to the formation of liquid Ca—Zn alloys.

Zn(l) + yCa’* +2ye” — ZnCa, (I) [4]

The broken curve in Figure 7 shows the voltammogram for the Zn
electrode after the addition of SiO,. Although the rest potential is
almost identical to that before the addition of SiO,, larger cathodic
currents of 100 mA cm~? are observed during the scan in the negative
direction. Thus, the increased current suggests the reduction of SiO,
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Figure 8. (a) Photograph and (b),(c) cross-sectional SEM images of the sam-
ple obtained by potentiostatic electrolysis of liquid Zn electrode with SiO,
granules at 0.90 V for 60 min in molten CaCl, at 1123 K.

to form liquid Si—Zn alloy between 0.9 and 1.45 V.
Si0, (s) + Zn () + 4e~ — Si — Zn(I) 4+ 20>~ [5]

To proceed a direct electrolytic reduction of insulating solid SiO,,
the use of a current collector is necessary for electron supply. Here,
the onset potential of SiO, reduction on the liquid Zn cathode
(1.45 V) is more positive than that on a solid current collector such as
a Mo electrode (1.25 V),!” which is explained by the lower activity of
Si in the Zn-Si alloy.

On the basis of the voltammertic results, potentiostatic electrolysis
was conducted for a liquid Zn electrode after SiO, granules with
a diameter of 0.1 mm were added at 0.90 V for 60 min in molten
CaCl, at 1123 K. The sample was observed after cross-sectioning in
the vertical direction. Figures 8a and 8b show cross-sectional optical
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and SEM images, respectively, of the sample after electrolysis. The
precipitated grains are observed only on the upper part of the Zn
electrode. According to EDX analysis for the particles shown in the
magnified SEM image in Figure 8c, Si is detected to be 100 wt% and
other elements are below their detection limits. Thus, the deposition
of Si particles with sizes of 2-30 wm in the Zn matrix is confirmed.
According to the Si—Zn phase diagram,> the solubility of Si in liquid
Zn metal is 6.0 at% at 1123 K, and it becomes negligibly small in solid
Zn at room temperature. Thus, it is reasonable to conclude that SiO,
was electrochemically reduced to form liquid Si—Zn alloy [Reaction 5]
and that Si particles were precipitated during the cooling process. The
precipitated Si particles are observed only in the upper part because
they floated and aggregated in the liquid phase owing to their lower
density.

The anodic reaction is an evolution of CO, gas because consump-
tion of the graphite rod counter electrode was observed after the exper-
iment. Since the amount of recovered Si was small, which is mainly
due to the recovery loss during the HCl leaching, the current efficiency
is not discussed in this study. In the case of direct electrolytic reduc-
tion of solid SiO, to solid Si in molten CaCl,, the current efficiencies
were already reported to be 90% for SiO, plates'” and 70.3-78.5% for
SiO, granules.>* Current efficiency for the production of liquid Si—Zn
alloy might be also influenced by the side reaction of liquid Ca—Zn
alloy formation.

Alloying reaction between solid Si and liguid Zn.—Figure 9
shows photographs taken before and after the alloying experiments
at 1123 K for different immersion times. After the experiments, Zn
was not found on the surface of the recovered Si plate by either visual
observation or EDX analysis. The liquid alloy formed at high tem-
perature was probably removed as the sample was pulled out through
the molten CaCl, layer. The photographs in Figure 9 clearly show
a decrease in the plate thickness due to dissolution of Si, even for
the sample immersed in Zn for 2 s. For the Si plate reacted for 60
s, the immersed part of the Si plate disappeared completely. Because
the alloying reaction proceeds on both sides of the Si plate, the de-
crease in thickness was evaluated as the value for one side; the results
are listed in Table III. As shown in Figure 10, the thickness of the
plate decreases linearly with increasing immersion time, and the al-
loying rate is determined to be 4.56 pm s~! from the slope of the
plots.

Similar measurements were made for Si—Zn alloy pools with dif-
ferent Si concentrations, and the results are summarized in Table III
and Figure 10. The alloy formation rate decreases with increasing Si
concentration in the liquid alloy. The alloy formation rate (vaoy) is
plotted in Figure 11 against the Si concentration (csg;) in the alloy. A

(d) (©
60s

In Zn pool

ca. 5 mm

Figure 9. Photographs of Si plates (a) before and after immersion in the Zn pool at 1123 K for (b) 2 s, (c) 20 s, (d) 40 s, and (e) 60 s.
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Table III. Thickness of Si plate or diameter of Si rod and alloy formation rate in Zn pool at each Si concentration at 1123 K.

Thickness of Si plate

Si conc. in Zn

Immersion time,

Before immersion,

After immersion,

Reduced value for one

Alloy formation

pool, ¢ / at% tim /s Lpes / um Lyg / pm side?, Lieduced / LM rate?, Valloy / |m g1
0 0 - - 0 4.56¢
2 534 494 20
20 531 378 77
40 530 158 186
60 526 0 (263)
1.10 120 4021 3171 425 3.54
2.40 120 5992 5332 330 2.75
4.87 60 530 428 51 0.85

a — Lvet— Ly
Lreduced —% .

b — Lreduced
Valloy = m,h:cc .

¢Calculated from the slope of the plots in Fig. 10.

linear relationship between v,y and cg; is clearly observed.

Valloy = —0.747C'Si +4.49

Z 0.747 (6.0 — cg)) (6]

Extrapolation indicates that the alloy formation rate becomes zero
at 6.0 at%Si, which is consistent with the solubility in liquid Si—Zn
alloy.>* This fact suggests that the alloying reaction is controlled by
diffusion of Si atoms in the diffusion layer between solid Si and liquid
Zn.

The linearity of the plots for 0 at%-Si in Figure 10a is attributed to
rapid diffusion of Si in liquid Zn, which is expected to be on the order
of 107* cm? s~! from the reported diffusion coefficients of Fe [(1-5)
x 107* cm? s7'%] and Al (1.1 x 107* cm? s7'%7) in liquid Zn at
1123 K. The parabolic growth of the diffusion layer thickness is com-
plete at only 1.05 s, as calculated from the alloy formation rate of 4.56
wm s~ and the estimated diffusion coefficient of 1 x 107 cm? s7!.
This behavior results in the positive deviation of the plot for reaction
for2s.

To estimate the rate-determining step of electrochemical reduction
of SiO, using a liquid Zn electrode, the alloying rate is compared
with the reaction rate in the other steps involved in the reaction.
According to our previous studies, the electrochemical reduction rates

@ (b
500 T —7 ~
4 ’
. 4 ’
®  (Oat%Si S e
. Y2 /
£ < 1.10at%Si S 2 1)
3400 1O 2.40at%sSi £ & Pl
. 0, 1 ’ s
3 A 4.87at%Si VA o
% VARV -
el
~ 300 .
(,," 4 I’ 'l'
$ /I /’ /’
-E I" '/ /’
[3} '/ ," //
< 200t o ]
’ 4
8 I/// // S < Alloy .
Q AV formation
=1 s 7 Pt (d)
2 100} e rate -]
e AT
/) -
4 -
0 ‘——— 1 1
0 50 100 150

Immersion time, ¢, / s

Figure 10. Reduction in thickness of Si plate and rod after immersion at 1123
K. Si concentration in Zn pool was (a) 0 at%, (b) 1.10 at%, (c) 2.40 at%, and
(d) 4.87 at%.

are estimated from the results at a reaction time of 300 s in molten
CaCl,at 1123 Kas2.1 ums~""? and 0.27 wm s~""7 for the surface and
inner directions of solid SiO,, respectively. Furthermore, the reaction
for the inner direction becomes slower with increasing electrolysis
time because the diffusion length for the O~ ions in the porous Si layer
becomes longer. These rates are schematically compared in Figure
12. Obviously, the alloy formation rate is higher than the reduction
rates. This comparison suggests rapid removal of the porous Si layer
formed at the outermost surface of the SiO,, in the same analogy with
the removal of Nd—Fe liquid alloy from the surface of an iron cathode
in rare earth electrometallurgy.®® The removal of the surface layer
retarding the diffusion of O%>~ ions would lead to continuation of the
fast reaction, which was confirmed to be equivalent to 0.7 A cm™2 in
the Hall-Héroult process using molten salt electrolysis.?!"*?

Conclusions

An electrolytic production process for SOG-Si using liquid Si—Zn
alloy in molten CaCl, was proposed. The presence of the molten salt
above a liquid Zn layer significantly suppressed evaporation of Zn.
The evaporation rate at 1123 K was 0.18 mm day~', which is slow
enough that a liquid Zn cathode can be used. The reduction of SiO,

5.0 T T T T T T
Ls ® Siplate
T 40l \\\ A Sirod ||
5 a,
F30f .
g 0
a \‘\
= X )
2 20k . Solubility for 1
g ' . liquid Si-Zn alloy
&
> ™,
v—lo \\\
< ]. 0 B \“ 7
0 1.0 20 30 40 50 60 7.0

Si concentration in Si—Zn alloy, cg; / at%

Figure 11. Dependence of alloy formation rate on Si concentration in liquid
Si—Zn alloy at 1123 K.
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cacl, (/)

Vred,sur* 2.1pm S

Figure 12. Conceptual drawing of reduction rate of SiO, and formation rate
of liquid Si—Zn alloy in molten CaCl, at 1123 K.

granules on the Zn cathode to form liquid Si—Zn alloy was suggested
to proceed from 1.45 V vs. Ca?*/Ca and confirmed at 0.9 V. The alloy
formation rate of solid Si and liquid Zn was measured to be 4.56 pm
s~!at 1123 K, which indicates the potential of rapid reduction of SiO.
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