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Nanostructured silicon has recently been identified as an attractive material for a wide variety of
uses from energy conversion and storage to biological applications. Here we present a new, rapid
method of producing high-purity, nanostructured, unfunctionalized silicon via solid-statemetathesis
(SSM) in a matter of seconds. The silicon forms in a double displacement reaction between silicon
tetraiodide and an alkaline earth silicide precursor. The products are characterized using powder
X-ray diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and energy-dispersive spectroscopy (EDS). Depending on the silicide precursor used, two different
morphologies are obtained, either nanoparticles or dendritic nanowires. The variations in the
morphologies are attributed to differences in the kinetics of the reactions.

Introduction

Nanostructured silicon has been utilized recently in a wide
variety of applications from thermoelectrics,1-3 solar cells,4

and batteries5 to even biological imaging.6 Currently, there
exist severalmethods for producing nanostructured Si includ-
ing the pyrolysis of silane,7 pulsed laser ablation,8MOCVD,1

plasma etching,9 and electrochemistry.2 However, these pro-
cesses have inherent limitations, such as expensive and com-
plex equipment and difficulty in scaling up reactions.
An alternate synthetic technique that can produce unfunc-

tionalized nanostructured materials with good control over
particle size is solid-state metathesis (SSM).10 SSMs are
highly exothermic double displacement reactions, driven
not only by the formation of the desired product but more
importantly by the highly thermodynamically favorable

formation of salt. Most SSM reactions have been shown to
rapidly reachor exceed temperatures of 1700K in amatter of
seconds. This very rapid heating can produce highly crystal-
line products.11 Because the salt and product form simulta-
neously, a molten salt is created in which Ostwald ripening
occurs uniformly, thus producing a relatively narrowparticle
size distribution of the product.12 The salt is then washed
away with water or acid, leaving behind the desired reaction
product. SSM reactions have been used to produce amyriad
of solid state compounds including borides,13 carbides,14

pnictides,15,16 and chalcogenides.17Additionally, particle size
can be controlled by the temperature of the reaction, which
in turn can be controlled by adding inert material such as
a salt to dissipate heat.12 Previous work by Kauzlarich and
co-workers produced monodisperse nanocrystalline silicon
using solution-based metathesis.18 However, a capping
ligand was needed to prevent particle agglomeration. This
capping group, unless completely removed, can be proble-
matic in applications such as thermoelectrics or solar cells, in
which effective electron transfer is critical.
Described here are two SSM routes to the production

of unfunctionalized nanocrystalline silicon. Phase-pure
nanostructured silicon can be produced rapidly by reacting
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silicon tetraiodide (SiI4) with analkaline earthmetal silicide
such as magnesium silicide (Mg2Si) or calcium silicide
(CaSi). The isolated Si product is characterized by powder
X-ray diffraction, scanning electronmicroscopy, and trans-
mission electron microscopy.

Experimental Section

Reagents. The following reagents were used in the synthesis

of nanocrystalline silicon: SiI4 (Alfa Aesar, 99%), CaSi (GFS

Chemicals, 99.5%),CaSi2 (Strem, 95%), andMg2Si (Cerac, 99.5%).

Synthesis. Stoichiometric mixtures of the precursor materials

were ground to a homogeneous powder in an argon or helium

filled glovebox. For reactions using the nichrome initated

method, the precursor amounts were measured in order to have

a total precursor mass of 2 g (∼0.25 g yield of the Si product via

CaSi and CaSi2 synthesis). The powders were then subjected to

a resistively heated nichrome wire to initiate the reaction.

Warning: Solid-state metathesis reactions are extremely exother-

mic and may iniate upon grinding! Safety precautions should be

taken prior to conducting these types of reactions or when scaling

up. For mechanochemically initiated reactions, the precursor

material total mass was scaled up to 8 g to yield 0.73 g of Si

product via Mg2Si and 1.25 g of Si product via CaSi reactions.

The reactants were loaded into tungsten carbide vials with

several tungsten carbide balls (SPEX CertiPrep Inc., Metuchen,

NJ) and then loaded onto a Spex 8000D mixer mill (SPEX

CertiPrep Inc., Metuchen, NJ) and milled for several hours. In

the synthesis involving Mg2Si and SiI4, the precursor materials

were ball-milled to a homogeneous powder and the reaction was

initiated using a drop of ethanol. Warning: Solid-state meta-

thesis reactions are highly exothermic and should be handled in a

fume hood or glovebox. This step involves the evolution of

molecular iodine. The final products were washed with 50%

6 M HCl/50% ethanol to remove the salt byproduct, and then

washed with ethanol and finally dried in air. All three of the

reactions had more than 90% yield of the product.

Characterization. Powder X-ray Diffraction. The dried pro-

ducts were examined by powder X-ray diffraction (XRD) using

a PANalytical Powder X-ray diffractometer using Cu KR (λ=
1.5408 Å) radiation. Scans were conducted with a range of 10�e
θ e 100� at 0.033� intervals and 25.13 s count times.

Scanning Electron Microscopy. Field emission scanning elec-

tronmicroscopy images were obtainedwith a JEOL JSM-6401F

SEM and an FEI NOVA SEM operated with a 7-10 kV

accelerating voltage.

TransmissionElectronMicroscopy.Nanosilicon samples were

dispersed in ethanol and then pipetted onto a lacy carbon grid

(SPI products). TEM imaging of the nanosilicon powders was

performed on a FEI TF30UT TEM at 300 kV using a field-

emission gun with an ultratwin lens. For imaging the Si nano-

wires, a FEI CM120 TEM at 300 kV using a field-emission gun

was used.

Results

Powder X-ray diffraction was used to characterize the
purity and crystallinity of the product. Figure 1 (bottom)
and (top) shows a typical powder X-ray diffraction
pattern (XRD) of the silicon product made from the CaSi
andMg2Si precursors, respectively. TheMiller indices for
the highly crystalline diffraction peaks are presented in
the figure, indicating an FCC lattice. No impurities were

detected by XRD. However, when the CaSi2 precursor is
used, a significant amount of iron impurity (up to 5%) is
detected. This can be attributed to the chemical produc-
tion of CaSi2 which is derived fromwollastonite (CaSiO3)
or various forms of SiO2, all of which regularly contain
iron impurities.19-21 The Williamson-Hall method of
integral breadths was used to calculate the crystallite
size assuming a spherical morphology.22 This method
involves a linear plot of the width of a rectangle with
the same height and area of each diffraction peak as a
function of the d-spacing. The advantage of using this
method is that both the crystallite size (the slope of the
line) and the lattice strain (the y-intercept) can be calcu-
lated simultaneously without the use of an external
standard. Using this method, the crystallite size for the
CaSi-based product is 36 nm with a lattice strain of
0.112%. For theMg2Si-based product, the crystallite size
is 39 nm with a lattice strain of 0.111%.
A scanning electron microscopy (SEM) image

(Figure 2a) of the dried product from the reaction of
SiI4 and CaSi shows aggregates of Si nanoparticles ran-
ging from submicrometer to micrometer sized particles.
Energy-dispersive spectroscopy (EDS) (Figure 2b) con-
firms that the product is composed mainly of Si with
some surface oxides and a slight Ca impurity. Figure 2c
is the transmission electron microscopy (TEM) image

Figure 1. Powder X-ray diffraction patterns of nanostructured Si
made from SiI4 using (a) CaSi (bottom, red) and (b) Mg2Si (top, green).
The stick pattern overlay (blue) is the JCPDS file 00-027-1402 for
silicon.
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demonstrating that the large silicon nanoparticles are

actually aggregates of smaller Si nanoparticles ranging

from 30 to 50 nm in size, which is in agreement with the

crystallite size calculated from XRD. The TEM diffrac-

tion pattern inset confirms that the Si nanoparticles are

crystalline in nature.
When the alkaline earth silicide precursor is changed

from CaSi to Mg2Si, there is a significant change in the

morphology of the nanostructured Si product. A SEM

image (Figure 3a) shows nanowire bundles, several

micrometers in size that resemble groups of oriented

dendritic wires comprised of nanowires with diameters

of approximately 50 nm. A transmission electron micro-

scopy (TEM) image (Figure 3c) shows that the Si nano-

wires are 40 nm in diameterwith a 10 nm thick oxide layer,

which is in agreement with the crystallite size calculated

from XRD. Selected area electron diffraction (SAED)

(Figure 3d) of the nanowires demonstrates that they are

highly crystalline with a diffraction pattern oriented

generally along the 111 direction.
Earlier work by Janes and co-workers demonstrated

that the crystallite size of the product of a metathesis
reaction can be controlled by the addition of an inert salt
diluent, which acts as a heat sink retarding Oswald
ripening.12 A similar study was conducted here by using

sodium chloride (NaCl) as the inert salt diluent

2CaSiþ SiI4 sf
XNaCl

3Siþ 2CaI2 ð1Þ
Figure 4 shows that with increasing salt concentration
(X), the crystallite size decreases significantly from 36 nm
down to about 12 nm. The addition of the inert salt acts as
an aid to prevent grain coarsening and Oswald ripening
by acting as a heat sink. This is reflected in the decreased
calculated maximum adiabatic temperature from 2050 to
1555 K as result of the NaCl addition (see Figure 4 and
Table 1).
To form the Si nanowires, we used a drop of ethanol to

initiate the reaction. Figure 5 shows time-elapsed photo-
graphy of a Mg2Si þ SiI4 reaction. The ethanol droplet
initiates the reaction, and in less than 1 min, the reaction
reaches completion.

Discussion

The idealized reactions between silicon tetraiodide and
the alkaline earth silicide precursors are as follows

2CaSiðsÞþ SiI4ðsÞ f 3SiðsÞþ 2CaI2ðsÞ ð2Þ

Mg2SiðsÞþ SiI4ðsÞ f 2SiðsÞþ 2MgI2ðsÞ ð3Þ

Figure 2. (a) SEM, (b) EDS, and (c) TEM images of nanostructured silicon produced using CaSi as the alkaline earth precursor. The TEM images show
that the large particles seen in SEMare actually aggregates of smaller Si particles. Inset: Selected area electron diffraction pattern confirms that the product
is nanocrystalline. (d) High-resolution TEM shows lattice fringes indicating that the large particles are made of smaller particles.
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Because metathesis reactions are thermodynamically
driven, the enthalpy of formation can be calculated using
standard thermodynamic values and are -689.9 and
-289.0 kJ/mol for the CaSi and Mg2Si reactions, respec-
tively. The calculated maximum adiabatic temperatures
of the reactions are determined to be 2025 K for the CaSi

reaction and 1254 K for the Mg2Si reaction. These
temperatures are calculated assuming complete reactions
with no heat loss.23 These temperatures correspond to the
boiling points24 of the respective salts. The SSM reactions
can either be initiated using a resistively heated nichrome
wire or mechanochemically using a high energy ball mill.
For the CaSi-based reaction, both initiation methods
yielded similar morphologies and crystallite sizes.
The use of high-energy ball-milling was investigated as

a method for safely containing the precursor materials
while scaling the reactions up from 2 g total reactantmass
for the nichrome initiatedmethod to an 8 g reactant scale.
The ball-milling method has received a great deal of
attention recently in the synthesis of thermoelectric mate-
rials.3 The nanoscale materials are produced by the

Figure 3. (a) SEM image. (b) EDAX of the product produced from the reaction of SiI4 withMg2Si. The Si nanowires average 50 nm in diameter and the
product ismainly Si with someoxygen and residualMg. (c) TEM image of the Si nanowires; the lighter area is believed to correspond to a 10 nm thick oxide
layer on the nanowires. (d) SAED pattern of the nanowires showing that they grow in the (111) direction.

Figure 4. Crystallite size (circles) and calculated maximum adiabatic
temperature (squares) as a function of NaCl mole addition (X) according
to the reaction of SiI4 þ 2CaSi. NaCl reduces the maximum adiabatic
temperature by acting as a heat sink and thus retarding Oswald ripening,
which keeps the crystallites small.

Table 1. Calculated Crystallite Size and Temperature Reduction for

Nanostructured Silicon Produced by the Reaction between CaSi and SiI4
with Increasing Molar Equivalents of NaCl

equivalents of NaCl (mol) crystallite size (nm) T (K)

0 36.2 2025
1 32.7 1708
2 30.8 1685
3 12.1 1543

(23) Rao, L.; Yu, P.; Kaner, R. B. J. Mater. Synth. Process. 1994, 2(6),
343–353.

(24) Barin, I., Thermochemical Data of Pure Substances; Verlagsgesellschaft
mbH: Weinheim, Germany, 1993; Vols. 1 and 2.
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constant fracturing and coldwelding of the powders during
the milling process. Additionally, it has been demonstrated
that the mechanical work of the ball-milling process can
directly initiate chemical reactions.25,26 Moreover, using
ball-milling ensures that all of the reactants are consumed
in the reaction by continuously injecting energy into
the reaction. This differs from scaling up nichrome wire-
initiated metathesis reactions that may have variations in
yield and morphologies of the product because of changes
in the kinetics.
Janes and co-workers12 demonstrated that the tem-

perature and crystallite size can be controlled by the
addition of an inert diluent such as NaCl. Here, different
molar equivalents of NaCl were added to the CaSi based
reaction (Table 1 and Figure 4). The addition of the salt

serves to retard Oswald ripening by decreasing the reac-
tion temperature, therefore reducing the nucleation and
growth time for the nanoparticles,by absorbing some of
the heat of the reaction. The NaCl dissipates the heat of
the reaction by causing the increasingly rapid reaction
temperature to slow at 1074K (themelting point ofNaCl)
and more significantly at 1686 K (the boiling point of
NaCl) since the enthalpy of boiling NaCl is quite large
(188 kJ/mol).27 In the reaction between CaSi and SiI4, the
reaction enthalpy (-689 kJ/mol) is sufficiently high that
themaximum adiabatic temperature (2025K) exceeds the
boiling point of NaCl. By adding more salt, the crystallite
size of the silicon decreases from 36 to 12 nm. Concur-
rently, the maximum adiabatic temperature also de-
creases from 2050 to 1555 K, at which point the
reaction no longer propagates. This can be attributed to
incomplete heat distribution, likely leading to incomplete
melting of the salt, which in turn prevents propagation as

Figure 5. Time lapse photography of the reaction of Mg2Si and SiI4 initiated by a drop of ethanol. A large violet plume of iodine vapor is observed
approximately 5 s into the reaction.Warning: Solid-state metathesis reactions are highly exothermic and should be handled in a fume hood or glovebox. This
step involves the evolution of molecular iodine.

(25) Cook, B. A.; Beaudry, B. J.; Harringa, J. L.; Barnett, W. J.
Proceedings of the 24th Intersociety Energy Conversion Engineering
Conference; Arlington, VA, August 1989; IEEE: Piscataway, NJ; 1989;
pp 693-700 vol.2.

(26) Hick, S. M.; Griebel, C.; Blair, R. G. Inorg. Chem. 2009, 48(5),
2333–2338.

(27) Borucka, A. Z.; Bockris, J. O. M.; Kitchener, J. A. Proc. R. Soc.
London, Ser. A 1957, 241(1227), 554–567.
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discussed in an earlier article.12 Additional heating and
milling were attempted to try to force the reaction to
propagate, without success.When theNaCl was added to
the Mg2Si reaction, the dendritic nanowire morphology
was lost. The reaction between Mg2Si and SiI4 is much
less exothermic (-289 kJ/mol) and the maximum adia-
batic temperature does not reach the boiling point of
NaCl, but only just exceeds its melting point (1074 K).
Therefore, the Si produced from the reaction of Mg2Si
and SiI4 grows for a longer time in themolten salt because
of Oswald ripening and loses its dendritic morphology.
Figures 2 and 3 show a remarkable difference in the

morphologies of the nanostructured silicon depending on

which precursor is used. Although metathesis reactions

reach completion in a matter of seconds, it is not un-

precedented to have such ordered and complex structures

being formed in situ, as is the case in the formation of

carbon nanotubes via metathesis.28 The morphological

changes can be attributed to the difference in the decom-

position temperatures and maximum adiabatic tempera-

tures for theCaSi andMg2Si precursors and the favorable

formation of the salts. CaSi decomposes at a temperature

of 1473K29 and its reaction reaches amaximum adiabatic

temperature of 2025 K, whereas Mg2Si decomposes at

1358 K and its reaction reaches a maximum adiabatic

temperature of 1254 K. These temperatures are directly

related to the exothermic nature of the metathesis reac-

tions (CaSi þ SiI4=-698 kJ/mol, Mg2Si þ SiI4=-298

kJ/mol). As a result of the lower decomposition tempera-

ture and smaller enthalpy of formation for Mg2Si þ SiI4,

the energy transfer kinetics are fast, whereas the mass

transfer kinetics are much slower, thereby allowing time

for nanowires to grow. Kinetic studies of metathesis

reactions have been quite difficult, since the reactions

occur rapidly and reach such high temperatures in a

matter of seconds. Earlier attempts to examinemetathesis

reactions spectroscopically were derailed by the intense

blackbody radiation from the reaction that is evident 5 s

into the reaction (Figure 5, frame 3). To obtain insight

into the reaction mechanism, we investigated studies

involving different reaction conditions and their impact

on the products.
To create the Si nanowires, we used a drop of ethanol to

initiate the reaction. Warning: Solid-state metathesis
reactions are highly exothermic and should be handled in
a fume hood or glovebox. This step involves the evolution of
molecular iodine. The nanowire mechanism is speculated
to be a two-step mass transfer kinetic process. The first
step involves the ethanol droplet reacting with the high-
surface-area Mg2Si precursor to oxidize it to MgO and
SiH4 (eq 4)

Mg2Si sf
EtOH

MgOþ SiH4 þC2H2 ð4Þ

The heat that is released from the oxidation of Mg2Si to
MgO and the combustion of silane and acetylene in turn
decomposes the SiI4 into Si and I2 (eq 5)

SiI4 sf
heat

Siþ 2I2 ð5Þ
The I2 can then act as a vapor transport agent, forming
nanowires on the cool walls of the container. Evidence for
iodine vapor is provided by the violet colored plume
emanating from the reaction vial five seconds after the
reaction is initiated (Figure 5). The violet plume was
confirmed to be iodine by conducting a starch-iodine test.30

Ethanol is believed to play a crucial role in the process of
forming the nanowires. The use of an aqueous phase
to initiate a metathesis reaction was first reported by
Bonneau, et al., in which the use of a hydrated precursor
material was critical to the success of a metathesis reaction
between potassium hexafluoronickelate(IV) and sodium
pentasulfide hydrate.31 Because all solid-state reactions are
limited by the rate of solid-solid diffusion, the ethanol
molecule facilitates the metathesis reaction by interacting
with the reactive Mg2Si precursor. When ethanol is substi-
tutedwith amore reactive and stronger oxidizing agent, such
as 6.0Mhydrochloric acid, the silicon is rapidlyoxidizedand
amorphous SiO2 is formed. However, if a branched alcohol
such as isopropanol is used, the reaction does not propagate
and the precursor materials remain largely intact. When the
reaction is initiated using a water-free solvent, such as
dimethylformamide under inert conditions, very few nano-
wires are obtained, suggesting that oxygen plays a crucial
role in the formation of nanowires.Although the precise role
of oxygen is not known, several studies suggest that oxygen
facilitates nanowire formation.32-34 Note that the ball-
milling process does not initiate the reaction but serves to
produce a powder with a high surface area35 suitable for
initiating the desired reaction with a drop of ethanol.

Conclusions

A new, rapid, solid-state metathesis route to produce
highly crystalline, unfunctionalized nanostructured sili-
con from reactive alkaline earth silicides and silicon
tetrahalides has been developed. Depending on the sili-
cide precursor that is used, two different Si morphologies
can be achieved. When the CaSi precursor is used, an
aggregated particulate morphology is obtained; however,
with the Mg2Si precursor, nanowires are created. The
differences in the morphologies are attributed to the
differences in the kinetics of the reactions after initiation.
The particle size can be controlled by simply adding an
inert diluent which acts as a heat sink.
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