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Mesoporous, 3-D, nanocrystalline Si has been synthesized via the
magnesiothermic reduction of SiO particles at a peak temperature
of only 500 °C in a scalable flow-through reactor setup. Such 3-D
porous Si as an anode material exhibited high, reversible capacities
(i.e., 900 mA h g~ after 160 charge-discharge cycles at 1000 mA g~ ).

Silicon has attracted considerable interest as a high energy density
and relatively safe anode material for lithium ion batteries, owing to
its high theoretical specific capacity (4200 mA h g~ ') and moderate
electrochemical potential versus Li/Li* compared to graphite." How-
ever, large volume changes (>300%) upon lithiation-delithiation of
silicon during electrochemical cycling can lead to pulverization and
disintegration of silicon anodes, and a rapid reduction in capacity.
Porous nanostructured silicon assemblies have been found to be
more accommodating towards such volume changes and have
exhibited significantly improved cyclic performance.> Moreover,
such porous structures can present large accessible surface areas
to liquid electrolytes and facilitate fast transport of Li ions for
excellent rate properties. The synthesis of highly-porous 3-D nano-
crystalline Si from various forms of biogenic and synthetic amor-
phous SiO, has been accomplished by several authors through the
use of a patented magnesiothermic reaction process.” This process
has previously been conducted with magnesium vapor in sealed
containers at elevated temperatures (typically at or above 650 °C, the
melting point of Mg).? Although it has been reported that nanosized
silicon was reduced from SiO with Mg by mechanochemical
reduction,” the use of a less stable form of oxidized silicon as a
reactant to allow for lower-temperature magnesiothermic reduction
in a flowing inert atmosphere has not been examined.
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Here, we demonstrate that solid silicon monoxide, SiO, can be
converted into highly-porous Si via magnesiothermic reduction at
only 500 °C (ie., well below the melting point of Mg). At such a
modest temperature, the reaction could be conducted with a solid
mixture of SiO and Mg powders in a flowing, non-combustible
H,-Ar mixture within a tube furnace (ie., in a readily scalable
configuration) without appreciable magnesium vapor loss. After
removal of the Mg-bearing products via selective acid dissolution, a
highly mesoporous, interconnected 3-D network of nanocrystalline
(~10 nm) Si was generated. Such porous Si as anodes exhibited
high, reversible capacities (i.e., >900 mA h g~" after 160 charge-
discharge cycles at 1000 mA g ).

The solid brown amorphous SiO powder (Fig. S1 and S2,
ESIT) was allowed to undergo the following reaction with Mg at
a peak temperature of 500 °C:

Si0(s) + Mg(s,g) — MgO(s) + Si(s) 1)

The Gibbs free energy change, AG, for this reaction, is —383.5 KJ
(per mole of SiO consumed) at 500 °C. This value is more negative
than the AG value of —339.6 KkJ (per mole of SiO, consumed)
obtained for the following reaction with amorphous Si0,:>**

SiO,(s) + 2Mg(s,g) — 2MgO(s) + Si(s) (2)

A mixture of Mg(s) and SiO(s) containing a slight excess of
Mg (Mg: SiO molar ratio of 1.1:1) was held at 300 °C for 3 h,
and then at 500 °C for 1 or 12 h, within a flowing 5% H,-95% Ar
(non-combustive) gas atmosphere. X-ray diffraction (XRD)
analysis of the products obtained after 1 h of reaction (Fig. 1a)
revealed the presence of Mg,Si along with Si and MgO. After 12 h
of reaction, the intensities of diffraction peaks for the Mg,Si
phase decreased (and the half widths of these peaks increased)
relative to diffraction peaks for Si and MgO (Fig. 1b), which was
consistent with the consumption of some of the previously
formed Mg,Si. Little (< 1%) weight change was detected between
the starting Mg-SiO powder mixture and the MgO-Mg,Si-Si
mixture generated after 500 °C/12 h treatment. Hence, the
significant loss of Mg,Si between 1 and 12 h at 500 °C could
not be attributed to the decomposition of Mg,Si via the selective
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Fig. 1 XRD patterns obtained from products generated by the reaction of SiO
and Mg at 500 °C: (a) for 1 h and (b) for 12 h. (c) XRD pattern obtained from the
product generated by etching of the sample in (b) with an HCl solution and then
an HF solution.

vaporization of Mg. Prior work has indicated that Mg,Si can
form as a transient intermediate phase via reaction (3), and then
be consumed via reaction (4) to yield more Si and MgO:°

SiO(s) + 3Mg(s,g) — Mg,Si(s) + MgO(s) (3)
28i0(s) + Mg,Si(s) — 3Si(s) + 2MgO(s) (4)

(Note: AG for reaction (3) is —456.0 kJ (per mole of SiO
consumed) at 500 °C;>* that is, reaction (3) was even more strongly
favored than reaction (1)). The MgO and Mg,Si products formed
after 12 h of reaction at 500 °C were removed by selective acid
dissolution, as revealed by energy-dispersive X-ray (EDX) analysis
(Fig. S3a, ESIT), to yield a yellow-brown powder comprised of
crystalline Si (Fig. 1c and Fig. S1, ESIf). Scherrer analysis of the
XRD pattern yielded an average crystallite size of 10 nm for the Si
product. The presence of fine Si nanocrystals was also confirmed
using high resolution transmission electron microscopy (TEM,
Fig. 2a). The surface area and pore size distribution of the Si product
were evaluated via nitrogen adsorption-desorption analyses. The
isothermal adsorption-desorption curve of the Si product (Fig. 2c)
was of type IV with a H1 type hysteresis loop, which indicated that
the Si product was largely mesoporous. BET and BJH analyses
yielded values of 218.4 m* g~ " and 0.274 cm® g~ for the specific
surface area and the specific mesopore volume, respectively, with a
predominance of pores found to be below 10 nm in size (Fig. 2d).
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Fig. 2 (a and b) High and low magnification bright field TEM images, respec-
tively, of porous Si prepared via reaction with Mg for 3 h at 300 °C and then 12 h at
500 °C, followed by acid dissolution of Mg-bearing product phases. (c) Isothermal
nitrogen adsorption and desorption curves of the silicon product at 77 K. (d) Pore
size distribution (from BJH analysis) of the porous silicon product.
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Although the porous structure was not obvious in the secondary
electron microscopy (SEM) image (Fig. S3b, ESIT) of the silicon
product, a relatively high population of <10 nm pores was also
evident from bright field TEM images of the Si product (Fig. 2b
and Fig. S4, ESIT). Such mesoporosity was consistent with the
average crystallite sizes of the MgO (8.2 nm) and Mg,Si
(13.4 nm) products, as determined by Scherrer analyses of the
XRD pattern shown in Fig. 1b; that is, such mesoporosity was
largely created by selective acid dissolution of the Mg-bearing
product phases.

To evaluate the influence of the 300 °C/3 h treatment on the
evolution of product phases, a mixture of Mg and SiO reactants with
the same molar ratio (Mg:SiO molar ratio of 1.1:1) was directly
heated at 2 °C min~" from room temperature to 500 °C (i.e., no hold
at 300 °C) and held at this temperature for 1 or 6 h. XRD analysis of
the resulting products (Fig. S5a and b, ESIf) revealed relatively
narrow Si diffraction peaks which, according to Scherrer analysis,
corresponded to an average Si crystal size of 67 nm. Furthermore,
unlike for the specimens that had first been exposed to the 300 °C/
3 h treatment, diffraction peaks were not detected for Mg,Si after 1 h
at 500 °C (Fig. S5a, ESIf). This latter observation suggested that the
rate of direct MgO-Si formation via reaction (1) was enhanced by
continuous heating to 500 °C, whereas the use of the 300 °C
treatment prior to reaction at 500 °C promoted the formation of
Mg,Si as an intermediate phase. After direct heating of the Mg-SiO
mixture to 500 °C and reaction for 6 h, followed by selective acid
etching of MgO, the Si product formed as a porous, interconnected
matrix with a solid wall thickness of 50-150 nm, as revealed by the
SEM and TEM images in Fig. S6a and Séc (ESIf), respectively.
Appreciable macroporosity was detected, with most macropores
possessing diameters of 50 to 300 nm (Fig. Sé6b, ESIf). BET and
BJH analyses of these porous Si specimens yielded values of specific
surface area and specific mesopore volume of only 5.4 m* g~ and
0.008 cm® g, respectively. High resolution TEM images (Fig. S6d,
ESIt) revealed the presence of relatively large Si crystals, which was
consistent with Scherrer analysis of the XRD pattern. Hence, the use
of an intermediate 300 °C/3 h treatment, prior to reaction at 500 °C,
yielded porous Si with much finer crystal size and with significantly
higher specific surface area and specific mesopore volume.

For electrochemical evaluation, porous Si electrodes (prepared
using the 300 °C/3 h and 500 °C/12 h treatments) with sodium
alginate as a binder were cycled between 5 mV and 1 V in a solution
of 1 M LiPF; with vinylene carbonate.>*” Plots of differential capacity
(dQ/dV) versus voltage during the first three cycles are shown in
Fig. 3a. The lithiation peaks at 0.21 V and 0.11 V have been
associated with the formation of amorphous Li,Si.* However, a peak
at 0.25 V, resulting from the formation of Li,SiO, and Li,O from
Si0,° was not observed, which was consistent with the absence of
SiO after magnesiothermic reduction. The delithiation peaks at
0.28 V and 0.44 V have been ascribed to the phase transition
between amorphous LiSi and amorphous Si.*'® Representative
galvanostatic charge-discharge profiles for electrodes containing
porous Si (derived from SiO) at various current densities are shown
in Fig. 3b. At 100 mA g, the porous Si-bearing electrodes exhibited
capacities of 2828.5 and 1737.2 mA h g~ ' for the discharge and
charge cycles, respectively. This irreversible capacity loss may be
attributed to the formation of a SEI layer on the electrode surface
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Fig. 3 (a) Plots of the differential capacity (dQ/dV) vs. voltage (V) for nano-
crystalline Si-based electrodes (prepared via magnesiothermic reduction of SiO)
for the first three cycles. (b) Representative voltage profiles of porous nano-
crystalline Si-based electrodes at various current densities. (c) Cycling perfor-
mance of solid Si powder and porous nanocrystalline Si-based electrodes.
(d) Rate performance of porous nanocrystalline silicon-based electrodes.

and the consumption of some Li* due to other irreversible reactions.
The cycling stability of anodes containing porous nanoctystalline Si
(derived from SiO powder of <2.5 um size) was compared with that
of anodes prepared with commercially-available dense Si powder
(<2.5 pum size). For the porous, nanocrystalline Si-bearing electro-
des, a capacity of 923.5 mA h g~ (i.e., 83.4% of the value after the
second cycle) at 1000 mA g~ " was retained after 160 cycles, with the
Coulombic efficiency reaching 98% even after just 3 cycles (Fig. 3c).
While the dense Si particle-bearing electrodes exhibited an initial
capacity of 3863 mA h g~ " at 100 mA g™, the capacity dropped to
86 mA h g~ " (lower than the theoretical capacity of graphite) after
only 40 charge-discharge cycles at 1000 mA g~ . The performance of
porous nanocrystalline silicon is also superior to that of the macro-
porous silicon product (Fig. S7, ESIf) without the treatment at
300 °C. SEM images of the Si in these electrodes before and after
such cycling are shown in Fig. S8 (ESIf). After 160 cycles, the
nanocrystalline, porous Si particles increased in their apparent size,
presumably due to the formation of the SEI layer and irreversible
expansion associated with swelling during lithiation. Nonetheless,
the morphologies and apparent connectivity of these porous Si
particles were retained after cycling. However, appreciable swelling
and cracking were observed for the dense Si particles after just
40 charge-discharge cycles. The mesoporous, nanocrystalline Si
particles were clearly better able to accommodate volume changes
associated with repeated lithiation—delithiation. The rate capability
of the porous nanocrystalline Si-based electrodes at various
discharge rates is revealed in Fig. 3d. Reversible capacities of
1342.2, 964.7, 725.0, and 493.1 mA h g~ * were achieved at discharge
rates of 500, 1000, 2000, and 4000 mA g ', respectively. These values
are higher by factors of 3.6, 2.6, 1.8, and 1.3 times, respectively, than
the theoretical capacity of graphite (372 mA h g™ ).

The present work demonstrates that mesoporous, three-
dimensionally-interconnected nanocrystalline Si can be synthe-
sized from solid SiO via a magnesiothermic reaction process at
a peak temperature of only 500 °C (i.e., well below the melting
point of Mg). The present low-temperature conversion was
conducted via reaction with a solid mixture of SiO and Mg
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powders in a flowing, non-combustible H,-Ar mixture within a
tube furnace (i.e., in a readily-scalable configuration) without
appreciable loss of Mg as vapor. When utilized as anodes for lithium
ion batteries, the uniform network of mesopores interspersed
within the 3-D interconnected nanocrystalline silicon acted to
accommodate the volume expansion during the lithiation-
delithiation process and enabled relatively rapid lithium ion
transport and lithium incorporation into the nanocrystalline
silicon for enhanced rate performance.
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