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Introduction

In recent years, magnesium silicide (Mg,Si) has attracted more
and more attention for applications in thermoelectric devices,
anode materials for lithium ion batteries, and optics due to its
low toxicity, unique optical and electrical properties along with
low cost of production and its environmental compatibility."®

In the synthesis of magnesium silicide mostly conventional
preparation methods are applied, relying on solid state syntheses
requiring melting, milling or mechanochemical approaches as
well as annealing or combustion steps at high temperatures.” "’

Some drawbacks of these high-temperature routes are that
the generation of free-standing porous or even nanostructured
magnesium silicide structures is complicated or impossible
and even the phase purity remains in some cases a challenge
because the separation of magnesium silicide from, e.g. oxides
such as silica or magnesium oxide is not trivial and the
material is very prone to oxidation.”’'? In the presence of O,,
Mg,Si decomposes to form MgO and Si.

So far, there have been only few reports on tailoring of the
morphology of Mg,Si by nanostructuring or the introduction of
porosity, although nanoscopic and porous structures promise
improved performances or even completely new properties,
such as drastically reduced thermal conductivities.>™® Typical
synthesis procedures for forming nanostructured Mg,Si are
spark plasma sintering of nanopowders,">* solid-state phase
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resulted in monolithic magnesium silicide with a cellular, open macroporous structure. By adjusting the
reaction conditions, such as experimental set-up, temperature and time, challenges namely loss of poro-
sity or phase purity of Mg,Si were addressed and monolithic magnesium silicide with a cellular network

transformation for nanowires,! heat treatment of Si nanorods>?
or reactive diffusion in a vacuum for thin films.>*

In the present work, we address the challenges of a deli-
berate tailoring of the porous morphology of phase pure
magnesium silicide free-standing monoliths. To the best of
our knowledge, this is the first report on the preparation of
magnesium silicide monoliths with a cellular macroporous
network comprising interconnected crystallites with sizes in
the upper nanometer regime. We followed a two-step pro-
cedure, in which well-defined hierarchically organized meso/
macroporous silica structures are first converted via a magne-
siothermic reaction to hierarchically organized porous silicon,
which in a second step is reacted with Mg to yield phase pure
macroporous Mg,Si (see Fig. 1 for a schematic illustration).

Results and discussion

The formation of monolithic, porous Mg,Si by a gas phase
reaction with magnesium requires a highly porous, mechani-
cally and thermally robust precursor material to facilitate the
necessary gas diffusion processes. In our recent work, we have
shown that hierarchically organized, meso- and macroporous
silica monoliths can successfully be converted to free-standing
monolithic, meso- and macroporous silicon.”* The starting
silica monoliths are typically characterized by a cellular struc-
ture forming a macroporous network with cell sizes >500 nm
and in which the single struts are composed of amorphous
silica exhibiting long-range periodic ordering of mesopores of
4 nm-7 nm diameter as seen in the SEM and TEM images in
Fig. 2a and b, respectively.”® Upon treatment with magnesium
vapor, the following reactions (eqn (1) and (2)) occur, leaving a
material that contains Si and MgO as the main phases.
Depending on the stoichiometry, temperature or reaction time
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(a) Schematic illustration of the reduction of silica with magnesium vapor to give silicon in the first step and further reaction of silicon with
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Mg to yield Mg,Si; (b) reaction set-up in which the two precursors are spatially separated to avoid oxide impurities (MgO) in Mg,Si.

Fig. 2 (a) SEM of cellular silica monolith; (b) TEM of mesoporous silica
struts; (c) SEM of a cellular silicon network; (d) TEM of aggregated
silicon nanocrystallites; (e) SEM of a magnesium silicide cellular
network; (f) TEM of magnesium silicide crystallites forming the struts in
the cellular network.

appreciable amounts of magnesium silicide can be formed,

which are typically removed by acid immersion. Non-reacting

silica can easily be removed by etching with HF (,q).”%*
SiO, + 2Mg — Si + 2MgO

(1)

SiO, + 4Mg — Mg,Si + 2MgO (2)

8856 | Dalton Trans., 2017, 46, 8855-8860

The X-ray diffraction patterns (Fig. 3) confirm the complete
conversion of the amorphous silica with the typical broad
reflection around 22°26 to yield phase pure silicon. The broad
reflections in the diffractogram of silicon already indicate the
presence of very small crystallites with sizes of only 20-30 nm.
The macroporous, cellular network structure is retained in the
silicon network even after magnesiothermic treatment
(Fig. 2c), however the periodically arranged mesopores within
the struts are apparently replaced by 3D interconnected silicon

grains (Fig. 2d). The empty mesoporous spaces are a clear
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Fig. 3 XRD patterns of (a) hierarchically structured macro/mesoporous
amorphous silica; (b) hierarchically structured porous silicon 650 °C —
2 h; (c) porous magnesium silicide with MgO as impurity while mixing
the precursors 650 °C — 30 min; (d) porous magnesium silicide from the
reaction set-up with spatially separated precursors 650 °C — 30 min.
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Table 1 N, sorption data of SiO,, silicon, and Mg,Si (650 °C; 30 min)
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SSA BET [m” g™ '] Mesopore diameter [nm]

Pore volume [em® g™

Crystallite size® [nm)] Crystallite size” [nm]

Sio, 500-700 4-7 0.4-0.6 n.a. n.a.
Silicon 80-150 5-15 0.5-0.7 20-30 25-30
MgZSi <50 — — 100 50-100

“Rietveld refinement method. ? TEM; n.a. not applicable.

indication that after the reaction with magnesium, first the
mesopores in Si are blocked by MgO and subsequently accessi-
ble after leaching by acid immersion (HCI). This is supported
by the complete loss of the specific surface area (SSA) after reac-
tion with Mg into the Si/MgO composite. As listed in Table 1,
the SSA decreases by conversion of silica to silicon due to (1)
the conversion of the highly porous, amorphous network to
nanocrystalline silicon and (2) the highly exothermic character
of the reaction, which results in sintering processes. The pore
size distribution of the mesopores is less uniform. However, the
pore volume averages are almost identical.

It is well known that magnesium silicide is a by-product of
the magnesiothermic reaction of silica with magnesium.?*™>®
Low reaction temperatures, short reaction times, a higher
amount of magnesium, as well as an experimental set-up with
short distances of the silica to the Mg source in principle favor
the formation of magnesium silicide during the magnesiother-
mic reduction.>**’ It is, however, not possible to create free-
standing 3D interconnected networks of phase pure Mg,Si
crystallites following this procedure even with optimized reac-
tion conditions. MgO is an inherent by-product of this reac-
tion, and even if the stoichiometric ratio of Mg to SiO, is
adjusted to 4: 1, magnesium oxide is formed which cannot be
removed easily from Mg,Si by acid treatment (eqn (2)).*

To overcome this problem, we subjected the preformed
meso- and macroporous silicon monoliths to a second treat-
ment with magnesium vapor in a molar ratio of 2.4:1
(Mg:Si). The two reactants (Mg and Si) are again spatially
separated as described for the magnesiothermic reduction
(Fig. 1 and eqn (3)) and a slightly higher amount of Mg than
necessary was used, which has been accounted for the intrin-
sic impurities of MgO in Mg.**

Si + 2Mg — Mg, Si (3)

One advantage of the spatial separation of the two precur-
sors is that only Mg vapor is reacting with silicon, thus resulting
in completely phase pure magnesium silicide as evidenced by
X-ray diffraction (Fig. 3d). An example of the reaction product
that is obtained by just mixing Mg and Si can be found in
powder X-ray diffraction pattern (see Fig. 3c). The presence of
MgO is clearly observable. Because of the porous silicon network,
gas diffusion limitations of Mg vapor are low and a complete con-
version is achieved in reasonable time. No silicon or magnesium
oxide can be found in the product monoliths (Fig. 3d) under
reaction conditions of 650 °C and 30 min. From the handling
point of view, silica is hard and brittle, Si is soft and friable and
Mg,Si is hard and brittle. The X-ray diffraction pattern confirms

This journal is © The Royal Society of Chemistry 2017

the presence of phase pure Mg,Si with crystallite sizes of
50 nm-100 nm as obtained from the Scherer equation.

One goal of this work was to preserve the macroscopic mor-
phology of the monolithic pieces not only at the mm length
scale but also at the micron length scale. SEM images of mag-
nesium silicide show that the cellular network structure in the
micrometer regime is still retained after the reaction of Si and
Mg (Fig. 2e). However, the TEM image (Fig. 2f) shows rather
dense, solid particles of sizes larger than 50 nm forming the
strut network, which is in good agreement with the nitrogen
sorption data (Table 1) illustrating a low specific surface area
with no defined range for mesopores. The N,-sorption iso-
therms of samples during the different steps of reaction are
provided in Fig. 2, ESL.¥

The assumption that macropores, as well as small crystallites
in the precursor network, facilitate the formation of phase pure
Mg,Si has been confirmed by reacting non-porous commercial
Si particles with particles sizes of 44 pm under the same reac-
tion conditions (650 °C, 30 min, or 2 h). Even with longer reac-
tion times, the reaction is not completed and silicon with large
crystallite sizes remains in the sample (Table 1, ESI).

One question to be answered was to what degree the reac-
tion conditions influence the progress of the reaction and the
structure of the final Mg,Si. Therefore, the reaction tempera-
ture has been varied between 600 °C and 700 °C and the reac-
tion time between 30 min and 5 hours.

Influence of the reaction time

The X-ray diffraction patterns of samples that have been
treated for different times at a reaction temperature of 650 °C
are shown in the ESI (Fig. 11). According to these XRD pat-
terns, the formation of phase pure Mg,Si is evident for all
samples. No extra crystalline phases are observed. As expected,
longer reaction times result in slightly larger crystallite sizes
increasing from 100 nm to 140 nm (Table 1, ESIf) as a result
of heat-induced sintering processes.

This trend is also confirmed by the SEM images (Fig. 4a
and b). A clear difference in morphology can be observed after
treating the sample for 5 hours at 650 °C. Sintering processes
and agglomeration of the struts result in a deformed network
with a higher density. A long reaction time may also risk the

decomposition of Mg,Si into Mg and Si.>*!

Influence of the reaction temperature

The reaction temperature of 650 °C was chosen to ensure a
reasonable rate of the magnesiothermic reduction, for which
an onset temperature was investigated by DTA measurements.

Dalton Trans., 2017, 46, 8855-8860 | 8857
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Fig. 4 SEM images of Mg,Si samples with different reaction holding

times and temperatures: (a) 650 °C - 2 h; (b) 650 °C - 5 h; (c) 600 °C -
2 h; (d) 600 °C - 5 h; (e) 700 °C — 30 min; (f) 700 °C — 2 h.

The influence of the reaction temperature on the final network
structure was investigated by choosing a temperature below
Tm of Mg and one higher than 650 °C. A temperature that is
too low might result in an incomplete reaction as confirmed
by the sample reacted at 600 °C, which shows approx. 7 wt%
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Fig. 5 XRD patterns of samples with different reaction temperatures (a)
hierarchically structured porous silicon; (b) porous magnesium silicide
600 °C — 2 h; (c) porous magnesium silicide 650 °C — 2 h; (d) porous
magnesium silicide 700 °C - 2 h.
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remaining silicon as evidenced by Rietveld refinement (Fig. 5).
The crystallite size of the silicon residues with 25 nm is still in
the lower nanometer regime; however, the size of the Mg,Si
crystallites (128 nm) is comparable to the sample that has
been treated at 650 °C. The macroporous, cellular network
structure is still intact (Fig. 4c). A complete reaction can be
achieved by increasing the reaction time from 30 min to 5 h,
concomitantly with a deformation of the macropores as well as
an agglomeration of the network constituting crystallites. In
addition, a slight increase in the crystallite size (130 nm) is
observed (Fig. 4d). At a reaction temperature of 700 °C (2 h),
pure Mg,Si was obtained, but according to the SEM images
(Fig. 4f), agglomeration takes place. Even a short reaction time
of 30 min at 700 °C leads to the destruction of the macropor-
ous, cellular structure, although the product composition is
phase pure Mg,Si (Fig. 4e).

Conclusions

Monolithic silicon has been converted for the first time to
macroporous, cellular free-standing magnesium silicide mono-
liths following a two-step procedure. First, highly porous Si
monoliths have been prepared by magnesiothermic reduction
of a hierarchically organized meso-/macroporous silica
network. The former ones have been reacted with Mg vapor at
650 °C for 30 min in a second step to give a cellular network of
phase pure Mg,Si crystallites with sizes of about 100 nm.
Reaction temperatures of 600 °C and 700 °C as well as longer
reaction times of 2 h and 5 h show either unreacted Si in the
sample or sintering phenomena resulting in less porous, more
agglomerated network morphologies. The presence of macro-
pores in the precursor network is an essential prerequisite for
this gas phase reaction to reduce the diffusion limitation of
Mg vapor to the reactive sites and yield phase pure Mg,Si.

Experimental
Materials

Ethylene glycol (Aldrich) was purified by drying over Na,SO,
(Prolabo). Tetraethoxysilane (Merck), trimethylchlorosilane
(Sigma-Aldrich), Pluronic-P123 (EO,oPO;,EO,,, BASF), pet-
roleum ether (40-60 °C, Prolabo), magnesium powder (for syn-
thesis, Merck), hydrochloric acid (HCI, 37% Merck), acetic acid
(CH;3;COOH, Glacial Merck) and hydrofluoric acid (40% Merck)
were used without further purification.

Hierarchically organized silica

Hierarchically organized meso-/macroporous silica (SiO,) was
prepared according to Hartmann and Brandhuber et al. by
sol-gel processing of tetrakis(2-hydroxyethyl)orthosilicate
(EGMS) in an aqueous medium containing Pluronic P123™
and 1 M hydrochloric acid (HCl), with a composition by
weight of Si/P123/0.1 M HCI = 8.4/30/70.>>°* After gelation, the
wet gel bodies were allowed to age at 40 °C for seven days. To

This journal is © The Royal Society of Chemistry 2017
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extract the surfactant, the whole gel body was immersed in a
trimethylchlorosilane-petroleum ether (1:10 wt/wt) solution
for 10 hours. After washing with petroleum ether (three times)
and ethanol (five times), the wet gels were sliced in small cylin-
ders with a height of 3 mm-4 mm and dried by heating to
90 °C (heating rate of 1 °C min~"; holding time 24 h). The
dried monoliths were calcined for 4 h at 550 °C in air.

Hierarchically organized silicon

For the magnesiothermic reduction reaction,”****” the silica

slices were placed on a stainless steel grid with magnesium
powder beneath in a small boat under an argon atmosphere.
The grid and boat were put in a stainless steel tube. The steel
tube was heated in a tube furnace under an argon atmosphere
to 650 °C at 1 °C min~" heating rate and kept at this tempera-
ture for 2 h. The molar ratio of Mg: SiO, was set to 2.4:1 to
account for intrinsic impurities of MgO in Mg. For removal of
the by-products (MgO, Mg,Si), the reaction product was wetted
with 1 mL of degassed water, followed by a mixture of 20 mL
of 2 M hydrochloric acid (HCI) and 10 mL of 50 wt% aqueous
acetic acid (CH3;COOH) for 3 h at 40 °C. Afterwards, washing
with degassed water was repeated until the pH-value of the
solution became neutral. The resulting brown monoliths were
dried in a vacuum. The remaining silica was etched with 2 mL
hydrofluoric acid (40% HF) diluted with 10 mL of distilled
water and 10 mL of ethanol. Then the sample was again
washed with degassed water until a neutral pH-value was
reached and dried overnight at room temperature in a
vacuum.>* The yield in this step of reaction is between 80 and
90% depending on the washing process and purity of mag-
nesium. The presented conditions might vary if other porous
materials are applied. Larger dimensions than 3 mm-4 mm of
silica monoliths can cause diffusion problems.

Preparation of magnesium silicide

For the preparation of magnesium silicide, a similar set-up as
described above has been used. The silicon monoliths were
placed on a grid and separated from Mg in the boat beneath
(molar ratio Mg:Si 2.4:1). Then the setup was placed in a
stainless steel tube, which was heated in a tube furnace under
an argon atmosphere to 650 °C at 1 °C min~" heating rate and
a holding time of 30 min (alternative synthesis parameters
were 600 °C and 750 °C for 2 h or 5 h, respectively). The yield
is higher than 95% for this step of reaction.

Methods and analysis

Nitrogen sorption isotherms were obtained at 77 K using a
sorption porosimeter (Micromeritics, ASAP 2420). The samples
were degassed for 3 h at 100 °C in vacuo in the degas unit of
the sorption apparatus. The Brunauer-Emmett-Teller (BET)
surface area was evaluated using adsorption data in a relative
pressure range p/p, 0.05-0.25. The mesopore size distribution
was calculated on the basis of the desorption branch using the
Barrett-Joyner-Halenda (BJH) model.

Powder X-ray diffractograms (PXRD) were recorded using a
BRUKER D8 DaVinci Design diffractometer using CuK, radi-
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ation (4 = 0.1542 nm), scanning from 5° to 80°26, at a step size
of 0.02°, plus an integration time of 95.5 s. Evaluation of crystal-
lite sizes was according to the Scherrer equation and Rietveld
refinement was performed using TOPAS V4-2 software (Bruker).

The sample morphology was examined using a ZEISS/
ULTRA PLUS scanning electron microscope operating at an
accelerating voltage of 2 kV and using an in-lens detector.
Silica samples were treated for conductivity reasons with gold
sputtering.

The microstructure of the samples was studied by trans-
mission electron microscopy (TEM) with a TECNAI F20 field
emission electron microscope operating at an accelerating
voltage of 200 kV. Images were recorded with a Gatan Orius
SC600 CCD camera.
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