Communications

Angewandte

Chemie

International Edition: DOI: 10.1002/anie.201707064
German Edition:
DOI: 10.1002/ange.201707064

Electrochemistry Hot Paper

Low-Temperature Molten-Salt Production of Silicon Nanowires by the
Electrochemical Reduction of CaSiO3
Yifan Dong, Tyler Slade, Matthew J. Stolt, Linsen Li, Steven N. Girard, Liqiang Mai,* and
Song Jin*
Abstract: Silicon is an extremely important technological
material, but its current industrial production by the carbothermic reduction of SiO2 is energy intensive and generates
CO2 emissions. Herein, we developed a more sustainable
method to produce silicon nanowires (Si NWs) in bulk
quantities through the direct electrochemical reduction of
CaSiO3, an abundant and inexpensive Si source soluble in
molten salts, at a low temperature of 650 8C by using lowmelting-point ternary molten salts CaCl2–MgCl2–NaCl, which
still retains high CaSiO3 solubility, and a supporting electrolyte
of CaO, which facilitates the transport of O2@ anions,
drastically improves the reaction kinetics, and enables the
electrolysis at low temperatures. The Si nanowire product can
be used as high-capacity Li-ion battery anode materials with
excellent cycling performance. This environmentally friendly
strategy for the practical production of Si at lower temperatures
can be applied to other molten salt systems and is also
promising for waste glass and coal ash recycling.

Silicon is not only the foundational material for micro-

electronics but also a key material in many renewable energy
technologies and chemical and metallurgical applications.[1]
The demand for Si is increasing rapidly. For the solar energy
industry alone, demand is estimated to increase 30 % each
year.[2] As the second most abundant element in the earthQs
crust, Si is naturally found in silica (SiO2) and metal silicates,
which are the primary components of rocks and sand.[3]
Currently, Si is industrially produced by the carbothermic
reduction of SiO2 by coke (elemental carbon or charcoal),
which requires high operating temperatures (1700 8C or
higher) in an electric furnace. The net reaction is [Equation (1)]:
SiO2 ðsÞ þ CðsÞ ! SiðlÞ þ CO2 ðgÞ

ð1Þ
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While this approach is scalable, it suffers from high energy
consumption (> 20 kWh kg@1), has poor energy efficiency
(< 30 %),[4] and produces significant carbon emissions directly
as CO2 and through the generation of electricity required to
power high temperature furnaces.[5] Additionally, purification
steps based on hydrochlorosilane through the Siemens
process are needed to make high-purity Si.[6] Thus, the high
cost of Si is due mainly to the large energy consumption
associated with its production. Thermal reduction with
reactive metals such as Mg can also reduce silica to Si,[7] but
Mg comes from electrolysis as well. These factors make
developing a more sustainable and energy efficient method
for producing Si highly desirable.
Electrochemical reduction methods using inorganic
molten salts as electrolytes have achieved great success in
industrial production of aluminum (Hall–H8roult process), as
well as extraction of other active metals.[8] Electrolytic Si
extraction through the direct electrochemical reduction of
solid silica in molten salts has also been studied. In this
process, a working electrode supplies electrons to reduce the
SiO2 solid wrapped by the electrode and submerged in molten
CaCl2 at 850 8C via the reaction shown in Equation (2):[9]
SiO2 þ 4 e@ ! Si þ 2 O2@

ð2Þ

This approach has two major advantages over carbothermic reduction:[10] The use of molten salts significantly reduces
the reaction temperature (850 vs. ca. 1700 8C), and Si is
produced in a single step.[11] Furthermore, CO2 emissions are
reduced because of the lower energy consumption. However,
since the electrolysis occurs at the three-phase interface
between the working electrode, insulating silica solid, and
molten salt, it is difficult to achieve complete reduction of the
silica and the yield of Si is very low, as only the silica in contact
with metal electrode is readily reduced.[12] Another issue is
that the operating temperature is still too high for practical
production using available compatible materials.[13] If the
yield can be improved and the operating temperature can be
reduced further by just a few hundred degrees, the residual
heat of many industrial processes can be used to enable the
practical and large scale production of Si.[14]
Herein, we overcome these limitations and develop
a novel process more similar to the Hall–H8roult process to
realize the low-temperature electrochemical production of Si
in bulk quantities through the reduction of a soluble CaSiO3
precursor using a carefully designed low-temperature ternary
eutectic melt that lowers the operating temperature yet
retains the solubility of CaSiO3 and CaO as a supporting
electrolyte that provides a higher concentration of O2@ ions to
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