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The electrochemical reduction of borosilicate glass in molten CaCl, at 1123 K was investigated. The behaviors of the constituent
elements, i.e., Si, B, Al, Na, and K, were estimated using potential-pO?~ diagrams constructed from the thermodynamic data for
the species. The diagrams suggested that the first cathodic wave in the cyclic voltammogram results from the reduction of the
B,03; component. The dissolution of the Na;O and K,O components, which was predicted from the diagrams, was confirmed by
energy dispersive X-ray analysis of a borosilicate glass plate after immersion into molten CaCl, without electrolysis. The scanning
electron microscopy/wavelength dispersive X-ray mappings and Raman spectrum for borosilicate glass reduced at 0.9 V vs. Ca>*/Ca
indicated that SiO;, and B,03 are reduced to Si and B-Si compound. The formation of Ca—Al-O compounds owing to the increase
of 0>~ ions is suggested. The pO>~ range during electrolysis at 0.9 V was indicated to be 2.95-3.46.
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In 2015, more than 11% of global electricity was produced by
nuclear power plants.' Indeed, nuclear power generation is expected
to replace conventional fossil-fuel-based thermal power generation
in order to accommodate the energy demands of the growing global
population. Considering the controls on carbon dioxide emissions,
nuclear energy is attractive as a low-carbon-emission power source.
However, the disposal of radioactive waste is a serious problem for
nuclear power generation, especially in countries frequently hit by
volcanic tremors and earthquakes, such as Japan, where the selection
of sites suitable for the geological disposal of radioactive wastes is very
difficult. Therefore, the development of an alternative to geological
disposal is required.

In Japan, a new process for the disposal of radioactive wastes has
been proposed.” In the first step of this process, long-lived fission
products (LLFPs) such as '33Cs, 7°Se, Zr, and '“’Pd are separately
recovered from high-level nuclear waste. They are then disposed as
stable waste after their conversion by nuclear transmutation into short-
lived or stable nuclides. If this process is established as a new disposal
process for nuclear wastes, the amount of nuclear waste will be sig-
nificantly reduced. This process has another potential advantage in
that it may be used to recover valuable elements like platinum group
metals, which can then be utilized for automobiles and fuel-cell cata-
lysts. Moreover, if this process is realized, it is also applicable to the
LLFPs already present in the large amount of existing vitrified waste.
However, to accomplish this, each LLFPs must first be recovered from
the vitrified waste.

Recently, the authors proposed a new method to recover LLFPs
from vitrified wastes by electrochemical reduction in molten CaCl,.?
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The three-dimensional (3-D) network structure of the glass (Si-O) is
electrochemically destroyed. The reduction product is then subjected
to the separation of each element. This process is superior to the
conventional wet process using HF acid owing to its high processing
rate and the relatively small amount of secondary radioactive waste
produced.

In our previous study, the electrochemical reduction of borosilicate
glass, which is composed of SiO,, B,0;, Al,O3, Na,O, and K, O, was
used as a model for real vitrified wastes (4353 wt% SiO,, 7-17 wt%
B,03, 3-5 wt% Al, O3, 6-24 wt% Na,O, and <25-35 wt% nuclear
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wastes*). The main component, i.e., Si0,, was reduced to crystalline
Si after potentiostatic electrolysis at 0.9 V vs. Ca>*/Ca for 30 min. The
formation of calcium aluminates was confirmed, while no reduction
of Al,O3 was indicated. In addition, the reduction of B,O3 and the
dissolution of Na,O were suggested.

The construction of a potential-pO>~ diagram is a useful and
important method to estimate the oxidation state and chemical form of
elements in O%~ ion containing melts. Littlewood first introduced the
concept of potential-pO>~ diagrams for electrowinning processes.’
The diagrams are constructed by plotting the equilibrium potentials
for the associated species against the negative logarithm of the activity
of O? ions in the melt, agz-.

p0O?~ = —logap- [2]

Since then, potential-pO*~ diagrams have been constructed to help
understand the chemical and electrochemical behaviors of many
systems.*2° As examples for CaCl,-based systems, Dring et al. pre-
pared potential-pO*~ diagrams for the Ti-Ca—O—Cl system in molten
CaCl, at 1173 K,°® and we have reported the diagram for the Si—Ca—
O-Cl system in CaCl, at 1123 K. The potential-pO*~ diagrams for
Al systems in molten NaCl-CaCl, and LiCl-CaCl, at 973 and 1173
K have been reported by Yan and Fray.' Furthermore, potential—
pO>~ diagrams have also been constructed for LiCI-KCl,'~'® NaCl—
CaCl,,'"!® and other systems.!*°

In this study, we investigated the behavior of each constituent
element during the electrochemical reduction of borosilicate glass in
molten CaCl, at 1123 K. Firstly, potential-pO*~ diagrams were drawn
from the thermodynamic data to evaluate the stable chemical species
in the system. Secondly, immersed (but not reduced) borosilicate glass
samples were characterized by scanning electron microscopy/energy
dispersive X-ray (SEM/EDX) analysis. Finally, the electrochemically
reduced samples were analyzed by SEM/EDX, scanning electron mi-
croscopy/wavelength dispersive X-ray (SEM/WDX) analysis, and Ra-
man spectroscopy. The reaction mechanism was discussed with refer-
ence to the thermodynamic and experimental data.

Experimental

First, 500 g of CaCl, (> 95.0%, Wako Pure Chemical Industries,
Ltd.) was crushed in an open dry chamber (HRW-60AR, Daikin Co.
Ltd.) and placed in an alumina crucible (purity 99%, o.d. 90 mm,
height 140 mm, As One Corp.). It was then dried at 453 K in a
vacuum oven for more than 72 h. The crucible containing CaCl, was
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transferred to a quartz glass vessel, and placed under vacuum at 773 K
for 24 h to further remove the moisture. The subsequent experiments
were conducted inside the quartz glass vessel at 1123 K under a dry
Ar atmosphere.

Electrochemical measurements and potentiostatic electrolysis
were conducted with a three-electrode method using an electrochemi-
cal measurement system (HZ-3000, Hokuto Denko Corp.). Glass-seal
electrodes and wire-wound electrodes were used as the working elec-
trodes. In the glass-seal electrodes, a tungsten rod (>99.95%, diam-
eter: 2.0 mm, Nilaco corp.) was sealed in a borosilicate glass tube
(Pyrex, SiO, 80.8 wt%, B,0s 12.5 wt%, Al,O3 2.3 wt%, Na,O 4.0
wt%, K,0 0.4 wt%, o.d. 8 mm).> In the wire-wound electrodes, a
borosilicate glass plate (Tempax, SiO, 81 wt%, B,03 13 wt%, Al,O3
2 wt%, Na, O 3.3 wt%, K,0 0.7 wt%, 5 mm x 15 mm x 1.1 mm) was
wound with a Mo wire (>99.95%, diameter 0.2 mm, Nilaco Corp.).?
The counter electrode was a graphite square rod (4 mm x 4 mm x 50
mm, 1G-110, Toyo Tanso Co., Ltd.) and the reference electrode was
an Ag*/Ag electrode.’ The chemical reaction between borosilicate
glass and CaCl, at 1123 K was studied by immersing the wire-wound
electrode in CaCl, for 30 minutes. A chromel-alumel thermocouple
was used for temperature control.

The samples prepared by potentiostatic electrolysis or immersion
were rinsed with distilled water to remove the residual salts and dried at
room temperature. The glass-sealed electrodes were cut by a diamond
cutter into ca. 5 mm long sections. For the wire-wound electrodes, the
Mo wire was cut and removed from the plate carefully. The samples
were observed using optical digital microscopy (Dino Lite PRO Po-
larizer DILITE30 AM-413ZT, Sanko Co., Ltd.) and SEM (VE-8800,
Keyence Corp.). The compositions were analyzed by EDX (EDAX
Genesis APEX2, AMETEK Co., Ltd.) at an accelerating voltage of
15 kV. After a sample was embedded in acrylic resin and polished,
SEM/WDX spectroscopy (JXA-8530F, JEOL Ltd.) at an accelerating
voltage of 10 kV was used for the cross-sectional mapping of ele-
ments. For Raman spectroscopy (Nano finder 30, wavelength: 532
nm, Tokyo Instruments Inc.), the samples were analyzed after they
were rinsed with distilled water, 8% HCI aqueous solution, and 10%
NaOH aqueous solution, successively.

Potential-pO?>~ Diagrams in Molten CaCl, at 1123 K

Prior to the experiments, the potential-pO>~ diagrams were con-
structed for the related systems (M—Ca—O-Cl, where M = Si, B, Al,
Na, or K in molten CaCl, at 1123 K). The thermodynamic data used
for this study are listed in Tables I-VI.%?!-% The electrochemical win-
dow of CaCl, was calculated to be 3.26 V from the standard Gibbs
energy of formation of CaCl,(l). The chemical potential of CaO(/)
was determined to be —496.9 kJ mol™!' from the solubility of CaO in
molten CaCl, and the thermodynamic data for CaO(s).” The evolution
potential of 1 atm O, gas changes with pO?~ value, as indicated in
Eq. 3.

Eo,j0- = 2.57540.111p0*" [3]
The frames of the potential-pO>~ diagrams for CaCl, at 1123 K are
drawn by the dotted lines in Figures 1-4.

The Si—Ca—O0-ClI system.—Figure 1a shows the potential-pO?~
diagram for the Si—-Ca—O-Cl system in molten CaCl, at 1123 K. The
diagram was drawn on the basis of the one reported in our previous

Table II. Thermochemical data for the Si-Ca-O-Cl system at 1123
K.

Standard Gibbs energy

Compound Phase of formation/ kJ mol~! References

SiO, Solid —708.9 22
SiCly Gas —515.2 21,23

CaSi, Solid —97.1 24
CazSiy Solid —277.1 24
CaSi Solid —88.6 24
CasSisz Solid —358.3 24
Ca,Si Solid —130.3 24

CaSiO3 Solid —1317.2 25,26,27
Ca3SiOs Solid —2432.1 28
Ca3Si; 07 Solid —3227.8 28

Table III. Thermochemical data for the B—-Ca—O-Cl system at
1123 K.

Standard Gibbs energy
Compound Phase of formation/ kJ mol™! References
B,03 Liquid —992.3 21, 25,26
BCl3 Gas —346.2 21
CaBg Solid —89.0 29
CaB,04 Solid —1623.0 21,27, 30
CaB407 Solid —2619.8 21, 27,30
CayB,0s5 Solid —2224.5 25,26
Ca3B,0¢ Solid —2798.7 25,26

Table IV. Thermochemical data for the Al-Ca-O-Cl system at
1123 K.

Standard Gibbs energy
Compound Phase of formation/ kJ mol™! References
AL O3 Solid —1320.2 31,32
AICI3 Gas —525.6 21
Al Ca Solid —65.1 33
CaAl, 04 Solid —1879.1 22,30, 34
CaAl,O7 Solid —3211.7 21, 25,26,27
CazAlL0¢ Solid —2926.0 25, 26,27
CajpAl14033 Solid —15790.2 22

paper,” but the thermodynamic data for Si—Ca alloys reported by
Toba et al.,>* were added. CaSiO; phase is found to be stable at
449 < pO* < 5.18 in the melt. At positive potentials and high
CaO concentrations (i.e., low pO?~ values), other calcium silicate
compounds are stable. The potential at the three-phase boundary for
Si0,/CaSi0s/Si is calculated to be 1.32 V vs. Ca?*/Ca, which has been
reported to be the initial reduction potential of SiO,.? Figure 1b shows
the potential-pO>~ diagram in the low pO>~ and negative potential
region, and indicates the formation of Si—Ca alloys. Five Si—Ca alloys
are found at 1123 K. Since the equilibrium potential between Si and
CaSi, is 0.50 V, the Si—Ca alloys form at a more negative potential.

The B—Ca—0-Cl system.—The potential-pO*~ diagram for the
B-Ca—O-Cl system is shown in Figure 2. At 6.02 < pO*~ < 6.43,

Table 1. Thermochemical data for the M-O-Ca-Cl system at
1123 K.

Table V. Thermochemical data for the Na—Ca—O-Cl system at
1123 K.

Standard Gibbs energy Standard Gibbs energy
Compound Phase of formation/ kJ mol™! References Compound Phase of formation / kJ mol~! References
CaClp Liquid —629.6 21 Na,O Solid —261.4 22
CaO Solid —517.4 21 Na,0» Liquid —271.5 21,35
CaO Liquid —496.9 9 NaCl Liquid —309.3 21, 25, 26, 36
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Table VI. Thermochemical data for the K-Ca—O-Cl system at
1123 K.

Standard Gibbs energy
Compound Phase of formation/ kJ mol~! References
K,O Liquid —197.2 21,23
K>0, Liquid —237.7 21,23
KCl1 Liquid —326.2 25,26

CaB4O; phase is formed in the melt. The potential of 1.58 V at
the three-phase boundary of B,05;/CaB,0,/B is more positive than
the corresponding value for the Si—Ca—O—-Cl system (1.32 V). The
boundary between B,O3 or calcium borates and elemental B is more
positive than that between SiO, or calcium silicates and elemental Si,
as indicated with the red dashed line in Figure 2. Since the activity
of B,0;(J) is less than unity in the glass network, the stable region of
B,0; should be larger than that in Figure 2. The formation potential
of CaBg from elemental B is 0.46 V. The calcium borates do not equi-
librate with the CaB¢ phase because the elemental B phase is located
between them (Figure 2). There is a discrepancy in the experimental
report by Yin et al. in which CaBg was formed without elemental B
during the reduction of CaB,0, in CaCl, at 973 K27

The Al-Ca—0-ClI system.—Figure 3a shows the potential-pO>~
diagram for the AI-Ca—O—Cl system. At pO*~ = 3.46, CaAl,O; equi-
librates with Al,O3. In the lower pO>~ region shown in Figure 3b,
other calcium aluminates, CaAl,0,, Caj;Al;4O33, and CazAl,Og, are
stable depending on the conditions. Unlike the B—-Ca—O-Cl system,
the boundary between Al,O; or calcium aluminates and Al metal is
more negative than that between SiO, or calcium silicates and elemen-
tal Si, as indicated by the red dashed line in Figure 3a. The potential
of 0.68 V at the three-phase boundary of Al,03/CaAl,O;/Al is more
negative than that for Si0,/CaSiO;/Si in the Si—~Ca—O-Cl system (1.32
V). The formation potential of Al,Ca alloy is found to be 0.36 V. In
the potential-pO*~ diagram for Al-Ca—O-Cl in molten CaCl,-NaCl
reported by Yan et al.'°, the stable region of for Al,Ca was larger than
that in Figure 3a. We will report the details for the formation of Al-Ca
alloy and the construction of the Al-Ca—O-Cl system in a separate
paper.®

The Na—Ca-O-Cl and K-Ca-O-Cl systems.—The potential—
pO?~ diagrams for the Na—-Ca—O—Cl and K-Ca-O-Cl systems are
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Figure 2. Potential-pO?~ diagram for the B—Ca—O—Cl system in molten
CaCl; at 1123 K (red dashed line: boundary between Si and other compounds
in the Si-Ca—O-Cl system).

shown in Figures 4a and 4b, respectively. The stable phases are NaCl(J)
and Na(/) in Figure 4a and KCI(/) in Figure 4b. The dashed line in
Figure 4b shows the formation potential of K(g) calculated from the
decomposition voltage of KCI(/). The diagrams also suggest that both
Na,0 and K,O are thermodynamically favorable to dissolve in the
melt.

Na,O (s, in glass) + CaCl, (I) — 2NaCl (/) 4+ CaO (1) [4]

KO (s, in glass) + CaCl, (1) — 2KCl(I) 4+ CaO (1) [5]

Results and Discussion

The chemical reaction between the glass and molten CaCl,.—
Figure 5a-1 shows a photograph of the borosilicate glass plate after im-
mersion in molten CaCl, for 30 min. A deformation of the glass plate
is observed because Mo wire was wound in one fixed direction around
the plate and the glass has a low softening point at around 1093 K.

(b)

1.0 T T T T T
Ca,;Si,0,(s)
osk Ca,SiOg(s) |
> .
S Si(s)
Q o6 .
© w
o = -
% % CaSiy,(s)
Z 04F O =
© ) CazSiy(s)
< CaSi(s)
o
2 o2t Ca.Siy(s) -
Ca,Si(s)
0 Cal
1 1 1 1 1 1

05 10 15 20 25 30 35 40
pO*

Figure 1. Potential-pO?~ diagrams for the Si-Ca—O—Cl system in molten CaCl, at 1123 K for the (a) whole region and (b) low pO*~ region.
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Figure 3. Potential-pO?~ diagrams for the Al-Ca—O—Cl system in molten CaCl, at 1123 K for the (a) whole region and (b) low pO?>~ region (red dashed line:
boundary between Si and other compounds in the Si—Ca—O—-ClI system, blue dash-dot line: boundary between B and other compounds in the B-Ca—O-ClI system).

Furthermore, the devitrification of the plate, namely the color change
from transparent to white, is observed. The devitrification suggests the
occurrence of reactions between the glass surface and the melt. A sur-
face SEM image and the EDX result are shown in Figure 5a-2 and 5a-3,
respectively. The composition of the original plate is calculated from
the composition ratio of each oxide in the borosilicate glass. The flake-
like deposits of 1-5 pm in size in the dimples (point 1) are richer in Ca
and Al compared with the original glass plate. Conversely, the porous
surface (point 2) has areas with compositions similar to that of the
original state, without the decrease of Na. The decrease of Na concen-
tration is confirmed for both points 1 and 2. These behaviors suggest
that the reaction of Na, O with CaCl, results in the devitrification of the
glass.

To confirm the progress of the chemical reaction into the inner bulk
of the glass, a fractured section of the broken plate (Figure S5b-1) was
observed by SEM/EDX (Figure 5b-2 and 5b-3). At point 3, the small
holes in the porous phase have sizes of less than 1 wm. This porous
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phase has a similar composition to that of the original state, except
for the decrease of Na. The porous phase has a similar morphology
and composition to that of the porous phase observed by surface SEM
at point 2. At point 4, the depth of the dimples near the flake-like
deposits is around 10 pwm, which agrees with the surface observation
at point 2 in Figure 5a-2. The flake-like deposits (point 4) have a
higher concentration of Ca and Al than that of the original glass, and a
similar composition to that of the flake-like deposits at the surface (at
point 1). At point 5, the fractured section has a smooth morphology
at the micrometer scale. The composition is similar to that of the
original state, and the concentration of Na is the same as that for
the original composition. Therefore, it is concluded that the phase
separation occurs only on the surface of the glass. The dissolution of
Na,O into the melt (Eq. 4) is also suggested by the potential-pO>~
diagram in Figure 4a. Although the behavior of K was not clarified
due to the small K content, its oxide should also dissolve in the melt
(Eq. 5) according to Figure 4b.
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Figure 4. Potential-pO?~ diagrams for (a) the Na—Ca—O-Cl system and (b) the K—Ca—O—Cl system in molten CaCl, at 1123 K.
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Si 39.7 21.8 275 Si 29.0 23.2 325
(@) 56.6 63.3 68.3 (6] 66.3 55.9 61.5
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Ca 0.0 4.0 0.7 Ca 2.0 6.8 0.6
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Figure 5. (a-1) A microscope image, (a-2) SEM image, and (a-3) EDX anal-
ysis result for a borosilicate glass plate soaked in molten CaCl, for 30 min at
1123 K and rinsed in distilled water. SEM images in (b-1) low and (b-2) high
magnification, and (b-3) EDX analysis result from a fractured surface obtained
by breaking the plate after immersion shown in (a-1).

Considering the technique for the chemical strengthening of glass
by ion exchange in molten salts,* the present results are reasonable. In
the ion exchange process at temperature above the strain point, smaller
ions are introduced to replace larger ones. For example, a soda-lime-
silica glass soaked in a lithium-containing bath is strengthened by the
exchange of Li* with Na* (ion radius: Nat > Li*).** In the present
study, the strain points for Pyrex and Tempax glass (783 and 791
K, respectively) are lower than 1123 K, and therefore the Ca?t ions
replace Na™ ions (ion radius: Na* > Ca*").

For phase separation, the mechanism is explained as follows: The
dissolution of Na, O into the molten CaCl, results in an increase of the
concentration of O%>~ ions around the glass surface. According to the
report, the higher content of CaO promotes the phase separation of
Si0,—-Ca0-Al, 05 glass into a (CaO-Al,O3)-rich phase and a SiO,-
rich phase at 1173 K.*! Thus, Ca and Al rich flake-like deposits and
porous phase are observed only on the glass surface after immersion
in molten CaCl,.

Cyclic voltammetry.—Figure 6 shows the cyclic voltammograms
for a borosilicate glass sealed electrode.® The current in the 5th cycle
is larger than that in the 1st cycle, which is explained by the increase
of the reacting zone during the cyclic voltammetry measurement.
In the negative scan, the cathodic current starts at 1.8 V. From the
potential-pO?~ diagrams for Si—-Ca—O—Cl and B-Ca—O-Cl (Figures
la and 2a), the reduction of B,O; is suggested to occur at more
positive potentials than that of SiO, in the whole range of pO*~
values. Thus, the cathodic current at 1.8 V is attributed to the reduction
of B203.

B,Os (s, in glass) +6e~ — 2B +30* [6]

A large cathodic current flows from 1.3 V, which corresponds to
the reduction of SiO, to Si.* The large current is due to the large
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Figure 6. Cyclic voltammograms for borosilicate glass sealed electrodes in
molten CaCly at 1123 K. Scan rate: 100 mV s~'. (Ref. 3)

composition ratio of SiO; in the glass.
Si0, (s, in glass) + 4e~ — Si+20* [71

A sharp increase of cathodic current is observed at 0.4 V, which can
be explained by the formation of Si—Ca alloys.>?**?

Si+Ca** +2e” — Si-Ca [8]

After the switching potential at 0.3 V, an anodic current peak is ob-
served at 0.65 V for dissolution of Ca from the Si—Ca alloy. Another
anodic current peak at 1.5 V correspond to the oxidation of Si to
SiO,. A small anodic current observed from 1.8 V is likely due to the
oxidation of B to B,0Os.

Characterization of the reduction product prepared by poten-
tiostatic electrolysis.—The wire-wound borosilicate glass electrodes
were potentiostatically electrolyzed to investigate its reduction be-
havior at different potentials (0.6, 0.9, and 1.4 V). A larger current
is observed at more negative potential (Figure 7a). As seen in Figure
7b, the plate color changes from colorless to brown at 0.6 and 0.9 V,
while no change is observed for 1.4 V. The area of color change is
larger at 0.6 V than at 0.9 V. At 1.4 V, bubbles are formed in the glass
at the contact points with the Mo wire. Bubbles are also observed in
the borosilicate glass at 0.9 and 0.6 V.

The bubbles in the glass are thought to be formed by H, gas
generated from water reduction in the glass. There is a report that
silanols (=Si—OH) remain both on the surface and inside the silica
(SiO,) at 1123 K, and H, O is generated by the reaction in Eq. 9 when
the temperature increases.*

2 -OH (in glass) — 2 -O— + H,0 [9]
a
@ | T | T
I I I
-100}
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-300}
~400 | !
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Figure 7. (a) Current-time curves during the reduction of wire-wound borosil-
icate glass electrodes at 0.6, 0.9, and 1.4 V vs. Ca?*/Ca for 30 min in CaCl,
at 1123 K and (b) microscope images of the obtained samples prepared by the
electrolysis.
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Element Composition / At%

@-® (-@ (®
Si 73.2 20.0 86.3
(¢} 17.9 62.6 4.2
Al 1.8 0.8 2.7
Na 0.9 0.3 ND
Ca 3.0 13.5 5.8
Cl 33 2.7 1.0

Figure 8. SEM images of reduction products obtained by the electrochemical
reduction of a borosilicate glass plate at (a) 0.6 and (b) 0.9 V vs. Ca2t/Ca for
30 min. (c) EDX analysis results for each sample.

2H,0 (in glass) +4e~ — 20°" 4+ 2H,(g) [10]

If these reactions occur, H, gas is generated near the contact point
between the Mo wire and the surface of the glass. These bubbles are
not observed for the silica glass plate at 1.4, 0.9, and 0.6 V.*> The
difference in the behaviors of borosilicate glass and silica glass is
also likely due to the softening points (SiO,: 1773 K, Tempax glass:
1093 K). In the case of borosilicate glass, H, gas can deform the glass
because of the low softening point, allowing bubbles to form at the
contact points with the Mo wire.

Behaviors of Si and Na.—The formation of Si has been previously
confirmed by XRD analysis of the reduction products for borosilicate
glass prepared at 0.6 and 0.9 V.? The results of the SEM observation
and EDX analysis of the reduction products of borosilicate glass at
0.6 and 0.9 V (Figure 8) indicate the reduction of SiO, to Si. The
formation of connected granular products with a high concentration
of Si is observed at both potentials. The size of the grains is smaller
at 0.6 than that at 0.9 V. The largest diameter of the grains is ca.
1 pm at 0.6 V and ca. 10 um at 0.9 V. At 0.6 V (Figure 8a), the
connected granular products grow from regions of high Si and low
O concentrations (point 1) toward regions of high O concentration
(point 2).

The dissolution of Na,O into molten CaCl, during the electro-
chemical reduction was confirmed by SEM/EDX analysis for both
0.6 and 0.9 V. The concentrations of Na for all three points in Fig-
ure § are lower than the initial Na concentration of the plate (2.6
at%). These results agree with the reaction between borosilicate glass
and molten CaCl, in the immersion experiment, as discussed in the
chemical reaction between the glass and molten CaCl, section.

Behavior of B.—To investigate the reduction behavior of B, Raman
spectroscopy was conducted for the borosilicate glass reduced at 0.9
V for 30 min in CaCl,, as shown in Figure 9. For reference, the
spectrum of a p-type single crystal silicon wafer was also measured.
In addition to the peak for crystalline Si (520 cm™), a small peak at
618 cm™! appears for the reduced borosilicate glass. The peak position
agrees well with the reported values for ''B—Si (620 cm™) in B-doped
bulk silicon** and '"B-Si (618 cm™) in B-doped Si-nanowire.* In
this study, we used natural boron (''B: 80.2%, '°B: 19.8%) and the
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Figure 9. Raman spectra for the borosilicate glass reduced at 0.9 V vs.
Ca®*/Ca for 30 min in CaCl, and p-type single crystal silicon wafer. A 532
nm-excitation laser was used.

more abundant ''B-Si peak was detected. Therefore, the reduction
of B,Oj; in the borosilicate glass, which was suggested by the cyclic
voltammetry and potential-pO®~ diagram, is confirmed. The reduced
products have B—Si bonds in a B-containing crystalline Si phase.

Behavior of AL—The reduction behavior of Al,O5 was investigated
by SEM/WDX cross-sectional mappings of the products obtained at
0.9 V for 30 min (Figure 10). The result agrees well with previously
reported surface SEM/EDX mappings where most of the O-rich areas
coincide with the Al-rich areas and Ca-rich areas.? This result indicates
that Al,Oj is not reduced and that calcium aluminates are formed both
in the bulk and on the surface of the reduced products. In the potential—
pO?~ diagram for the Al-Ca—O—Cl system (Figure 3), the conditions
for no reduction of Al,O5; and the formation of calcium aluminates is
found to be the region where pO*~ < 3.46.

Interpretations of the behavior of each element.—Figure 10
shows that several regions inside the granules produced contain Si, Al,
Ca, and O (one such region is shown as a white circle in Figure 10).
This result is interpreted as being due to a mixture of reduced silicon
and unreduced calcium aluminates, which agrees with the previous
discussions.

The reaction conditions including the pO*~ value can be deduced
from the experimental results. Figure 11a shows the superimposed
potential-pO*~ diagrams for the Si—-Ca—O-Cl, B-Ca—O-Cl, and

Figure 10. SEM/WDX cross-sectional maps of products obtained by the elec-
trochemical reduction of a sealed borosilicate glass electrode at 0.9 vs. Ca?+/Ca
for 30 min in molten CaCl, (White circle shows the inside of the grains con-
taining Si, Al, Ca, and O).
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Figure 11. Superimposed potential-pO>~ diagrams for the Si—, B—, and Al-Ca—O—Cl systems in molten CaCl, at 1123 K for the low pO?~ region (red dashed
line: boundary between Si and other compounds in the Si—-Ca—O-Cl system, blue dash-dot line: boundary between B and other compounds in the B-Ca—O-Cl
system, black line: boundary between Al and other compounds in the AI-Ca—O-Cl system). (a) The stable region for Si, B, and calcium aluminates. (b) Common
region for the obtained species and pO>~ range obtained from experimental results for each element behavior at 0.9 V.

Al-Ca—O-Cl systems. In this diagram, the common region stable
for calcium aluminates (yellow), Si (red), and B (blue) exists. The
common region for the obtained species is shown in yellow in Figure
11b. At 0.9 V, the pO?>~ values for the formation of Si and B are
larger than 2.95 and 2.62, respectively. For the formation of calcium
aluminates, the pO?~ value is smaller than 3.46. To summarize, the
reduction product in this study was formed in the range 2.95 < pO*~
< 3.46. This pO®~ range is smaller than the reported pO>~ value of 5.5
for the electrochemical reduction of SiO, in molten CaCl,.° One of
the reasons for the decreased pO?~ value is the emission of O>~ ions
by the dissolution of Na,O. Although calcium silicates are formed by
the reaction with CaO in the melt as an intermediate in the reduction of
Si0,,’ they are then reduced to Si to produce O>~ ions at 0.9 V. B,0;
will have a similar reduction pathway to that of SiO,. Conversely,
calcium aluminates are not reduced in this pO>~ range, and the CaO
formed both by the dissolution of Na,O and the reduction of SiO,
and B,O5 will react with Al,Oj3. Therefore, the value of pO?~ remains
around 3.46 where the boundary between CaAl,O; and Al,O; exists.
Based on the results obtained throughout this study, including the
potential-pO?~ diagrams and characterizations of the products, the
reaction mechanism and the behavior of each element during the
reduction of borosilicate glass at 0.9 V are summarized as follows:

1. Dissolution of Na,O and K,O and emission of O®>~ ions.

2. Phase separation of borosilicate glass.

3. Reduction of SiO; to Si via a Ca,Si, O, intermediate and B, O3 to
B via a Ca,B,O, intermediate at 0.9 V.

4. Reaction of the more abundant O?>~ jons with Al,O; to form
calcium aluminates.

5. Repetition of steps 1—4 leading to a pO>~ range of 2.95 < pO*~

< 3.46.

Conclusions

The electrochemical reduction behavior of borosilicate glass with
a composition of 80.8 wt% SiO,, 12.5 wt% B,0s3, 2.3 wt% Al,Os3,

4.0 wt% Na, O, and 0.4 wt% K,0O was investigated in molten CaCl,
at 1123 K. SiO, was confirmed to be reduced to Si both at 0.6 and
0.9 V. Raman spectroscopy revealed the reduction of B,0O; at 0.9 V
to form B-Si bonds in a B-containing crystalline Si phase. Na,O was
dissolved only by immersion into molten CaCl,, which was confirmed
by EDX analysis. As for Al,O3, the formation of calcium aluminates
without reduction was confirmed at 0.9 V by SEM/WDX mapping.
The above results agree with the potential-pO?~ diagrams constructed
from published thermodynamic data. The pO*~ range was indicated
to stay at 2.95 < pO*>~ < 3.46 during the electrolysis at 0.9 V as a
result of the dissolution of Na,O, the reduction of B,O5 and Si0O,, and
the formation of calcium aluminates.
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