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To establish a next-generation production process for SOG-Si, we proposed the electrochemical reduction process of SiO2 using a
liquid Zn cathode in molten CaCl2. In this study, we focused on the dissolved SiO2 to improve the productivity of the process. The
ionic species and electrochemical reduction of silicate ions at solid graphite and liquid Zn electrodes in molten CaCl2 with various
O2−/SiO2 ratios (rO2−/SiO2) at 1123 K were investigated. Ionic species of silicates in the melts were determined by Raman
spectroscopy. The dominant species were SiO3

2− (rO2−/SiO2 = 1.0) and SiO4
4− (rO2−/SiO2 = 1.5 and 2.0). Cyclic voltammetry, XRD,

and SEM revealed that the electrochemical reduction of SiO3
2−, Si2O7

6−, and SiO4
4− occurs at the graphite electrode from 1.35 V,

1.12 V, and 0.75 V vs Ca2+/Ca, respectively. The electrochemical reduction potentials of silicate ions at the liquid Zn electrode
shifted to more negative values in the order SiO3

2− > Si2O7
6− > SiO4

4−. The reaction observed at 0.60 V was attributed to the
simultaneous electrochemical reduction of silicate ions and formation of Ca–Zn alloy. The indirect reduction of silicate ions by
Ca–Zn alloy was also confirmed.
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Strong interest in the development of renewable energy resources
that can substitute for conventional fossil-based energy has led to
photovoltaic (PV) power rapidly becoming the most favored tech-
nology for establishing zero-CO2-emission power supply systems
worldwide. According to the World Energy Outlook Special Report
published by the International Energy Agency, solar PV accounted for
approximately 40% of the global power capacity addition in 2020.1

Because crystalline Si solar cells account for 96% of the total global
solar cell production,2 these cells are expected to play an important
role in supplying the continuous needs of the PV industry.

Solar-grade Si (SOG-Si) which is used in crystalline Si solar cells
requires a purity of 6–7 N. Siemens process is commercially used for
the production of SOG-Si.3–5 However, this process presents several
safety and environmental problems, such as excessive energy
consumption and extreme operating conditions.6 The purification
of metallurgical-grade Si7–10 and metallothermic reduction of silicon
halides by metal reductants11–13 have been experimentally studied to
establish a next-generation production process for SOG-Si.

Over the last two decades, our team has studied the electro-
chemical reduction of SiO2 to Si in molten CaCl2 as a new
production process for SOG-Si,14–18 similar to other research
groups.19,20 To achieve the efficient recovery of reduced Si, we
proposed the electrochemical reduction process of SiO2 using a
liquid Zn cathode in molten CaCl2.

21–23 In this process, solid SiO2 is
electrochemically reduced to form a Si–Zn liquid alloy. The solid Si
is then precipitated by decreasing the temperature of the liquid alloy.
Finally, the recovered Si is subjected to vacuum refining to remove
residual Zn and directional solidification to manufacture SOG-Si
ingots.

In our previous study, we investigated the electrochemical reduction
of solid SiO2 in molten CaCl2. We found that the direct electrochemical
reduction of solid SiO2 mainly occurred at the three-phase interface of

Zn/SiO2/CaCl2, which may lead to low productivity.23 To improve the
productivity of the process, we focused on the electrochemical
reduction of dissolved SiO2, that is, silicate ions (SiO4

4−, Si2O7
6−,

SiO3
2− etc.). When O2− ion is added to the molten salt, the dissolution

of SiO2 can be expressed as follows:24,25

( ) + → [ ]−
( + )

−x s ySiO O Si O 1x x y
y

2
2

2
2

The electrodeposition of crystalline Si from silicate ions at a solid
substrate has been reported by Xiao et al.25 and Bard et al.26,27

However, the ionic species of silicates in molten CaCl2 with
different O2− ion concentrations have not yet been investigated.

In the present study, in order to investigate the effect of O2− ion
concentration on the ionic species of silicates, we measured Raman
spectra of molten CaCl2 with various ratios of O2−/SiO2 (rO2−/SiO2).
CaO was used as the source of O2− ion. CaO is considered to be
completely dissociated into Ca2+ and O2−, because the concentrations
of CaO used in this study are lower than its solubility (34.7 mol% at
1123 K).28 Then, the electrochemical reduction of these silicate ions
at solid graphite and liquid Zn electrodes was investigated in the
molten salts with same rO2−/SiO2 as those used for Raman spectro-
scopy.

Experimental

All of the experiments were conducted in a dry Ar atmosphere at
1123 K. The experimental procedures for (a) Raman spectroscopy,
and electrochemical measurement at (b) solid graphite electrode and
(c) liquid Zn electrode are described as follows.

Raman spectroscopy of silicate ions.—Molten CaCl2 with dif-
ferent rO2−/SiO2 was prepared in a dry Ar-filled glove box (less than 1
ppm O2 and 1 ppm H2O). CaCl2 powder (FUJIFILM Wako Pure
Chemical Corp., reagent grade) was mixed with predetermined
amounts of CaO (0 mol%, 2.0 mol%, or 4.0 mol%; FUJIFILM
Wako Pure Chemical Corp., 98.0%) and CaSiO3 (4.0 mol%; Sigma-
Aldrich, 200 mesh, 99%) powders. Prior to mixing, CaO and CaSiO3

were dried at 1273 K and 773 K, respectively, for 10 h. The mixturezE-mail: nohira.toshiyuki.8r@kyoto-u.ac.jp
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was loaded into a graphite crucible (Toyo Tanso Co., Ltd., IG-110
grade, o.d. 55 mm × i.d. 49 mm × height 150 mm) and dried under
vacuum first at 453 K for 2 days and then at 773 K for 1 day. The
temperature was increased to 1123 K and maintained for 1 day to
dissolve the silicate-ion sources sufficiently, after which the salt was
quickly sampled using a borosilicate glass tube (Pyrex®, o.d. 6 mm ×
i.d. 4 mm). The sampled salt was then loaded into a Pt pan (Rigaku
Corp., o.d. 5 mm × height 2.5 mm) and placed in an airtight high-
temperature stage (Japan High Tech Co., Ltd., 10042). After the
mixture was heated to 1123 K, the ionic species of silicates was
investigated using a micro-Raman spectrometer (Tokyo Instruments,
Nanofinder 30) using a laser source with an excitation wavelength of
532 nm. The details of experimental apparatus are described in our
previous report.29

Electrochemical reduction of silicate ions at a solid graphite
electrode.—CaCl2 powder was loaded into a graphite crucible (Toyo
Tanso Co., Ltd., IG-110 grade, o.d. 100 mm × i.d. 95 mm × height
120 mm). The crucible was then placed at the bottom of a graphite
vessel in an airtight Kanthal container. The powder was dried under
vacuum first at 453 K for 2 days and then at 773 K for 1 day. The
temperature was raised to 1123 K, and pre-determined amounts of
CaO (0 mol%, 2.0 mol%, or 4.0 mol%) and CaSiO3 (4.0 mol%)
powders were added to the melt. The temperature was maintained at
1123 K for 1 day to dissolve the silicate-ion sources sufficiently. Ar
bubbling was also conducted at 50 ml min−1 to promote the
dissolution of the powders.

All electrochemical measurements were conducted using the
three-electrode method with an electrochemical measurement
system (Hokuto Denko Corp., HZ-7000) in the glove box. Flag-
shaped graphite plates were used as the working electrodes for cyclic
voltammetry (Toyo Tanso Co., Ltd., 3 mm × 3 mm × thickness
0.5 mm) and electrolysis (Toyo Tanso Co., Ltd., 10 mm × 10 mm ×
thickness 0.5 mm), respectively. Glass-like carbon (Tokai Carbon
Co., Ltd., diameter: 3.0 mm) and a square graphite bar (Toyo Tanso
Co., Ltd., 5 mm × 5 mm) were used as the counter electrodes for
cyclic voltammetry and electrolysis, respectively. A Pt wire (Nilaco
Corp., diameter 1.0 mm, 99.98%) was used as the quasi-reference
electrode for the blank melt, and a Si rod (Furuuchi Chemical Corp.,
diameter 7.3 mm, 10 N purity) was used as the reference electrode
for melts containing silicate ions. The potentials of the quasi-
reference and reference electrodes were calibrated with respect to
the dynamic Ca2+/Ca potential determined by cyclic voltammetry on
a Mo wire (Nilaco Corp., diameter 1.0 mm, 99.95%) electrode. The
details of experimental apparatus and treatment of electrolyzed
samples are described in our previous report.29

Electrochemical reduction of silicate ions at a liquid Zn
electrode.—The salts were prepared as described above. A sche-
matic of the liquid Zn electrode is shown in Fig. 1. A small Al2O3

crucible (Nikkato Corp., SSA-S grade, o.d. 21 mm × i.d. 15 mm ×
height 25 mm) was fixed to an Al2O3 tube (Nikkato Corp., SSA-S
grade, o.d. 6.0 mm × i.d. 4.0 mm) by a Mo wire (Nilaco Corp.,
diameter 0.6 mm, 99.95%). A W wire (Nilaco Corp., diameter
1.0 mm, 99.95%) was threaded into the Al2O3 insulating tube and
used as the current lead. A total of 10.0 g of Zn grains (Kojundo
Chemical Laboratory Co., Ltd., 99.99%, 3–7 mm) was charged into
a small Al2O3 crucible and melted in the molten salt. The counter
and reference electrodes were identical to those described above.

After electrolysis, several Zn electrodes were taken out of the
molten salt and cooled by natural heat dissipation (approximately
10–20 s). All other Zn electrodes were cooled at a rate of 20 K h−1

from 1123 K to 823 K and then to room temperature by natural heat
dissipation in the salt. Hereafter, we refer to cooling by natural heat
dissipation alone to as “rapid cooling” and cooling at 20 K h−1 as
“slow cooling.” Si granules in the Zn metal lumps were recovered by
dissolving Zn in a 20 wt% HCl solution prepared from a 36 wt%
solution (FUJIFILM Wako Pure Chemical Corp., reagent grade).
The Zn solutions were analyzed by inductively coupled plasma

atomic emission spectroscopy (ICP-AES) to determine the Ca
concentration in the Zn lumps. Details of the treatment of the liquid
Zn electrodes are shown in Supplemental Fig. S1 (available online at
stacks.iop.org/JES/169/052506/mmedia). See the Supplemental
Material link in the online version of this article.

Results and Discussion

Ionic species of silicates.—The dissolution rates of CaO–SiO2

and CaSiO3 were investigated by Raman spectroscopy to confirm the
rapid preparation of melts with the target compositions. As the
result, the dissolution rate of CaSiO3 was much higher than that of
CaO–SiO2. Therefore, CaSiO3 was used as the silicate-ion source in
this study. Details of the salt preparation procedure and Raman
spectra are described in Supplemental Fig. S2.

Figure 2 shows the Raman spectra of molten CaCl2 with various
rO2−/SiO2 at 1123 K. The original spectra were background-subtracted
and deconvolved using the Voigtian function. Melts containing
4.0 mol% CaSiO3 (rO2−/SiO2 = 1.0, Fig. 2a) showed a strong band at
978 cm−1 and weak bands at 834 cm−1, 911 cm−1, and 1051 cm−1.
Previous studies30–32 reported that the bands at 911 cm−1, 978 cm−1,
and 1051 cm−1 could be assigned to Si2O7

6−, SiO3
2−, and Si2O5

2−,
respectively. Wang et al. found that the Raman spectra of
CaO–SiO2–CaCl2 slags gradually shifted to lower wavenumbers
with increasing Cl content and that Cl atoms can be substituted with
O atoms.33 Therefore, the weak band at 834 cm−1 is considered to be
SiO4

4− with O2− ions partially substituted for Cl− ions as follows:

+ → + [ ]− − − −SiO Cl SiO Cl O 24
4

3
3 2

Similar deconvolution was conducted for molten salts with
rO2−/SiO2 = 1.5 and 2.0, as depicted in Figs. 2b and 2c. The
deconvolution results of the Raman spectra are presented in
Table I. The dominant silicate ion for the molten salt with
rO2−/SiO2 = 1.0 was SiO3

2−. The weak bands of other silicate ions
may be due to the equilibrium reactions of SiO3

2− and Si2O7
6−.

⇄ + [ ]− − −4 SiO Si O Si O 33
2

2 7
6

2 5
2

⇄ + [ ]− − −Si O SiO SiO 42 7
6

4
4

3
2

When rO2−/SiO2 increased to 1.5, the dominant silicate species was
SiO4

4−, the secondary dominant species was Si2O7
6−, and the minor

species were SiO3
2− and Si2O5

2−. Although the ratio of O2−/SiO2

actually corresponds to Si2O7
6−, this species is believed to decom-

pose into ionic species with simpler structures (reaction 4) because
of the poor stability of Si2O7

6− in the molten salt. SiO4
4− was the

Figure 1. Schematic of the liquid Zn working electrode.
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dominant silicate ion in the melt with rO2−/SiO2 = 2.0, consistent with
the composition calculated from the rO2−/SiO2.

Electrochemical reduction of silicate ions at the solid graphite
electrode.—Figure 3 shows the cyclic voltammograms at a graphite
electrode in molten CaCl2 with various rO2−/SiO2. The black curves
show the voltammograms in molten CaCl2 (blank). The small
cathodic current observed around 0.5 V vs Ca2+/Ca is likely due
to the intercalation of Ca2+ into graphite. After the addition of
4.0 mol% CaSiO3 (rO2−/SiO2 = 1.0), as shown in Fig. 3(a), the
cathodic current increased from 1.4 V. According to our previous
study,24 the potential–pO2− diagram for Si in molten CaCl2 at
1123 K shows that the reduction potential of SiO3

2− is approxi-
mately 1.3 V (pO2− ≈ 5.2). Thus, the cathodic current is considered
to correspond to the electrochemical reduction of dominant SiO3

2−,
which is consistent with the Raman spectra.

+ → ( ) + [ ]− − −sSiO 4 e Si 3 O 53
2 2

Toba et al. reported the calculated potentials of the Ca–Si com-
pounds in molten CaCl2 at 1123 K; the CaSi2(s) formation occurs at
0.503 V and CaSi(s) at 0.400 V vs Ca2+/Ca, respectively.34

Therefore, the cathodic current peaks observed at 0.49 V and
0.40 V are considered to be due to the formation of CaSi2 and
CaSi, respectively.

+ ( ) + → ( ) [ ]+ −s sCa 2 Si 2 e CaSi 62
2

+ ( ) + → ( ) [ ]+ −s sCa CaSi 2 e CaSi 72
2

A voltammogram of the melt containing 2.0 mol% CaO and
4.0 mol% CaSiO3 (rO2−/SiO2 = 1.5) is shown in Fig. 3b. The cathodic
current increased from 1.1 V. In the same way as above, the
potential–pO2− diagram indicates that the reduction potential of
Si2O7

6− is ca. 1.1 V (pO2− ≈ 4.0).24 Therefore, the cathodic current
is likely due to the electrochemical reduction of secondary dominant
Si2O7

6−.

+ → ( ) + [ ]− − −sSi O 8 e 2 Si 7 O 82 7
6 2

Similarly, the rapid increase in cathodic current from 0.75 V is
considered to be due to the electrochemical reduction of dominant
SiO4

4−, because the potential–pO2− diagram shows that the reduc-
tion potential of SiO4

4− is around 0.8 V (pO2− ≈ 2.2).24

+ → ( ) + [ ]− − −sSiO 4 e Si 4 O 94
4 2

The cathodic peak observed at 0.40 V is likely to be attributed to the
formation of CaSi2 from Si2O7

6−.

+ + → ( ) + [ ]+ − − −sCa Si O 10 e CaSi 7 O 102
2 7

6
2

2
Figure 2. Original and deconvolved Raman spectra of molten CaCl2 with
various rO2−/SiO2 at 1123 K.

Table I. Deconvolved data of the Raman spectra obtained in molten CaCl2 with various rO2−/SiO2 at 1123 K.

Wavenumber/cm−1 (Band intensity fraction/%)a)

Melt composition SiO4
4− Si2O7

6− SiO3
2− Si2O5

2−

4.0 mol% CaSiO3 834vw 911w 978 s 1051vw
(rO2−/SiO2 = 1.0) (9.3) (12.5) (73.4) (4.8)
2.0 mol% CaO, 827 s 900 m 953w 1056w
4.0 mol% CaSiO3 (rO2−/SiO2 = 1.5) (48.3) (24.4) (13.8) (13.5)
4.0 mol% CaO, 824 s 900w 953vw —

4.0 mol% CaSiO3 (rO2−/SiO2 = 2.0) (79.5) (10.9) (9.6)

Abbreviations: vw, very weak; w, weak; m, medium; s, strong. a) Calculated from the fitted band area.
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Figure 3. Cyclic voltammograms at a graphite electrode in molten CaCl2 before and after the addition of (a) 4.0 mol% CaSiO3, (b) 2.0 mol% CaO and 4.0 mol%
CaSiO3, and (c) 4.0 mol% CaO and 4.0 mol% CaSiO3 at 1123 K. Scan rate: 50 mV s−1. R. P.: Rest potential.
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Figure 3c shows the voltammogram measured after the addition
of 4.0 mol% CaO and 4.0 mol% CaSiO3 (rO2−/SiO2 = 2.0). A rapid
increase in the cathodic current was observed from 0.75 V, which
suggests the electrochemical reduction of dominant SiO4

4− (reaction
9). The formation of CaSi2 is considered to progress at a potential
more negative than 0.40 V.

Based on the voltammetry results, potentiostatic electrolysis was
conducted at 0.50 V, 0.60 V, 0.70 V, 0.90 V, and 1.1 V in molten
CaCl2 containing (i) 4.0 mol% CaSiO3 (rO2−/SiO2 = 1.0), (ii) 2.0 mol
% CaO and 4.0 mol% CaSiO3 (rO2−/SiO2 = 1.5), and (iii) 4.0 mol%
CaO and 4.0 mol% CaSiO3 (rO2−/SiO2 = 2.0). Optical images and
XRD patterns of the electrolyzed samples are shown in
Supplemental Figs. S3 and S4, respectively. Table II summarizes
the phases identified in the electrolyzed samples. The existence of Si
in molten salt (i) was confirmed in all samples. Thus, the increase in
the cathodic current from 1.4 V in Fig. 3a is due to the

electrochemical reduction of SiO3
2− to solid Si. In the sample

obtained at 0.50 V, CaSi2 was identified prior to the removal of the
residual salt, which indicated that the cathodic current peak at 0.49 V
could be attributed to the formation of CaSi2 from solid Si. Si was
also confirmed in all samples obtained in molten salt (ii). This
finding suggested that the increase in cathodic current from 1.1 V
could be due to the electrochemical reduction of Si2O7

6−. The
existence of Si in samples obtained in molten salt (iii) was only
confirmed at 0.50 V and 0.60 V. Therefore, the cathodic current
increased from 0.75 V is likely due to the electrochemical reduction
of SiO4

4− to solid Si.
Figure 4 shows the SEM images of the deposits. In molten salt

(i), wire-like Si with different shapes was obtained at 0.90 V and
1.1 V and particulate Si was obtained at 0.50 V, 0.60 V, and 0.70 V.
In molten salt (ii), wire-like Si was observed at 0.70 V, 0.90 V, and
1.1 V and particulate Si was noted at 0.50 V, 0.60 V, and 0.70 V. In

Table II. XRD results of samples obtained in molten CaCl2 with various rO2−/SiO2 at 1123 K.

Identified phase of electrolyzed samples

Melt composition 0.50 V 0.60 V 0.70 V 0.90 V 1.1 V

4.0 mol% CaSiO3 (rO2−/SiO2 = 1.0) CaSi2
a), Si Si Si Si Si

2.0 mol% CaO, 4.0 mol% CaSiO3 (rO2−/SiO2 = 1.5) Si Si Si Sib) Si
4.0 mol% CaO, 4.0 mol% CaSiO3 (rO2−/SiO2 = 2.0) Si Si Only graphite Only graphite Only graphite

a) Detected prior to the removal of the residual salt. b) Detected from the fall-off deposits.

Figure 4. SEM images of the samples obtained by electrolysis (0.50 V, 0.60 V, 0.70 V, 0.90 V, and 1.1 V) at graphite plates in molten CaCl2 with various
rO2−/SiO2 (left vertical column) at 1123 K. Charge density: −14 C cm−2.
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molten salt (iii), particulate Si was formed at 0.50 V and 0.60 V. The
sample obtained at 0.70 V revealed deposits in the gray region of the
optical image; EDX analysis of this region revealed 44.5 at% Si and
55.5 at% O. The change in the morphology of the reduced Si may be
due to changes in the overpotential and current density. According to
Winand,35 electrodeposits become field-oriented isolated crystals,
such as wires, when the overpotential and current density are low.
However, when the overpotential and current density are high, the
electrodeposits transform into unoriented dispersion crystals, such as
particles. In molten salt (i), which is dominated by SiO3

2−, a
potential more positive than 0.90 V corresponds to a low over-
potential and current density, leading to the formation of wire-like
Si. A potential of 0.70 V could correspond to a higher overpotential
and current density, resulting in the formation of Si particles. In
molten salt (iii), which is dominated by SiO4

4−, electrochemical
reduction begins at a potential that is more negative than that
required for SiO3

2− reduction. A potential of 0.60 V corresponds to a
higher overpotential and current density, resulting in the formation
of Si particles. In molten salt (ii), SiO4

4− and Si2O7
6− are the

dominant and secondary dominant species, respectively. Therefore,
particulate and wire-like Si could be formed from Si2O7

6− and
SiO4

4−, respectively, at 0.70 V. Particulate Si is then electrodepos-
ited from 0.60 V, which corresponds to a high overpotential.

In terms of the available potential range for electrolysis, the
results described above suggest that molten salt (i) dominated by
SiO3

2− is most suitable for producing Si–Zn alloy, because the
electrodeposition of Si begins at a potential that is more positive than
that indicated for other silicate ions. According to our previous
study, the formation of Ca–Zn alloy, which leads to low efficiency
during Si–Zn alloy production, has been confirmed to occur during
the electrochemical reduction of solid SiO2.

23 Therefore, SiO3
2−, the

electrochemical reduction potential of which is quite distinct from
that of Ca–Zn alloy formation, is considered to be advantageous for
efficient Si production.

Electrochemical reduction of silicate ions at the liquid Zn
electrode.—Figure 5 shows the cyclic voltammograms at the liquid
Zn electrode in molten salts (i), (ii), and (iii). The black curves show
the voltammograms in the blank melt. The small cathodic current
observed at approximately 0.85 V is likely due to the formation of
Ca–Zn alloy.

+ ( ) + → − ( ) [ ]+ −l lCa Zn 2 e Ca Zn 112

After the addition of 4.0 mol% CaSiO3 (rO2−/SiO2 = 1.0), as shown in
Fig. 5a, the cathodic current increased from the rest potential (1.5 V),
thus suggesting the electrochemical reduction of dominant SiO3

2−.

+ ( ) + → − ( ) + [ ]− − −l lSiO Zn 4 e Si Zn 3 O 123
2 2

The sharp increase in the cathodic current from 0.85 V could
correspond to the simultaneous electrochemical reduction of
SiO3

2− and formation of Ca–Zn alloy. Figure 5b shows the
voltammogram measured after the addition of 2.0 mol% CaO and
4.0 mol% CaSiO3 (rO2−/SiO2 = 1.5). The cathodic current rapidly
increased from the rest potential (1.3 V) and may be attributed to the
electrochemical reduction of the Si2O7

6−.

+ ( ) + → − ( ) + [ ]− − −l lSi O Zn 8 e Si Zn 7 O 132 7
6 2

The cathodic current plateaued at approximately 1.0 V, possibly
because of the electrochemical reduction of dominant SiO4

4−.

+ ( ) + → − ( ) + [ ]− − −l lSiO Zn 4 e Si Zn 4 O 144
4 2

The sharp increase in the cathodic current from 0.85 V may be due to
the simultaneous electrochemical reduction of silicate ions and
formation of Ca–Zn alloy, similar to that observed in Fig. 5a. The
voltammogram in the melt containing 4.0 mol% CaO and 4.0 mol%
CaSiO3 (rO2−/SiO2 = 2.0) is shown in Fig. 5c. The rapid increase in

Figure 5. Cyclic voltammograms at a liquid Zn electrode in molten CaCl2
before and after the addition of (a) 4.0 mol% CaSiO3, (b) 2.0 mol% CaO and
4.0 mol% CaSiO3, and (c) 4.0 mol% CaO and 4.0 mol% CaSiO3 at 1123 K.
Scan rate: 50 mV s−1. R. P.: Rest potential.
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cathodic current from the rest potential (1.2 V) may be attributed to the
electrochemical reduction of dominant SiO4

4−. The rest potential in
the molten salt (iii) dominated by SiO4

4− was more negative than that
in the molten salt (i) dominated by SiO3

2−, in agreement with the
voltammograms obtained at the graphite electrode shown in Fig. 3.
The sharp increase in the cathodic current from 0.85 V was ascribed to
the same simultaneous reactions, similar to the two other melts shown
in Figs. 5a and 5b. Compared with those revealed in the voltammo-
grams obtained at the graphite electrode, the electrochemical reduction
of silicate ions at the liquid electrode began from a more positive
potential, which suggested the formation of a liquid Si–Zn alloy with
Si activity lower than unity with respect to pure solid Si.

Potentiostatic electrolysis was conducted at 0.60 V and 0.90 V in
molten salts (i) and (ii) and 0.60 V in molten salt (iii). Electrolysis at
0.90 V in molten salt (iii) was not performed in this study because
the current was too small to form a Si–Zn alloy. All electrolysis was
conducted with a constant charge of −590.3 C, which corresponds to
the theoretical charge quantity for 1.0 mol% Si–Zn alloy formation.
Fig. S5 in Supplemental Information shows the current transient
curve during the electrolysis of molten salt (i). For comparison, a
current transient curve for the electrochemical reduction of solid
SiO2 at a liquid Zn electrode is also shown. The current density for
the electrochemical reduction of silicate ions was approximately
twice as large as that for solid SiO2, suggesting the improvement of
productivity by dissolving SiO2 into molten salt.

After electrolysis, of the six samples obtained at 0.60 V, half
were cooled by natural heat dissipation (rapid cooling) and the other
half were cooled at 20 K h−1 (slow cooling) in the same molten salt
(iii). The samples obtained at 0.90 V were cooled under the same
slow-cooling conditions. Figure 6 shows optical images of the Si

particles recovered from the Zn electrodes. Brown-colored fine
powders containing some small Si granules with a metallic luster
were mainly obtained from the samples obtained at 0.60 V with
rapid cooling. By contrast, larger granules with a metallic luster were
mainly precipitated from the samples obtained after slow cooling.
These findings suggest that crystal growth occurs during the slow
cooling step. SEM images of these samples are shown in Figs. 7. The
brown-colored fine powders of samples obtained at 0.60 V with
rapid cooling were composed of aggregates of entangled wires with
a diameter of 0.5–2 μm. The small Si granules with a metallic luster
were found to be angular crystals with sizes of 10–20 μm. After slow
cooling, the granule size increased to ~700 μm. Because all Si
particles were precipitated from the Zn electrodes under the same
cooling conditions, no significant differences in particle size or
crystal shape were observed in any of the samples. EDX analysis
indicated that only Si was detected in the granules and wires.

Table III lists the current efficiencies calculated from the Si
weight and Ca concentration in the liquid Zn electrode. The current
efficiency was calculated using the following equations:

η = × [ ]w

w
100 15act.

theo.

= × [ ]w
Q

F
M

4
16theo. Si

where wact. is the actual weight of the recovered Si, wtheo. is the
theoretical weight of Si produced according to Faraday’s law, Q is
the electric charge quantity during electrolysis, F is Faraday’s
constant (96485 C mol−1), and MSi is the molar weight of Si

Figure 6. Optical images of the Si particles recovered from the Zn electrodes after electrolysis in molten CaCl2 with various rO2−/SiO2 (left vertical column) at
1123 K. Charge: −590.3C (theoretical formation of 1.0 mol% Si–Zn alloy).
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(28.1 g mol−1). The Ca concentration was calibrated by subtracting
the Ca concentrations in the raw Zn and HCl solutions.

The current efficiency for samples obtained at 0.90 V, at which
only the direct electrochemical reduction of silicate ions is con-
sidered to proceed, was approximately 80%, and nearly 100 ppmw
Ca was detected. Residual silicate salt is considered to be the reason
behind this increase in Ca concentration because acid cannot be used
during salt removal. The samples obtained at 0.60 V with rapid
cooling showed current efficiencies of less than 60%. Over
4000 ppmw Ca was detected in these samples, which suggests the
formation of Ca–Zn alloys. The current efficiency for the samples
obtained at 0.60 V with slow cooling increased to approximately
80%, and the residual Ca concentrations were 200–300 ppmw, thus
suggesting the indirect reduction of silicate ions by the Ca–Zn alloy.

+ – ( ) → – ( ) + + [ ]− + −l lSiO Ca Zn Si Zn 2 Ca 4 O 174
4 2 2

In our previous report, we confirmed a similar reaction for solid
SiO2, that is, indirect reduction by Ca–Zn alloy, at 0.60 V in molten
CaCl2 at 1123 K.

23

To confirm the indirect reduction mentioned above, we prepared two
samples of the Ca–Zn alloy at 0.60 V in molten CaCl2. The first Ca–Zn
alloy sample was then analyzed by ICP-AES, and the concentration of Ca
was determined to be 5570 ppmw. The current efficiency for the
formation of the Ca–Zn alloy was calculated to be 87.3%. The other
Ca–Zn alloy sample was placed in molten salt (iii) and cooled under the
same slow-cooling conditions described above. After slow cooling, Si
particles were recovered from the Zn electrode, which indicated that
indirect reduction by Ca–Zn alloy proceeded during slow cooling.
Figure 8 shows optical and SEM images of the recovered Si particles.
Similar to the samples obtained by electrolysis with slow cooling, the Si
granules showed a metallic luster and measured approximately 700 μm in
size. The concentration of Ca in the Zn electrode decreased to 259 ppmw,
which suggests that almost all of the Ca was consumed for the indirect

reduction of silicate ions. The current efficiency calculated from the
weight of the recovered Si was 76.1%. Both the residual Ca concentration
and current efficiency were similar to those obtained by electrolysis.

The results obtained at the liquid Zn electrode were summarized
as follows. Among the molten salts studied, molten salt (i)
dominated by SiO3

2− appears to be the most suitable for Si–Zn
alloy production in terms of the available potential range. This
finding corresponds to the results obtained at the graphite electrode.
Potentiostatic electrolysis also revealed that molten salt (i) had the
highest current density among all the melts. The current efficiency
calculated from the weight of the recovered Si for all molten salts
did not show significant differences. In addition, Ca–Zn alloy
formation did not lead to low current efficiencies because of the
indirect reduction of silicate ions by the Ca–Zn alloy during the
slow-cooling period. Therefore, among the salts investigated in this
work, molten salt (i), which has the largest current density, may be
considered to be most suitable for the production of Si–Zn alloy.

Conclusions

The ionic species and electrochemical reduction of silicate ions at
solid graphite and liquid Zn electrodes were investigated in molten
CaCl2 at 1123 K. The ionic species of silicates in molten salts with
rO2−/SiO2 = 1.0, 1.5, and 2.0 were investigated using Raman spectro-
scopy. The dominant silicate ion was SiO3

2− in molten salt (i) with
rO2−/SiO2 = 1.0 and SiO4

4− in molten salt (iii) with rO2−/SiO2 = 2.0,
which is consistent with the rO2−/SiO2 value. Because of the poor
stability of Si2O7

6−, the primary dominant species was SiO4
4− and the

secondary dominant species was Si2O7
6− in molten salt (ii) with

rO2−/SiO2 = 1.5.
Cyclic voltammetry and potentiostatic electrolysis at the graphite

electrode indicated that molten salt (i) dominated by SiO3
2− was most

suitable for producing Si–Zn alloy among the molten salts studied
because its available potential range was the widest. Since the

Figure 7. SEM images of the Si particles recovered from the Zn electrodes after electrolysis in molten CaCl2 with various rO2−/SiO2 (left vertical column) at
1123 K. Charge: −590.3C (theoretical formation of 1.0 mol% Si–Zn alloy).
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Table III. Current efficiency calculated from the weight of recovered Si and Ca concentration in the Zn electrodes after electrolysis in molten CaCl2 with various rO2−/SiO2 at 1123 K. Charge: −590.3C
(theoretical formation of 1.0 mol% Si–Zn alloy). Rapid cooling: cooling by natural heat dissipation. Slow cooling: cooling at a rate of 20 K h−1.

Current efficiency, η/% Ca concentration in the liquid Zn electrodes, xCa/ppmw

Melt composition
0.60 V Rapid
Cooling

0.60 V Slow
Cooling

0.90 V Slow
Cooling

0.60 V Rapid
Cooling

0.60 V Slow
Cooling

0.90 V Slow
Cooling

4.0 mol% CaSiO3 (rO2−/SiO2 = 1.0) 57.2 81.9 80.5 4233 210 92
2.0 mol% CaO, 4.0 mol% CaSiO3 (rO2−/SiO2 = 1.5) 54.0 77.7 79.6 4709 217 81
4.0 mol% CaO, 4.0 mol% CaSiO3 (rO2−/SiO2 = 2.0) 57.7 79.1 — 4187 315 —
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formation of Ca–Zn alloy might lead to low efficiency during Si–Zn
alloy production, SiO3

2−, the electrochemical reduction potential of
which is quite distinct from that of Ca–Zn alloy formation, is
considered to be advantageous for efficient Si production.

Cyclic voltammetry conducted at the liquid Zn electrode revealed
that the electrochemical reduction of silicate ions began from a more
positive potential compared with that at the solid graphite electrode,
which suggested the formation of a liquid Si–Zn alloy with Si
activity lower than unity with respect to pure solid Si. Molten salt (i)
dominated by SiO3

2− is considered to be suitable for the production
of Si–Zn alloy in terms of available potential range, consistent with
the results obtained at the graphite electrode. Although the formation
of Ca–Zn alloy proceeded during electrolysis at 0.60 V, a current
efficiency of approximately 80% was achieved because of the
indirect reduction of silicate ions by this alloy during the slow-
cooling period. Compared to the electroreduction of solid SiO2, the
use of dissolved SiO2 significantly improved the current efficiency,
suggesting the high productivity of the process.
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