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Abstract: A one-step molten salt electrochemical strategy was proposed to synthesize SiC nanoparticles from ultra-fine 
silicon dioxide/carbon (SiO2/C) mixtures. The electrosynthesis process and physicochemical properties of the 
synthesized products were systematically analyzed via X-ray diffraction, electron microscopy, Raman spectroscopy and 
photoluminescence spectroscopy, etc. A combined chemical/electrochemical reaction, electrochemical deoxidation, and 
in-situ carbonization reaction mechanism was proposed to reveal the electrochemical synthesis process of SiC 
nanoparticles from SiO2/C in molten CaCl2. The as-prepared SiC with particle size ranging from 8 to 14 nm possesses a 
polycrystalline structure. In addition, the SiC nanoparticles demonstrate obvious photoluminescence property due to the 
synergetic size effect and microstructural characteristics. 
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1 Introduction 
 

In recent years, semiconductor nanomaterials 
present wide application prospects in the fields of 
biological detection, photovoltaic conversion, and 
data-storage, etc, due to their unique electrical, 
optical, and mechanical properties. Silicon  
carbide (SiC), as a representative third-generation 
wide bandgap semiconductor material, possesses 
numerous outstanding properties [1,2], such as   
high thermal conductivity (4.9 W·cm−1·K−1), high 
saturated electron mobility (2.0×107 cm/s), high 
breakdown field strength (3.0 MV/cm), good anti- 
radiation ability (105 W/cm2), and high thermal 

stability. As the size of SiC decreases to the 
nanometer range, certain photoelectric properties 
can be induced or enhanced due to its size   
effects [1], and SiC nanomaterials can be used in 
wider fields. For instance, SiC nanomaterial has 
been considered to be a good candidate for blue  
and ultraviolet luminescent displays due to its 
intensified luminescent properties [3]. Besides,  
SiC nanoparticles with better compatibility and 
transmission capability may present exciting 
opportunities for biomarkers and medicines [4]. 

To date, various synthetic techniques have 
been proposed and applied to the preparation of  
SiC nanomaterials, such as carbothermal reduction 
of the silicon/carbon-containing precursors [5,6], 
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chemical vapor deposition [7], laser pyrolysis and 
ablation [8], and high energy ball milling [3]. Even 
though ultra-fine SiC powder can be synthesized 
via these methods, the complex procedures and/or 
high costs are some of the most concerning 
obstacles in development and commercialization  
of these preparation techniques. Thus, exploring 
alternative methods to prepare SiC nanomaterials 
are still extremely needed. 

Molten salt electrolysis is a versatile and 
sustainable technology that can rely on electrons to 
purify and prepare functional materials without 
additional redox agents [9−11]. In recent years, 
with the development of molten salt electro- 
chemical strategy represented by the FFC- 
Cambridge process, a variety of metals, alloys, and 
semiconductor materials have been electro- 
chemically synthesized from their corresponding 
metal oxides [10−12]. In general, the advantages of 
molten salt electrolysis include: (1) The production 
process of metal/alloy/semiconductor materials is 
simplified by using readily available and low-cost 
oxides as raw materials; (2) The electrolysis 
temperature is relatively low, generally 700−900 °C, 
which can reduce energy consumption; (3) The 
synthesized product with diverse and controllable 
morphology has high added value. For the synthesis 
of Si-based nanomaterials, the previous researches 
confirmed that low-metal property and intrinsic 
orientation-growth mechanism of silicon materials 
can provoke the formation of micro/nano- 
structures during the molten salt electrosynthesis 
process [12,13]. Meanwhile, thermodynamic 
spontaneous reaction of silicon and carbon provides 
convenience to the electrochemical synthesis of 
ultra-fine SiC nanomaterials [12]. 

In this work, homogeneous SiC nanoparticles 
were prepared directly from silicon dioxide/carbon 
mixtures in molten calcium chloride (CaCl2) via a 
one-step electrochemical synthetic strategy. The 
phase evolution, element composition, and 
morphological change of the cathodic products 
were systematically investigated. A possible 
formation mechanism of SiC nanoparticles was 
proposed according to the experimental results. 
Furthermore, the microstructural characteristics and 
room-temperature photoluminescence property of 
the resultant SiC nanoparticles were also 
investigated. 

 
2 Experimental  
 
2.1 Fabrication of electrodes 

SiO2 and carbon (C) powder with the average 
particle sizes of 15 nm and 10 nm, respectively, 
were purchased from Shanghai Macklin 
Biochemical Co., Ltd. (China). SiO2 and C powders 
(in a molar ratio of Si:C=1:1), and 15 wt.% 
polyvinyl butyral (PVB) were well mixed     
using a planetary muller at 250 r/min for 5 h. 
Approximately 0.4 g mixture was compressed in a 
stainless-steel mold under a pressure of 20 MPa to 
fabricate a SiO2/C pellet with a diameter of 10 mm. 
The obtained SiO2/C pellet was subsequently 
wrapped with porous nickel foam and fastened   
to a molybdenum wire (2 mm in diameter). The 
assembled SiO2/C electrode was used as a cathode 
for the synthesis of SiC. A high-purity graphite rod 
with a diameter of 10 mm served as the anode. 
 
2.2 Molten salt electrolysis experiments 

Anhydrous CaCl2 (Shanghai Aladdin Co., Ltd. 
(China)) used as the electrolyte was first dried at 
400 °C for 24 h. SiO2/C cathode, graphite anode, 
and the pre-treated CaCl2 were assembled into a 
corundum crucible to form the electrolytic cell, 
which was subsequently placed in electrolytic 
furnace for synthesis of SiC. The schematic 
illustration of the electrolytic cell as well as the 
furnace is shown in Fig. 1. The electrolytic cell was 
protected by continuously injected argon gas 
(99.9999%) during the entire experiment. When  
the furnace temperature reached 900 °C, pre- 
electrolysis was conducted between two graphite 
electrodes (10 mm in diameter) at a constant 
potential of 2.5 V to eliminate the possible residual 
moisture in CaCl2. A constant potential of 3.0 V was 
applied between the SiO2/C cathode and graphite 
anode by the electrochemical workstation or 
constant voltage power supply. As the electrolysis 
reached the designated time, electrolysis was halted 
and the cathodic product was cooled to room 
temperature with the furnace at the cooling rate of 
2 °C/min. Deionized water were used to clean the 
residual solid salt and possible impurities. The 
resultant products were then dried at 100 °C in air 
for the subsequent analyses. Cyclic voltammetry 
measurement was performed to investigate the 
electro-reduction process, where the metallic Mo  
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Fig. 1 Schematic illustration of electrolytic cell and furnace, as well as digital photographs of cathode and graphite 
anode before and after electrolysis 
 
cavity electrode (with width of 5 mm, thickness of 
1.5 mm, and cavity diameter of 1 mm) loaded with 
SiO2/C powder, platinum wire (1 mm in diameter), 
and graphite rod (10 mm in diameter) were used as 
working electrode, reference electrode, and counter 
electrode, respectively. 
 
2.3 Characterizations 

X-ray diffraction (XRD, D8 Advance, Bruker) 
was used to determine the phase composition of the 
electrolytic products. Scanning electron microscopy 
(SEM, FEI Nova Nanosem 450) and energy- 
dispersive X-ray spectroscopy (EDS) were utilized 
to analyze the morphology and element 
composition of the products, respectively. The 
microstructures of the products were further 
characterized by transmission electron microscopy 
(TEM, FEI Tecnai G2 F20). Renishaw inVia Raman 
microspectrometer with 355 nm Ar ion laser was 
used to analyze the resultant SiC nanoparticles. 
Photoluminescence spectrum of the synthesized SiC 
was collected using a Hitachi F−7100 luminescence 
spectrofluorometer with an excitation wavelength 
of 252 nm. The thermodynamic data were 
calculated by HSC chemistry version 6.0. The 
current-time and CV curves were recorded by a 
Princeton P4000 electrochemical workstation. The 
current efficiency (ƞ) was calculated by the 

following equation: 
 

  100%nFm
CM

η = ×                           (1) 
 
where n represents the number of transferred 
electrons; F represents Faraday constant; m 
represents the actual mass of the Si (70% of the 
mass of the synthesized SiC); C represents the total 
charge in the electrolysis process; M represents the 
relative atomic mass of Si. 
 
3 Results and discussion 
 
3.1 Electrosynthesis of SiC from SiO2/C 

The current−time curve of the electrosynthesis 
of SiC from SiO2/C in molten CaCl2 at 900 °C and 
3.0 V is shown in Fig. 2(a). It is obvious that the 
current decreases rapidly from about 0.8 to 0.4 A 
during the initial electrolysis stage, and then it 
declines gradually to about 0.2 A after 4 h. The 
current efficiency of the electrolysis process is 
calculated to be about 49.4%. The variation of the 
current observed in this work complies with the 
previous electrochemical deoxidation process of 
metal oxides-containing cathode systems [14−16]. 
According to the previous works [9,17], electro- 
chemical deoxidation process followed the 
propagation of semiconductor (Si)/oxide (SiO2)/ 
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Fig. 2 Current−time curve of electrosynthesis of SiC from SiO2/C in molten CaCl2 at 900 °C and 3.0 V (a); XRD 
patterns of SiO2/C pellets before and after being immersed and electrolyzed in molten CaCl2 for different durations (b); 
CV curve of SiO2/C in molten CaCl2 at scan rate of 50 mV/s (c) 
 
electrolyte (molten CaCl2) three-phase interlines 
(3PIs) in the SiO2/C pellet. At the initial electrolysis 
stage, the rapid decrease of current indicates that 
the SiO2/C electrode quickly reaches a relatively 
stable deoxidation process. The latter current 
platform means that electrochemical deoxidation of 
SiO2 in the cathode is gradually completed. The 
above-mentioned deoxidation and current variation 
processes are affected by many factors, such as the 
transfer efficiency of oxygen ions, the porosity and 
conductivity of generated SiC coating, and the 
concentration of oxygen ions in the reaction zone 
and molten salt. Figure 2(b) presents the XRD 
patterns of the SiO2/C pellets before and after being 
immersed and electrolyzed in molten CaCl2 for 
different durations. The SiO2/C pellet after    
being immersed in molten CaCl2 for 5 h exhibits  
the typical characteristic peaks of silicates (labeled 
as CaxSiOy, including CaSiO3 and Ca2SiO4,     
etc). The generation of CaxSiOy is due to        
the thermodynamically spontaneous combination 
reaction between SiO2 and CaO (Ca2+, O2−) that 
exists as hardly removed impurity in molten    
salt [18,19]. The phase composition of cathodic 
products further changes after performing electro- 

lysis for 0.5 h. The XRD pattern shows the hybrid 
peaks of Si, SiO2, and CaxSiOy, which indicates the 
progress of electrochemical deoxidation reactions. 
The characteristic peaks of SiO2 disappear when the 
electrolysis duration extends to 1 h, whereas SiC, Si, 
and CaxSiOy become the dominant phases. The final 
cathodic product is evidenced as pure SiC phase 
(PDF #75-0254) after electrolysis for 4 h. Cyclic 
voltammetry curve recorded at a scan rate of 
50 mV/s is shown in Fig. 2(c). According to     
the CV curve, the electrolysis process of SiO2/C 
consists of the electrochemical reduction of SiO2 
(Peak R1) and CaxSiOy (Peak R2). The previous 
works have confirmed that direct electrochemical 
reduction of SiO2 and dissolution−reduction of 
CaxSiOy coexisted in the electrosynthesis process of 
SiC [12,13]. 

Figure 3 shows morphological transformation 
of the cathodic products during the electrolysis 
process. SiO2/C precursor and the cathodic products 
obtained in the earlier stages, e.g., 0.5 and 1 h, 
possess a typical black color due to the existence  
of carbon (Fig. 3(a)). It should be noted that     
no obvious characteristic peaks of carbon are 
detected by XRD since amorphous carbon powder 
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Fig. 3 Digital photographs (a), SEM images (b−g), and their corresponding EDS spectra (h) of cathodic products 
obtained at different electrolysis durations: (b) 0 h; (c) 0.5 h; (d) 1 h; (e) 1.5 h; (f) 3 h; (g) 4 h 
 
was used in this work. With increasing SiC  
contents, the color of the cathodic products  
changes from black to black-grey and to yellow-       
grey. Furthermore, as evidenced by the digital 
photograph in Fig. 1, a certain extent of oxidation− 
corrosion reaction exists on the surface of the 
anodic graphite rod. These observations indicate the 
successful electrochemical deoxidation between 
SiO2 and CaxSiOy, and the in-situ carbonization 
reaction between Si and C. Figures 3(b−h) show the 
SEM images and their corresponding EDS spectra 
of the cathodic products obtained after different 
electrolysis durations. The SEM images present  
that the morphology of the cathodic products has  
no obvious change, and electrolytic intermediate 
products (Figs. 3(b−f)) all show the morphology of 

nano-particles, indicating that the reaction occurs at 
the nanometer scale. As shown in Fig. 3(g), uniform 
SiC nanoparticles with particle size of about  
10 nm can be obtained. The EDS spectra (Fig. 3(h)) 
further reveal the effective removal of the oxygen 
from the cathode. The detection of calcium (Ca) in 
the EDS spectra of the intermediate products also 
verifies the existence of CaxSiOy during the 
electrolysis process, which is consistent with the 
XRD result. 
 
3.2 Reaction mechanism of electrosynthesis 

process 
To further elucidate the generation mechanism 

of CaxSiOy and Si, raw CaCl2 without any treatment 
and SiO2/CaCl2 mixtures after heating at 900 °C  
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for 5 h were characterized using XRD, as shown  
in Fig. 4(a). The result shows that the pristine   
CaCl2 possesses distinct characteristic peaks that 
correspond to CaCl2 and CaCl2∙2H2O. CaCl2∙2H2O 
may be introduced from the preparation process of 
CaCl2 with strong hygroscopicity. Furthermore, 
calcium silicates (such as CaSiO3 and Ca2SiO4) 
were detected in SiO2/CaCl2 mixtures after 
heat-treatment. This result is consistent with that 
reported in the previous works [20,21], implying 
that calcium-oxide phase from raw CaCl2 is 
beneficial to the ionization of silica to form silicate 
ions through the dissolution and combination 
processes. DONG et al [22] substantiated that 
silicate ions could effectively promote the 
electrochemical reduction rate for the synthesis of 
silicon. In order to prove that the dissolution− 
electroreduction process can effectively prepare 
silicon-based materials, a constant voltage of 3.0 V 
was subsequently performed on two graphite rods 
 

 
Fig. 4 XRD patterns of CaCl2 and SiO2/CaCl2 mixtures 
after heating at 900 °C for 5 h (a); XRD patterns of 
graphite rod used as cathode before and after electrolysis 
in molten SiO2/CaCl2 (The inset is the corresponding 
digital photographs) (b) 

to synthesize Si in the molten SiO2/CaCl2. 
Figure 4(b) shows the XRD patterns of the graphite 
rod serving as cathode before and after electrolysis, 
and the inset shows the digital photographs of the 
graphite rod before and after electrolysis. Obvious 
Si (PDF #77-2107) peaks can be observed in the 
XRD pattern after performing electrolysis for 
30 min, suggesting the successful synthesis of Si 
from molten SiO2−CaCl2 via an electrochemical 
deposition process. This also indicates that the 
dissolvable silicates generated through liquid-phase 
reaction in the electrolysis process of SiO2/C can 
also be smoothly reduced to solid Si. 

Figure 5 shows the SEM images of electro- 
deposited Si particles. Obviously, the resultant Si 
possesses a uniform morphology of microspheres 
with particle size of about 1 μm. By comparison, 
the size of the electrodeposited Si is sufficiently 
larger than that of the electrochemically synthesized 
SiC, as shown in Fig. 3. Such a difference in size is 
mainly due to the greater ease of nucleation and 
faster growth behaviors for Si during the 
electrodeposition process in liquid salt. In addition, 
the collected EDS mapping, as shown by the inset 
in Fig. 5(b), further confirms the deposition of Si 
from the molten SiO2/CaCl2. 
 

 
Fig. 5 SEM images of electrodeposited Si particles (The 
inset in (b) is its corresponding EDS mapping) 
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Based on the above results, a possible 
electrosynthesis mechanism for the preparation of 
SiC nanoparticles from SiO2/C in molten CaCl2 has 
been proposed, and its schematic diagram is shown 
in Fig. 6. Since CaCl2 typically possesses some 
residual moisture and crystal water, it is challenging 
to completely eliminate these oxygen-contained 
impurities with heat-treatment and pre-electrolysis 
process [23,24]. Therefore, certain amounts of  
Ca2+ and O2− may remain in the molten CaCl2 due 
to the dissolution of calcium oxide (CaO) via 
Reactions (2)−(7). Therefore, when SiO2/C pellet  
is immersed in the molten CaCl2, SiO2 can 
spontaneously react with CaO (Ca2+, O2−) to form 
CaxSiOy (such as CaSiO3 via Reaction (8)) through 
liquid-phase reaction. Meanwhile, SiO2 and 
CaxSiOy can be directly electro-reduced to Si via 
Reactions (9)−(11). The ionized O2− may also 
participate in the combination reaction and result in 
the generation of CaxSiOy during the migration 
process in the cathodic pellet. Since SiO2 and C 
powders are supposedly well mixed, the resultant Si 
can spontaneously react with C to produce SiC via 
in-situ carbonization Reaction (12). Unlike the 
metal materials, semiconductor silicon does not 
possess enough delocalized electrons to provoke the 
thermal-induced strain behavior, and therefore is 
beneficial to the formation of micro/nanostructure 
silicon-based materials [9]. Furthermore, the 
generation of ultrafine SiC nanoparticles is also 
related to the utilization of nanometer-level raw 
material and massive and homogeneous nucleation 
behavior during the electrolysis process (Fig. 3).  
CaCl2∙2H2O→CaCl2∙H2O+H2O(g)            (2)  
CaCl2∙H2O→CaCl2+H2O(g)                 (3) 

CaCl2∙H2O→CaClOH+HCl(g)              (4)  
CaCl2∙H2O→CaCl2+H2O(g)                (5)  
CaCl2∙H2O→CaO+2HCl(g)                 (6)  
CaO→Ca2++O2−                          (7)  
SiO2+CaO(Ca2+,O2−)→CaSiO3, 

ΔG900 °C=−90.802 kJ/mol               (8)  
SiO2+4e→Si(s)+2O2−                        (9)  
CaSiO3→Ca2++SiO3

2−                        (10)  
SiO3

2−+4e→Si(s)+3O2−                         (11)  
Si(s)+C(s)→SiC(s), ΔG900 °C=−62.396 kJ/mol  (12) 
 
3.3 Microstructure and photoluminescence 

property of synthesized SiC nanoparticles 
The as-synthesized SiC powder was further 

characterized by TEM and high-resolution TEM 
(HR-TEM) to illustrate its detailed microstructure 
and property. As shown in Fig. 7, the synthesized 
SiC possesses irregular micromorphology of 
nanoparticles. Furthermore, the SiC nanoparticles 
are interconnected, as observed in Fig. 7(a), which 
indicates the existence of grain growth behavior 
during the formation of SiC. According to the 
previous works [20,25,26], Ostwald ripening is the 
main growth mechanism of Si-based materials, 
which involves the growth of large grains at the 
cost of small ones during the solution-precipitation 
process. Moreover, liquid molten salt featured with 
high polarity and surface tension can suppress 
particle agglomeration, and this may induce the 
formation of SiC nanoparticles [9]. The inset in 
Fig. 7(a) shows the selected area electron 
diffraction (SAED) pattern, where a set of 
concentric rings can be observed. Such a result  

 

 
Fig. 6 Schematic diagram of electrosynthesis mechanism for preparation of SiC nanoparticles from SiO2/C in molten 
CaCl2 
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Fig. 7 TEM (a) and HR-TEM (b, c) images of as-synthesized SiC nanoparticles (The inset in (a) is its corresponding 
SAED pattern); Particle size distribution of SiC nanoparticles (d) 
 
implies that the as-synthesized SiC nanoparticles 
possess a polycrystalline structure. The HR-TEM 
image (Fig. 7(b)) confirms that the interplanar 
spacing of SiC nanoparticles is about 0.25 nm, 
which corresponds to that of (111) plane of cubic 
β-SiC. Different grain orientations can also be 
observed in the inside and the junctions of SiC 
nanoparticles, illustrating the polycrystalline 
property of SiC. Furthermore, the SiC nanoparticles 
have some microstructural defects, such as stacking 
faults, as shown in Fig. 7(c). The particle size 
distribution calculated from the TEM image is 
displayed in Fig. 7(d). The results show that the 
particle size of the synthesized SiC is concentrated 
in the range of 8−14 nm. 

Raman measurement was performed to further 
investigate the microstructure of the resultant SiC 
nanoparticles. As shown in Fig. 8(a), two broad 
peaks located at 783 and 945 cm−1 in the Raman 
spectrum are assigned to the transverse optical (TO) 
and longitudinal optical (LO) phonon modes of 
β-SiC, respectively. Compared to the bulk β-SiC 
Raman peak, the TO peak and LO peak of β-SiC 

nanoparticles shift towards the lower wavelength by 
13 and 27 cm−1, respectively, and these values close 
to the theoretical offsets are caused by quantum 
confined effects [27]. Furthermore, the intensity of 
TO peak is significantly higher than that of LO 
peak, which implies the presence of certain defects, 
e.g., dislocations, in the SiC nanoparticle [28]. 
Photoluminescence (PL) spectrum was measured 
with excitation at 252 nm at room temperature    
to investigate the optical properties of the 
as-synthesized SiC nanoparticles. As shown in 
Fig. 8(b), a strong emission peak located at about 
410 nm can be observed in the PL spectrum. This 
emission peak shows an obvious blue-shift based on 
the previous works [29−31]. Since the particle size 
of the β-SiC synthesized in this work is about 
10 nm, quantum confinement effects may be 
induced within the nano-material. In addition, some 
microstructural defects such as stacking faults are 
detected by the Raman spectrum and TEM 
micrograph (Fig. 7) in the SiC nanoparticles. 
Previous studies [31−33] speculated that distorted 
and weakly bonded atoms (e.g., Si—C, Si—Si) 
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with twisted bonding angle or longer bonding 
length can also cause the blue-shift emissions, 
which deserves further investigation. In general, the 
presence of quantum confinement effects and the 
microstructural defects of nano-scale SiC may 
result in the blue-shift phenomenon observed in the 
PL spectrum [30]. Based on the above results, it is 
confirmed that the impressive optical property 
enables the synthesized SiC nanoparticles to be 
potentially employed in the optoelectronic field. 
 

 
Fig. 8 Raman (a) and photoluminescence (b) spectra of 
synthesized SiC nanoparticles 
 
4 Conclusions 
 

(1) SiC nanoparticles has been electro- 
chemically synthesized from mixed SiO2 and C 
powders at 900 °C in molten CaCl2. 

(2) The electrochemical synthesis mechanism 
of SiC mainly involves the generation of 
intermediate products of CaxSiOy through a 
combined chemical/electrochemical process, the 
electrochemical deoxidation of SiO2 and CaxSiOy, 
and in-situ carbonization reaction between resultant 
Si and C. 

(3) The as-synthesized SiC possesses the 
morphology of irregular nanoparticles with particle 
size ranging from 8 to 14 nm. The microstructure of 
the SiC exhibits polycrystalline cubic β-phase 
structure and some microstructural defects, such as 
stacking fault. 

(4) The SiC nanoparticles demonstrate obvious 
quantum-confined effects, and show remarkable 
photoluminescence property due to the synergetic 
size effect and microstructural characteristics. 
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摘  要：提出一种一步熔盐电化学方法，以超细二氧化硅和碳粉混合物为原料合成碳化硅纳米颗粒。通过 X 射线

衍射、电子显微镜、拉曼光谱、光致发光光谱等系统研究电解合成过程及产物的物化特性。提出二氧化硅/碳粉在

氯化钙熔盐中电解合成纳米碳化硅时存在化学/电化学复合、电化学脱氧和原位碳化的耦合反应机理。结果表明，

所制备的碳化硅纳米颗粒的粒径集中分布在 8~14 nm，并具有多晶结构。此外，由于协同的尺寸效应和微观结构

特征，碳化硅纳米颗粒具有明显的光致发光特性。 
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