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In situ synchrotron X-ray diffraction was used to investigate the electrochemical reduction of SiO, to Si in molten
CaCl, at 1123 K for the first time. The present technique enabled direct determination of intermediate products
at high temperature, without cooling and washing treatments. Based on the diffraction data, the Ca,SiO4 phase
was detected inside the electrode, but not at the electrode edge. These results were explained by the presence of
different concentrations of O®~ ions in molten CaCl, permeating different regions of the electrode.

1. Introduction

Electrochemical reduction of SiO, in high-temperature molten salts
has been attracting considerable attention as a new process for the
production of high-purity silicon from SiO, [1-11]. This process has the
potential to produce solar-grade silicon to replace the conventional
(Siemens) process. Recently, electrochemical reduction of borosilicate
glasses (whose main component is SiO,) has also been investigated for
application in a new recovery process of long-lived fission products
from vitrified wastes [12-14].

The electrochemical reaction mechanisms of insulating SiO, have
been investigated for decades [1-11]. In these processes, molten CaCl,,
which has high solubility of O®~ ions, is typically used as an electrolyte.
The direct contact of an electric conductor with SiO, in a molten salt
enables the reduction of SiO, to Si by the following solid-state reaction:

SiO, + 4e~ — Si + 20%~ (in CaCL(I), at 1123 K) (D)

The electrochemical reduction of SiO, starts at the conductor/in-
sulator/electrolyte three-phase interphase [1,3,5]. Due to the high
electric conductivity of Si at 1123 K, the reduction proceeds by creating
a new three-phase interphase (SiO./produced Si/CaCl,). Amorphous Si
is first formed by electrochemical reduction and then thermally trans-
formed to crystalline Si [3]. According to the thermodynamic
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consideration using potential-pO®~ diagrams, three solid calcium sili-
cates, CaSiO3, Ca3Si,O,, and Ca,SiO4, were indicated as possible in-
termediates depending on the p02’ value [6]. Among them, CaSiO3
was suggested to be most likely one by ex situ X-ray photoelectron
spectroscopy [6].

In situ synchrotron X-ray diffraction is a useful technique for phase
identification. Most previous studies of the electrochemical reduction of
oxides in molten salts have employed ex situ phase identification
methods, after cooling and washing the reduction samples. However,
the crystal structures of the samples might change during the cooling
process, and the washing treatment might induce chemical reactions as
well as the removal of water-soluble species. In situ synchrotron X-ray
diffraction measurements were previously performed to identify the
intermediate compounds in the electrochemical reduction of TiO, [15]
and NiTiO3 [16] in molten CaCl,, as well as of UO, [19] in molten
LiCl-KCl. In the case of TiO,, sub-stoichiometric phases such as CaTiO5
and CaO were reported as intermediate products during the reduction
reaction [15]. In the reaction of NiTiO3, CaO was not detected and only
CaTiO3 was confirmed as an intermediate oxide product [16]. More-
over, no intermediate products were reported for the electrochemical
reduction of UO, in molten LiCI-KCl [19]. In the present study, in situ
synchrotron X-ray diffraction was employed to determine the phase
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Fig. 1. (a) Schematic illustration of in situ experimental apparatus for electrochemical reduction of SiO, in molten CaCl, at 1123 K. (b) Scheme of glass-sealed

electrode and beam path.

composition during the electrochemical reduction of SiO, in molten
CaCl, and further investigate the corresponding reduction mechanism.

2. Experimental

Fig. 1a shows a schematic illustration of the experimental appa-
ratus. Before the experiment, 25.0 g of CaCl, ( > 95%, Fujifilm Wako
Pure Chemical Co., Ltd.) was placed in a vitreous carbon crucible (outer
diameter (o0.d.) 40 mm, height 40 mm, purity 99%, Tokai Carbon Co.,
Ltd.) set in an open dry chamber (HRW-60AR, Daikin Co., Ltd.). The
crucible containing CaCl, was successively dried at 453 K for 2 h, at
773 K for 12 h under vacuum, and at 1123 K in dry Ar atmosphere for
6 h. The experiment was carried out at the BL28B2 beamline of SPring-
8 in Hyogo, Japan. A vertical electric furnace with four windows was
designed to allow white X-rays to penetrate. The electrolysis was con-
ducted inside a quartz glass vessel at 1123 K in a dry Ar atmosphere. To
avoid heat damage, the windows were covered with aluminum films.
The temperature was controlled by two chromel-alumel thermo-
couples; one was installed in the vertical furnace and the other was
immersed in the molten salt.

Electrochemical measurements and electrolysis were conducted in a
three-electrode configuration using an electrochemical measurement
system (HZ-7000, Hokuto Denko Corp.). The vitreous carbon crucible
and a silver plate (10 mm X 30 mm X 0.1 mm, 99.98%, Nilaco Corp.)
were used as counter electrode and current lead, respectively. The re-
ference electrode was an Ag*/Ag electrode prepared by immersing a
silver wire (diameter 1.0 mm, 99%, Nilaco Corp.) in a CaCl, melt
containing 0.5 mol% AgCl (99.5%, Fujifilm Wako Pure Chemical Co.,
Ltd.) placed in a mullite tube (0.d. 6 mm, inner diameter (i.d.) 4 mm,
SiO5 40%, Al,O3 56%, Nikkato Corp.) [6]. The potentials were cali-
brated by the Ca deposition/dissolution potential measured by an Mo
electrode (diameter 1.0 mm, > 99.95%, Nilaco Corp.) [6] before the
start of the electrolysis of SiO,.

Fig. 1b shows a schematic illustration of the glass-sealed electrode
and beam paths. The SiO, glass-sealed electrode, employed as working
electrode, was prepared by inserting a tungsten rod (diameter
2.0 mm, > 99.95%, Nilaco Corp.) into a silica glass (amorphous SiO,)
tube (o.d. 6.0 mm, i.d. 2.0 mm) [12]. Cyclic voltammetry (CV) mea-
surements were performed immediately before the electrolysis (scan
rate 100 mV s~ 1, 1 cycle, potential range 2.0-0.3 V vs. Ca>* /Ca). Using
the same electrode employed for the CV measurements, the electrolysis
was conducted by scanning the potential from the open circuit value to

0.7 V vs. Ca®>*/Ca at a rate of 0.5 mV s !, and then keeping the po-
tential at 0.7 V for 150 min. The measurement of the white X-ray dif-
fraction spectrum started at the same time as the potential scan. The
size of the incident beam was 50 pm (height) x 200 pm (width) and the
take-off angle was set at 20 = 5°. The sizes of the two slits in front of the
detector were 50 ym X 3 mm and 50 pm X 8 mm (height x width).
The vertical electric furnace was set on the transition stage. The dif-
fracted X-rays were consecutively detected at three different heights:
the bottom edge of the electrode (z = 0 mm) and two points inside the
electrode (z = 0.3 and 0.6 mm). The acquisition time for each pattern
was 120 s. An energy-dispersive X-ray detector (Ge solid-state detector,
GLP-16195/10P4, ORTEC) was employed in the range of 0-200 keV.
The number of obtained data points was 4096 (data points for one
spectrum) X 30 or 31 (times) X 3 (measured z positions). For each
position, a spectrum was obtained with a time resolution of approxi-
mately 6 min. The spectra were analyzed in the range of 50-100 keV,
which contained around 900 data points.

3. Results and discussion

Fig. 2 shows the potential-time (a) and current-time (b) curves
during the electrolysis. During the potential scanning in the negative
direction, the cathodic current starts flowing from ca. 20 min, corre-
sponding to a potential of 1.3 V. After ca. 40 min, the potential remains
stable at 0.7 V and the cathodic current around 40 mA lasts until the
end of the electrolysis. Such trends agree with the reported starting
potential of SiO, reduction and with the current values in potentiostatic
electrolysis experiments using the same electrode [4,12]. After the ex-
periment, the color of the edge of the SiO,-sealed electrode changes
from colorless to brown, indicating the reduction of SiO, to Si.

Fig. 2b-d show the selected energy-dispersive X-ray diffraction
(EDXRD) data at z = 0, 0.3, and 0.6 mm, respectively. The d-spacing
values were calculated from the photon energy measured at the de-
tector according to equation (2), derived from Bragg’s law with a take-
off angle of 26 = 5

d(A) 12.40
2 E sinf (keV) 2

In addition to several peaks for Si [17] and a’-Ca,SiO4 [18], the
fluorescence peaks of Pb from the beamline instruments appear at
75.03 (Pb Ky1), 72.76 (Pb K,2), 84.68 (Pb Kg;), and 87.48 (Pb Kp,) keV
[20,21]. Hereafter, the high temperature o’-Ca,SiO4 phase is simply
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Fig. 2. (a) Potential-time (top) and current-time (bottom) curves during the experiment. (b) Selected raw EDXRD data at different times for (b) z = 0 mm, (c)
z = 0.3 mm, and (d) z = 0.6 mm. (*) Peaks from X-ray fluorescence. The shifts of the W fluorescence peaks are due to the energy loss when X-ray is passing through

the inside of the electrode.

denoted as Ca,SiO4. The peaks at 56.22 and 57.46 keV probably re-
present shifted W K,; and W K, fluorescence signals, respectively, and
can be attributed to the tungsten rod in the SiO,-sealed electrode. The
shifts of the W fluorescent signals are explained by the energy loss when
X-ray is passing through the inside of the electrode consisting of SiOa,
produced Si and Ca,SiO4. The measured intensity is shown as raw
EDXRD color map data as a function of time in Fig. 3a. A dark red color
denotes high-intensity signals. Among the observed signals, the Ca,SiO4
(020) (E =51.75keV), Si (311) (E = 86.78 keV), and Si (2 2 0)
(E = 74.00 keV) peaks were used for the evaluation and determination
of the reaction products. Among several reported diffraction peaks for
Ca,Si0y, only the (0 2 0) peak that is the strongest one for Ca,SiO4 was
observed, indicating that the produced Ca,SiO4 had high orientation.
Such high orientation might occur when the reaction proceeds in one
direction. Incidentally, other possible solid compounds, a-quartz, [3-
CaSiO3, CasSi, 05, CaO [21], did not match the peak at E = 51.75 keV.
The sharp peak at approximately 65 keV at 164.5 min at z = 0.3 mm
seems to be a background noise taking the width of the peak into ac-
count.

Fig. 3b shows the intensity—time curves of the Ca,SiO4 (0 2 0), Si
(8331), and Si (2 2 0) peaks at each z position indicated in Fig. 3a. At

z = 0 mm, the formation of Si is observed after 25 min, which matches
the time when the reduction current starts flowing at 1.3 V in Fig. 2a.
On the other hand, Ca,SiO,4 is not detected at z = 0 mm during the
electrolysis. At z = 0.3 mm, the Si (3 3 1) and Si (2 2 0) signals increase
after 60 min. At the same time, the Ca,SiO, (0 2 0) signal also increases
and then drops within 25 min. Similar trends, i.e, simultaneous signal
increases for Si (3 3 1), Si (2 2 0), and Ca,SiO4 (0 2 0), are observed
after 150 min at z = 0.6 mm. A different feature with respect to the
trend observed for z = 0.3 mm is that the Si (3 3 1) and Si (2 2 0)
signals increase more gradually at z = 0.6 mm, indicating that the
reduction rate slows down going from the edge to the interior of the
electrode. The 1-h reduction rate of SiO, observed in the present study
(ca. 300 pum for 1 h) is consistent with that reported in a previous study
(approximately 200 pm at 1.00 V and 400 pum at 0.70 V in the initial
1 h) [4].

Herein, the edge (z = 0 mm) and interior (z = 0.3 and 0.6 mm) of
the electrode exhibit different behaviors in terms of formation of
Ca,Si0,4 and reduction rate of SiO,. These differences can be explained
by the different diffusivity of 0%~ ions in molten CaCl, permeated into
the electrode. Due to their low diffusivity inside the electrode, the
electrochemically produced 0%~ ions tend to accumulate, which results
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Fig. 3. (a) Color map from raw EDXRD data as a function of time for z = 0, 0.3, and 0.6 mm. (*) Peaks from X-ray fluorescence (note: the reason for the shift of the W
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Z position.

in slow electrochemical reduction via formation of the Ca,SiO,4 inter-
mediate. On the other hand, since O*~ ions are easily removed from the
edge of the electrode, fast electrochemical reduction without formation
of Ca,Si0, occurs in this region. The potential-pO?~ diagram of the
Ca-Si-O system [6,13] confirms the stability of calcium silicates in low
pO?~ (ie., high O?>~ ion concentration) regions.

The present study reveals both similar and different trends compared
with previous in situ synchrotron X-ray diffraction studies of the electro-
chemical reduction of TiO, [15] and NiTiO3 pellets [16]. It should be
noted that the dense SiO, electrode was used in the present experiment,
and that TiO, and NiTiO3 porous pellets were used in the previous re-
searches. The similar trend is represented by the lower reduction rate in-
side the electrode, which applies to all three investigated cases (SiO2, TiO,,
and NiTiOs3). The different behavior concerns the lifetime of the inter-
mediate phases. The lifetime of the CaTiO5; intermediate was more than
4 h for TiO, and NiTiO3 even at the edge of the electrode, while in the case
of SiO,, the Ca,Si0, lifetime at the edge of the electrode was only around
25 min. The different lifetime is probably due to the different stability of
the intermediates. Even though porous pellets were used in the previous
studies of TiO, and NiTiOs, which is advantageous for fast diffusion of
02~ ions, the lifetime was much longer than that of the present system,
involving dense SiO,, which reflects the high stability of CaTiO5;. More-
over, the different electrode configurations (two- and three-electrode
systems were used in the previous studies and the present one, respec-
tively) might influence the electrochemical reduction behavior. Clearly,
the three-electrode system is preferable for the precise control of the
working electrode potential. Since much faster reduction rate was reported
for SiO, powders piled on a current collector (approximately 3 mm at

0.80 V and 4 mm at 0.60 V in the initial 1 h) [11], in-situ X-ray diffraction
study is also needed for SiO, porous pellets or powders.

4. Conclusions

The electrochemical reduction of SiO, to Si in molten CaCl, at
1123 K was investigated by in situ synchrotron X-ray diffraction using a
SiO, sealed electrode. The Ca,SiO, phase was detected inside the
electrode as an intermediate product formed during the electrochemical
reduction of SiO, to Si, whereas the same phase was not detected at the
edge of the electrode. The difference in Ca,SiO, formation behavior can
be explained by the occurrence of different O*~ ion concentrations at
different locations. As the reduction proceeded, the Ca,SiO4 phase
disappeared in 25 min. Finally, the reduction rates of SiO, were ob-
served to decrease from the edge toward the interior of the electrode.
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