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Silicon (Si) nanoparticles have been prepared by a 

“metathesis” reaction of magnesium silicide (Mg2Si) and zinc 

chloride (ZnCl2) in an autoclave at 300 °C. The as-prepared 

Si nanoparticles exhibit a reversible capacity of 795 mA h g-1 

at a current density of 3.6 A g-1 over 250 cycles. 10 

Silicon (Si) materials have been widely used in the fabrication 

of solar cells, optical fibres, silicones, and Si chips.1-2 Recently, 

Si materials have been considered as a promising anode materials 

for lithium-ion batteries due to the high theoretical specific 

capacity (3579 mA h g-1).3-5 Therefore, the production of Si 15 

materials has become the focus of research work due to their 

brilliant prospects. 

Various methods have been developed to produce Si 

materials. Si materials have been synthesized by pyrolysis of Si 

organic compounds such as silanes or polysilanes.6-10 The 20 

carbothermic reduction and magnesiothermic reduction of silicon 

oxide have been applied to produce Si in industry.11-13 SiCl4 can 

also be reduced to prepare Si by various reductants (naphthalene 

sodium or sodium potassium alloy) in organic solvents.14-17 

Recently, aqueous synthesis of Si nanoparticles under the 25 

microwave irradiation has been reported,18 our group has 

synthesized Si by hydrothermally reduction of silica sol or 

metasilicate nonahydrate.19-20 Also, the metathesis reactions have 

been applied to synthesize of materials, such as, reacting Mg2Si 

together with SiCl4,
21 the Mg2Si reduction of amorphous silica or 30 

silicon monoxide through high energy mechanical milling 

process,22-23 reacting “Zintl phases” (NaSi, KSi) together with 

metal halides or ammonium salts.24-27 Recently, the molten 

LiCl/KCl has been employed as the solvent for the synthesis of Si 

nanoparticles through the magnesiothermic reduction of SiO2 at 35 

550-800 °C.28 Si materials have been synthesized by electro-

deoxidation of SiO2 in molten calcium chloride at 850 °C.29-30 

Herein, crystalline silicon nanoparticles have been prepared 

by a “metathesis” reaction of magnesium silicide (Mg2Si) and 

zinc chloride (ZnCl2) in an autoclave at 300 °C. ZnCl2 with 40 

melting point of 290 °C was chosen which not only acts as 

molten salt, but also participates in the reaction. The driving force 

for the reaction is provided by the formation of MgCl2, together 

with metallic Zn and Si. The reaction can be described as follows: 

Mg2Si + 2 ZnCl2 = 2 MgCl2 + 2 Zn + Si   (1)  45 

As anode materials for lithium ion batteries, the as-prepared Si 

nanoparticles exhibit a reversible capacity of 795 mA h g-1 at a 

current density of 3.6 A g-1 over 250 cycles. 

X-ray powder diffractions (XRD) analysis is used to determine 

the phases of the samples. Fig.1a shows the XRD pattern of the 50 

sample without any treatment. The reflection peaks can be 

assigned to a mixture of Si (labeled as “◆” JCPDS 77-2111), 

MgCl2 (labeled as “◇” JCPDS 25-1156) and Zn (labeled as “▼” 

JCPDS 04-0831). The other reflection peaks in Fig.1a might 

come from the excess ZnCl2. No reflection peaks of Mg2Si can be 55 

identified in Fig.1a, indicating that Mg2Si has been completely 

transformed to Si and MgCl2 under our experimental conditions. 

The XRD pattern of the sample after treatment with diluted HCl 

solution is displayed in Fig.1b. All of the peaks in Fig.1b can be 

indexed as cubic Si with calculated lattice constants a = 5.433 Å, 60 

which are very close to the reported data (JCPDS 77-2111). The 

XRD patterns offer the direct evidence that the method to 

synthesize Si proceeded according to the reaction (1).  

 

Fig.1 (a) XRD pattern of the sample without any treatment. (b) 65 

XRD pattern of the same sample after the HCl treatment. 

The morphology of the obtained sample is observed FESEM 

and TEM. The typical FESEM image (Fig.2a) reveals that the 

sample consisted of nanoparticles. The TEM image further 

reveals the Si nanoparticles with diameters ranging from several 70 

tens of nanometers to 100 nm as shown in Fig.2b. From the 

HRTEM image (Fig.2c), the clearly resolved interplanar 

distances are all measured to be 0.19 nm, corresponding to the 

(220) and (202) crystal planes of the cubic Si. The separation 

angle between them is measured to be 60°. The typical SAED 75 

pattern of the Si nanoparticles (inset of Fig.2c) can be indexed to 

the [1
_

11] zone axis of cubic Si. The EDX spectrum (Fig.2d) 
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indicates that the sample consist of Si. The Cu signals are 

attributed to the Cu TEM grid that the samples are put on.  

 

Fig.2 (a) FESEM image of the sample. (b) TEM image of the 

sample. (c) HRTEM image of the sample and SAED (inset). (d) 5 

EDX spectrum of the sample 

Raman spectroscopy is utilized to understand the structure of 

the Si nanoparticles obtained by this metathesis reaction.31 It was 

reported that the transverse optical peak in Raman spectrum of 

bulk crystalline Si was usually observed at 520 cm-1. The Raman 10 

spectrum of the as-prepared Si nanoparticles is shown in Fig. 3a. 

The sharp peak at 515 cm-1 is attributed to the Si–Si stretching 

mode in crystalline Si, which shifts to a lower frequency with 

broadened full width at half maximum due to the diameters’ 

decrease. In addition, two broad peaks at 301 and 955 cm-1 15 

observed in Fig.3a are assigned to the overtones of TA(X) and 

TO(L), respectively.32 The surface composition of the obtained Si 

nanoparticles is further examined by the XPS spectrum, as shown 

in Fig.3b. The peaks at 99.4 eV and 103.5 eV are assigned to Si0 

and Si4+ of element, which indicates a small amount of silica are 20 

present in the as-prepared sample.33 

In this reaction system, ZnCl2 as an oxidant can oxidize Mg2Si 

to Si nanoparticles, meanwhile, molten ZnCl2 (Melting point of 

ZnCl2 is 290 °C) provides a high temperature stable liquid 

reaction medium which could increase the contact area between 25 

Mg2Si and ZnCl2, facilitating the formation of crystalline Si at a 

low temperature. Based on the calculation of the free energy, 

equation (1) is thermodynamically spontaneous and highly 

exothermic (∆rGm=-370.43 kJ/mol, ∆rHm=-365.44 kJ/mol). 

According to the ∆rHm value of equation (1), it is suggested that 30 

tremendous heat generated in the process urges the reaction to 

proceed continuously at the reaction temperature. When the 

reaction temperature is set to 250 °C (below the melting point of 

ZnCl2), although equation (1) is thermodynamically spontaneous 

(∆rGm=-369.83 kJ/mol), crystalline Si can’t be obtained which 35 

further proves that ZnCl2 in the molten state is very important for 

synthesis of crystalline Si nanoparticles during the reaction. In the 

series of experiments have carried out in the reaction time range 

4-20 h, we find that the yield of Si nanoparticles is very low when 

the reaction time is decreased to 4 h, and the yield of Si 40 

nanoparticles reaches a maximum of 80% when the reaction time 

up to 10 h. The yield of the product was almost constant if the 

reaction time is more than 10 h. 

 

Fig.3 (a) Raman spectrum, (b) XPS spectrum of the sample. 45 

To disclose the electrochemical properties of the preppared Si 

nanoparticles as anode for rechargeable lithium-ion batteries, a 

series of electrochemical tests are carried out. Fig.4a shows the 

discharge/charge voltage profiles of the Si electrode. The main 

discharge potential plateau is located at near 0.1 V (vs. Li/Li+), 50 

which is assigned to the lithiation of crystalline Si and the 

formation of LixSi. The first discharge and charge capacity are of 

3196 and 2169 mA h g-1, respectively, corresponding to initial 

coulombic efficiency of 68%. The irreversible capacity of first 

cycle is normally caused by the inevitable formation of solid 55 

electrolyte interface (SEI) membrane and side reactions between 

bare Si nanoparticles and electrolyte (especially LiPF6). In the 

subsequent cycles, the discharge potential plateauat, around 0.1 V 

(vs. Li/Li+) that occured in the first cycle, is replaced by a group 

of sloping curves, mainly, resulted from the phase change of Si 60 

nanoparticles  from crystallized to amorphous structure during the 

first lithiation/delithiation process. Notably, the 5th and 10th 

curves are overlapped well, indicating fine reversible reaction 

between lithium ion and Si electrode. 

 65 

Fig.4 (a) Typical galvanastatic discharge-charge curves of the Si 

nanoparticles in the potential region of 0.005–1.5 V versus Li+/Li at 

a current density of 0.20 A g
-1
 of first cycle, and 0.4 A g

-1
 for the 5th 

and 10th cycles. Cycling property and coulombic efficiency of the 

Si nanoparticles at the current density of: (b) 1.2 A g
-1
, (c) 3.6 A g

-1
. 70 

Furthermore, the cycling behavior of Si electrode is evaluated 

at different current densities by galvanostatic charge/discharge 

measurements. It should be mentioned that the first three cycles 

of the cells tested at a relative low current density of 0.2 A g-1 is 

to activate Si nanoparticles sufficiently. As can be seen in Fig.4b, 75 
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the Si anode exhibits capacity retention of 1822.8 mA h g-1 at a 

current density of 1.2 A g-1 after 60 cycles. The corresponding 

coulombic efficiency curve of Si shown in Fig.4b , the coulombic 

efficiency quickly increases from 74% of first cycle to 93.5 % of 

the second cycle and further reaches to over 98 % after several 5 

cycles, which is meaningful for pracrical application. As the 

current density increases to 3.6 A g-1 (shown in Fig.4c), the Si 

anode delivers a specific capacity of 795.20 mA h g-1 even over 

250 cycles, which is over two times of tradditional graphite anode 

(372 mA h g-1). Remarkably, from the third to the 250 th cycles, 10 

almost 88% capacity retention is obtained, implying superior 

cycleability. When the active material density of the cell was 

increased to be 1.1 mg cm-2, the Si anode exhibits capacity 

retention of 720 mA h g-1 at a current density of 3.6 A g-1 after 

150 cycles. 15 

The good electrochemical properties of the samples could be 

attributed to the nano-size particles of Si obtained in the designed 

reaction (1). The good electrochemical performance of the nano-

size Si particles obtained in the designed reaction (1) with a 

synthesis route of chemical “metathesis” synthesis route could be 20 

attributed to the following aspects: First, the nano-size of the 

obtained Si provide void space to accommodate volume 

expansion during electrochemical cycles,3 and the existence of 

amorphous SiO2 may effectively accommodate the volume 

changes. What is more, the obtained small primary nanoparticles 25 

of Si facilitates the ionic and electronic transfer over shorter 

distances.34-35 In addition, the uniformly dispersed nanoparticle 

structures supply more active sites for the contact between the 

electrode materials and electrolyte. It’s all above aspects that 

affect  the electrochemical performance of as obtained Si and 30 

enhance its lithium-storage capacity and stability of long cycling. 

Conclusions 

In summary, the molten salt route is an efficient and green 

method that can be applied in the preparation of different 

inorganic nanoparticles. The present work demonstrates that Si 35 

nanoparticles can be prepared by a chemical reaction of Mg2Si 

and ZnCl2 in an autoclave at 300°C. The method is based on the 

reaction of magnesium silicide and zinc chloride in the liquid 

environment of molten ZnCl2. The obtained Si nanoparticles 

exhibit excellent lithium-storage capacity, high-rate capability 40 

and long cycling performance.  

Experimental Section  

Synthesis 

The Mg2Si was purchased from Johnson Matthey Company. 

All the other reagents used in the experiments were purchased 45 

form Shanghai Chemical Reagents Co. To prevent oxygen 

contamination, all manipulations were carried in a glove box 

purged with nitrogen gas. In a typical procedure, Mg2Si (0.76 g) 

and ZnCl2 (5.00 g) were loaded into a stainless steel autoclave of 

20 mL capacity. The autoclave was sealed and heated in an 50 

electric stove with a heating ramp rate of 10 °C/min and 

maintained at 300 °C for 10 h, and then it was cooled to room 

temperature naturally. The followed detail treatment process can 

be described as follows:  The precipitate in the autoclave was 

collected and treated with dilute hydrochloric acid (1 mol/L) in a 55 

beaker of 250 mL capacity (The pH value of the solution is less 

than 1), which was stirred vigorously for 2 h and kept at room 

temperature for 8 hours. Then the result precipitate was washed 

with distilled water and ethanol for 3 times. The final sample was 

dried in vacuum at 50 °C for 10 h for further characterization. 60 

 

Characterizations 

XRD measurements were carried out with a Philips X’pert X-

ray diffractometer (CuKα λ = 1.54178 Å). The scanning electron 

microscopy (SEM) images were taken by using a field-emission 65 

scanning electron microscope (FESEM, JEOL-JSM-6700F). The 

transmission electron microscopy (TEM) images, high-resolution 

transmission electron microscopy (HRTEM) images, the energy 

dispersive X-ray spectrometry (EDX) and the selected-area 

electron diffraction (SAED) patterns were taken on a JEOL-2010 70 

transmission electron microscope with an accelerating voltage of 

200 kV. Room-temperature Raman spectra were taken with a 

Spex 1403 Raman spectrometer, equipped with an Ar+ ion laser 

as a light source operating at a wavelength of 514.5 nm. X-ray 

photoelectron spectroscopy (XPS) was performed on an ESCA-75 

Lab MKII X-ray photoelectron spectrometer, using Mg Kα X-ray 

as the excitation source.  

 

Electrochemical measurements 

The electrochemical properties of Si electrodes were measured 80 

with coin-type half cells (2016 R-type) which were assembled in 

an argon-filled glove box (H2O, O2< 1 ppm). Metallic Li sheet 

was used as counter and reference electrode, and 1M LiPF6 in a 

mixture of ethylene carbonate/dimethylcarbonate (EC/DMC; 1:1 

by Volume) was used as the electrolyte (Zhuhai Smoothway 85 

Electronic Materials Co., Ltd (China)). For preparing working 

electrode, a slurry mixture of Si nanoparticles, super P carbon 

black, and sodium alginate (6:2:2 wt%) was pasted onto a Cu foil 

and then dried in a vacuum oven at 80 °C for 12 h. It is noted that 

the active material density of each cell was determined to be 0.5-90 

1.0 mg cm-2. Galvanostatic measurements were conducted using a 

LAND-CT2001A instrument at room temperature that was cycled 

between 0.005 V and 1.50 V (vs. Li+/Li). Cyclic voltammetry 

(CV) was performed on electrochemical workstation (CHI660D), 

with a scanning rate of 0.2 mV s-1 at room temperature.  95 
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