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Shinichiroh Iwamura,ad Raúl Ber-enguerae and Takashi Kyotania 

The precise design at nanometer scale of Si-based materials is a quite complex issue but of utmost 

importance for their present and potential applications. This paper reports the first attempt to address 

the electrochemical reduction of SiO2 at nanometer scale. SiO2 nanoparticles are first covered with a 

uniform carbon layer with controlled thickness at an accuracy of a few nanometers, by pressure-pulsed 

chemical vapor deposition. With appropriate thickness, the carbon layer plays significant roles as a 

current path and also as a physical barrier against Si-crystal growth, and the SiO2 nanoparticles are 

successfully converted into extremely small Si nanocrystals (< 20 nm) inside the shell-like carbon layer 

whose morphology is derived from the original SiO2 nanoparticles. Thus, the proposed 

electroreduction method offers a new synthesis strategy of Si/C nanocomposites utilizing the 

morphology of SiO2 nanomaterials, which are well known for wide variety of defined and regular 

nanostructures. Owing to the volume difference of SiO2 and the corresponding Si, nanopores are 

generated around the Si nanocrystals. It has been demonstrated that the nanopores around the Si 

nanocrystals are effective to improve cycle performance of Si as a negative electrode for lithium-ion 

batteries. The present method is in principle applicable to various SiO2 nanomaterials, and thus, offers 

production of a variety of Si/C composites whose carbon nanostructures can be defined by their parent 

SiO2 nanomaterials. 

 

1. Introduction 

Silicon (Si) is the second most abundant element in the earth's 
crust and is environmentally harmless. Furthermore, it is one of 
the most important semiconductor materials, so that it has been 
widely used for electronics and solar cells.1,2,3,4 When its size is 
decreased down to nanometer-level, unique quantum properties 
appear, and such nano-sized Si (nano-Si) is expected to be used 
for many applications, e.g., electroluminescence, 3-dimensional 
optical waveguide, and optical cavity.5,6,7,8,9,10 Si, especially 
nano-Si, is also known as one of the most promising negative-
electrode materials for next-generation lithium-ion batteries 
(LIBs),11,12,13,14,15,16,17 owing to its very large capacity (ca. 3578 
mAh g–1 as Li3.75Si) and relatively low lithiation/delithiation 
potential (0.2~0.5 V vs. Li/Li+). In many of the applications 
mentioned above, the structure, dimensions, and/or morphology 
play a key role in the performance of Si. So far, a variety of 
methods have been proposed to produce Si materials with 
unique nano- or microstructures, such as anodic etching for 
quantum porous Si,8,18,19 solution process,17,20,21,22 a method 
combining laser ablation cluster formation and vapor-liquid-
solid growth for Si nanowires,23 and chemical vapor deposition 
(CVD) for Si nanoparticles and nanowires.24,25 For the purpose 
of LIB anodes, the combination with carbon is also of practical 
importance because it improves the electric conductivity, and 
the precise structure-control of not only Si but also carbon is a 
key factor to achieve high performance.26,27 Si/carbon (Si/C) 
nanocomposite materials have been prepared based on the Si 

nanomaterials without much attention to the control of carbon 
structure, for example just by the mixing with nanocarbons,17,28 
or by the carbon-coating of Si nanomaterials.16,29,30 It is also 
common to produce Si/C nanocomposites by depositing Si 
nanoparticles/nanolayers on nanostructured carbon 
materials.14,31 On the other hand, new synthesis techniques for 
Si/C composites, such as template-assisted synthesis,32,33 have 
been developed recently, and such new techniques allow the 
control of carbon nanostructure, thereby expanding the variety 
and controllability of Si/C nanostructure.   

The control of Si structure, especially at a nanometer-level, 
is still a challenging target, but it is well known that SiO2 can 
be easily molded into various forms, with a high precision at 
nano/microscale, e.g., nanoparticles, nanofibers, nanotubes, 
multiple mesoporous silicas, ordered mesoporous membrane, 
macroporous monoliths, opals, inverse opals, and biosilicas 
having unique and beautiful structures.34,35,36,37,38,39,40,41,42,43 
Therefore, it is reasonably expected that the synthesis of nano-
Si from nano-SiO2 would greatly progress the controllability of 
Si nanostructure. 

There are several methods to convert SiO2 into Si. 
Industrially, high-purity silica is reacted with carbonaceous 
matters, such as charcoal and coal, at a very high temperature 
(>2173 K) according to the following equation: 

 
SiO2 + 2C → Si + 2CO   (1) 
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Since Si is obtained through a liquid phase (m.p. of Si is 
1687 K) in this case, it is impossible to obtain nano-Si. Thus, 
for the conversion of nano-SiO2 into nano-Si, it would be 
necessary to use a method that works at much lower 
temperatures, such as a chemical reduction using Mg gas at 923 
K44 or an electrochemical reduction of SiO2 in molten salts 
below 1123 K.45,46,47,48,49,50 Considering less significant side 
reaction and better controllability of the reaction, we have 
selected the latter method to convert nano-SiO2 into nano-Si 
based on the following equation: 

 
SiO2 + 4e– → Si + 2O2–   (2) 
 
The electrochemical reduction of SiO2 into Si has been 

originally developed by Nohira et al.,45 and so far this method 
has been applied to bulky SiO2, such as glass-plates, or pellets 
composed of sintered powder.45,51,52 The reaction (2) takes 
place at the three-phase interface of a reactant (SiO2), a 
conductive path (Si or current corrector), and a reservoir of O2– 
(molten salts).45 Consequently, the reaction starts from the 
outside surface of the bulk SiO2 that keeps in contact with a 
current collector and a molten salt, and then proceeds to the 
depth direction alongside the growing conductive Si. Since the 
propagation of the three-phase interface requires of electric 
contact with the external current collector, the electroreduction 
of SiO2 materials necessarily gives rise to interconnected and/or 
aggregated fibrous Si crystals with a diameter of several 
micron-meters. In this work, we report for the first time the 
electrochemical reduction of SiO2 nanoparticles into Si 
nanocrystals. For the purpose of the direct conversion of nano-
SiO2 into nano-Si, the nano-SiO2 precursor was covered with a 
carbon nanolayer (Fig. 1a) before the electrochemical reduction. 
The carbon layer replicates the original morphology of the SiO2 
nanomaterials, but contains some defects and/or small holes 
through which molten CaCl2 can get into the inside during the 
electrochemical reduction (Fig. 1b). During the reduction, the 
carbon layer not only serves an electron path to facilitate the 
reduction process, but also plays a key role of a physical barrier 
restricting the growth of large Si crystals. Consequently, unique 
Si/C nanocomposites, consisting of individual Si nanocrystals 
covered by carbon nanoshells with the morphology of parent 
SiO2 nanomaterials, can be obtained as shown in Fig. 1c after 
the removal of unreduced SiO2.  

 
2. Experimental section 

2.1 Preparation of carbon-coated SNP 

An aqueous solution containing SiO2 nanoparticle (SNP; 

Snowtex® O-40, Nissan Chemical Industries, Ltd.) was dried 
up to obtain fine powder of SNP. Then, the powder (ca. 0.1 g) 
was molded into a pellet (the diameter is 13 mm and the 
thickness is 0.6 mm) by loading 590 MPa at room temperature. 
The porosity of the resulting pellet is ca. 59%. The pellet was 
then calcined at 1123 K for 3 h to improve its mechanical 
strength. Almost no shrinkage was observed in the whole pellet 
shape before and after the calcination. Generally, it is difficult 
to uniformly cover the surface of SiO2, since is it inactive for 
carbon deposition below the self-decomposition temperature of 
carbon sources (hydrocarbons). Therefore, the pellet consisting 
of SNP was subjected to a pressure-pulsed chemical vapor 
deposition (P-CVD) where a cycle of evacuation (20 s) 
followed by acetylene feed (20 vol% in N2, for 1 s) was 
repeated at 1073 K.16 By the P-CVD method, it is possible to 
uniformly coat the entire surface of inactive nanoparticles 
above the decomposition temperature of carbon sources.16 Then, 
the sample was further annealed at 1223 K for 1 h under 
vacuum to obtain carbon-coated SNP. By changing the number 
of times of acetylene feed in P-CVD to 150, 300, and 500, the 
carbon-loading amount in the carbon-coated SNP can be 
controlled to be 6, 12, and 18 wt%, respectively. These samples 
are referred to as SNP/C(6), SNP/C(12), and SNP/C(18), 
respectively. 
 

2.2 Electrochemical reduction of SiO2 into Si 

Electrochemical reduction of SiO2 into Si was carried out by a 
home-made electrochemical cell utilizing molten CaCl2 (Fig. 2). 
The system was constructed based on the reports by the 
Nohira’s group.45,46,47,48,49,53,54 Before the electrochemical 
experiments, CaCl2 (Wako Pure Chemical Industries, Ltd., 
95%) was thoroughly dried up first at 523 K for more than 24 h, 
and then 773 K for more than 24 h under vacuum. A working 
electrode was prepared by the following method. A pellet 
sample was crushed into fine powder and a fraction of the size 
below 1 mm was collected by sieving. The sample powder 
(SNP or carbon-coated SNP) was wrapped with a Mo mesh 
(Nilaco Co., 150 mesh), which was carbon-coated beforehand 
with a coating apparatus (Vacuum Device Inc., VC-100). Then, 
the sample-including Mo mesh was rolled and bound with a Mo 
wire (Nilaco Co.,  = 0.2 mm, 99.95%), which was connected 
to a thick Mo wire (Nilaco Co.,  = 1.0 mm, 99.95%) as shown 
in Fig. 2. A counter electrode was a graphite rod (Tokai Carbon 
Co. Ltd., 5×5×50 mm) connected to a thick Mo wire (Nilaco 
Co.,  = 1.0 mm, 99.95%). A reference electrode was prepared 
by immersing an Ag wire (Nilaco Co.,  = 1.0 mm, 99.99%) 
into CaCl2 containing 0.5 mol% AgCl (Wako Pure Chemical 
Industries, Ltd., 99.5%), packed in a mullite tube (Nikkato Co., 
HB grade,  = 6.0 mm). All the potentials for electrochemical 
experiments were determined by using a quasi-reference 
electrode prepared by electrodeposition of Ca metal on a Mo 
wire, in accordance with the Nohira’s method.49 The 
electrochemical cell was constructed by packing all of the 
above electrodes in a graphite beaker placed inside a quartz 
vessel, as shown in Fig. 2. The quartz vessel is embedded in a 

 

Fig.  1. A  scheme of electrochemical  conversion of  SiO2 nanoparticles  into  Si 

nanocrystals.  (a)  SiO2  nanoparticles  covered  with  carbon  nanolayer.  (b) 

Electrochemical  reduction  of  the  SiO2  nanoparticles  into  Si  nanocrystals  in 

molten CaCl2. (c) Si nanocrystals, together with nanopores, encapsulated with 

the original carbon layer. 
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mantle heater thereby the cell was heated at 1123 K. All 
experiments were conducted under Ar atmosphere at 1123 K 
with an electrochemical workstation HZ-5000 (Hokuto Denko, 
Co.). Electrochemical behaviors of SNP and carbon-coated 
SNP were first examined by cyclic voltammetry (CV) at 0.4 
mV s–1. Then, potentiostatic reduction of the samples was 
carried out. The sample obtained by the electrochemical 
reduction of SNP/C(X) (X = 6, 12, or 18) is referred to as 
SNP/C(X)R. The reduced samples were then washed with HF 
solution to remove unreduced SiO2. The sample after HF wash 
is referred to as SNP/C(X)R-HF. 
 

2.3 Characterization 

The nanostructures of the samples were analyzed with a 
transmission electron microscope (TEM; JEM-2010, JEOL 
Ltd.) together with selected area electron diffraction (SAD). 
The amount of carbon in carbon-coated SNP was estimated 
from the weight loss when the sample was burnt in a 
thermogravimetric analyzer (Shimadzu, TGA-51H) at 1173 K 
for 1 h under air flow. Powder X-ray diffraction (XRD) patterns 
of the samples were recorded with an XRD-6100 diffractometer 
(Shimadzu Corporation, Kyoto, Japan) with Cu Kα radiation 
generated at 30 kV and 20 mA. Nitrogen isotherms of the 
samples were measured at 77 K with a BEL Japan BELMAX. 
The specific surface areas (SBET) were calculated using the 
Brunauer–Emmett–Teller (BET) method. The total pore 
volumes (Vtotal) were calculated from the adsorption amount at 
P/P0 = 0.96. The micropore volumes (Vmicro) were calculated by 
using the Dubinin-Radushkevich equation. Then, mesopore 
volumes (Vmeso) were obtained by the following equation: Vmeso 
= Vtotal – Vmicro.  

Some of electro-reduced samples were subjected to 
charge/discharge tests as negative electrodes for LIBs, based on 
a method reported elsewhere.16,33 Each sample was mixed with 
conductive additive (Denka Black, Denki Kagaku Kogyo 
Kabushiki Kaisya) and binder polymers 
(carboxymethylcellulose (DN-10L, Daicel Fine Chem Ltd.) and 
styrene butadiene rubber (TRD2001, JSR Corporation)) 
dissolved in water. The weight ratio of these components was 

as follows; sample:carbon 
black:carboxymethylcellulose:styrene butadiene rubber = 
67:11:13:9. The resulting slurry was pasted onto a copper foil. 
After drying at 353 K for 1 h, the foil was cut into a circular 
shape (16 mm in diameter) to form a working electrode. The 
working electrode was again dried at 393 K for 6 h under 
vacuum, and was packed in a three-electrode cell together with 
a polypropylene separator. A lithium foil was used as a counter 
and a reference electrode. The electrolyte was 1 M LiPF6 in a 
mixture of ethylene carbonate and diethyl carbonate (1:1 by 
volume). CV was performed with a potentiostat/galvanostat 
(BioLogic, Claix, France; VMP3) between 0.01 and 1.5 V 
(versus Li+/Li) at a scan rate of 0.1 mV s–1. For obtaining Li 
insertion/extraction capacities, another three-electrode cell was 
prepared, and it was galvanostatically charged/discharged at a 
constant current of 200 mA g–1 between 0.01 and 1.5 V by 
using a battery charge/discharge unit (Hokuto Denko Co., 
Tokyo, Japan; HJ1001). Note that Li insertion and extraction 
are described as “discharge” and “charge”, respectively. All the 
electrochemical measurements for LIB performance were 
performed at 298 K. 

 

3. Results and discussion 

3.1 Uniform carbon-coating of SiO2 nanoparticles by P-CVD 

Fig. 3a shows a TEM image of SNP. The diameter of most SNP 
is in the range of 40-50 nm, but smaller particles (ca. 9 nm) are 
also contained to a small extent.37 In a typical synthesis process, 
SNP was molded into a pellet (Fig. 3b), and then the pellet was 
subjected to P-CVD to carbon-coat the surface of each SiO2 
particle (Fig. 3c). As shown in Fig. 3b-c, the morphology of the 
pelletized SNP is well retained after P-CVD, but the original 
white color turns completely black by the carbon-coating. The 
carbon layers formed by P-CVD are extremely thin (less than a 
few nanometers), and the thickness well correlates with the 
pulse times, as shown in Fig. 3d-f. In SNP/C(6) (Fig. 3d), the 
carbon layer is not observed evidently, suggesting that the 
coating is not perfect. By contrast, SNP/C(12) and SNP/C(18) 

 

Fig. 3.  (a) TEM  image of SNP;  (b,c) Photographs of  (b) pelletized SNP and  (c) 

carbon‐coated  SNP  (SNP/C(12));  (d,e,f)  TEM  images  of  (d)  SNP/C(6),  (e) 

SNP/C(12), and (f) SNP/C(18). 

 

Fig. 2. Illustration for the electrochemical cell utilizing molten CaCl2.  
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samples show homogeneous carbon layers of ca. 1-2 and 2-3 
nm in thickness, respectively (Fig. 3e and f). 

XRD patterns of SNP/C(12) as well as SNP are shown in 
Fig. 4, where both samples show only a typical halo peak of 
amorphous SiO2 at 22°. Fig. 3e clearly indicates the presence of 
a stacking structure of carbon layers in SNP/C(12), but this 
sample does not show distinguishable peaks of carbon (002) 
and (10) at 2 = 26 and 44°, respectively, in Fig. 4. This would 
be due to the extremely thin thickness as well as relatively low 
crystallinity of the carbon layer (only ca. 1-2 nm). 
 

3.2 Electrochemical reduction of SNP 

CV was performed on SNP and SNP/C(18) to investigate their 
reduction behaviors (Fig. 5). Both samples show four 
distinguishable cathodic peaks, indicated as (i), (ii), and (iii) in 
the range of 0.3–1.2 V, and a sharp spike (iv) around 0.2–0.3 V. 
Considering the CV results reported on bulk SiO2 plates,45,46,52 
(i), (ii), and (iii) can be attributed to the reduction of SiO2 into 
Si and (iv) corresponds to the formation of Si–Ca alloy. The 
presence of the three peaks during the SiO2 reduction process 
indicates that there are different rate steps for the SiO2 
reduction into Si in this system. The first peak (i) around 0.9–
1.2 V would correspond to a rapid reduction of the samples 
directly attached to a current collector (Mo mesh). The 
subsequent two peaks ((ii) and (iii) at around 0.5–0.9 and 0.3–
0.5 V, respectively) might be ascribed to the bimodal particle-
size distribution of the present SNP, i.e., a minor fraction 
around 9 nm and a major fraction around 40 nm.37 Considering 
such bimodal distribution, the peaks (ii) or (iii) could 
correspond to the reduction of larger and smaller particles, 
respectively. It is reasonable to assume that the smaller particles 
have a slower reduction rate because of the less number of 
contacting points to other particles, thereby having a larger 
electric resistance. Though SNP/C(18) has the thickest carbon 
shell (2–3 nm) in the materials investigated, it shows essentially 
the same CV pattern as that of SNP. This suggests that the 
carbon shells actually have defects and/or holes, and the molten 
CaCl2 can get into the carbon shell to react with the inner SiO2. 
The CV result in SNP/C(18) suggests that SNP/C(6) and 

SNP/C(12) could also be electrochemically reduced, because 
they have thinner carbon shells than SNP/C(18). However, as 
we will show later, the resulting morphology greatly depends 
on the thickness of the carbon shells. 

Since the reduction of SiO2 into Si occurs below 1.2 V (Fig. 
5), we applied a potentiostatic reduction on SNP/C(12) at 1.0 V 
to prepare the target material shown in Fig. 1c. The reduction 
was performed by applying successive pulses consisting of 
reduction steps at 1.0 V and resting steps at an open circuit 
potential (ca. 2 V) according to the pattern in Fig. 6. The aim of 
this latter step is to let molten CaCl2 pass through the carbon 
shell to form the aforementioned three-phase interface, and at 
the same time, to let the dissolved O2– ions (produced by the 
reaction (2)) diffuse away from the reaction interface. By 
assuming that only the reaction (2) takes place, the conversion 
ratio of SiO2 into Si can be calculated as ca. 60%, based on the 
total amount of charge passed during the potentiostatic 
reduction (Fig. 6). As we will show later, the remaining SiO2 
can be removed by HF washing, by which additional nanospace 
is created around Si, and this is advantageous for improving the 
performance for LIB application. It is actually possible to 
increase the conversion rate over 90%, simply by extending the 

 

 

Fig. 4. XRD patterns of SNP, SNP/C(12), SNP/C(12)R, and SNP/C(12)R‐HF. 

 

 

Fig. 5. Cyclic voltammograms of SNP and SNP/C(18) in molten CaCl2 electrolyte 

at 1123 K. Scan rate is 0.4 mV s–1. Four peaks of SNP/C(18) are indicated with 

labels (i)–(iv). 

 

 

Fig.  6.  I‐t  curve  during  potentiostatic  reduction  of  SNP/C(12)  at  1.0  V  (vs. 

Ca/Ca2+), together with a potential profile. 
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reduction time. In this case, however, a small amount of SiC 
tends to be formed as a by-product. Using this conversion ratio 
together with the carbon fraction in SNP/C(12) determined by 
the thermogravimetry,33 the composition of the resulting 
composite (SNP/C(12)R) can be estimated as Si:SiO2:carbon = 
34:49:17 (weight base). The XRD pattern of this electro-
reduced sample (Fig. 4) shows three well resolved peaks at 2 
= 28.4°, 47.3°, and 56.1°, corresponding to Si(111), Si(220), 
and Si(311), respectively, and other peaks from impurities such 
as SiC or Si–Ca alloy were not evidently observed, indicating 
the successful reduction of SiO2 into Si without noticeable side 
reactions. Though the SiO2 peak at 2 = 22° is greatly weaken 
after the reduction, a considerable amount of SiO2 residue 
might still remain in SNP/C(12)R, as was presumed from its 
composition.  
 

3.3 Morphology of the reduced samples 

Fig. 7a-d shows TEM images of the electro-reduced samples. 
Note that I-t curves for the electro-reduction of SNP/C(6) and 
SNP/C(18) are shown in the Supporting Information, Fig. S1. 
In SNP, its original spherical shape (Fig. 3a) was completely 
lost by the reduction (Fig. 7a), and randomly shaped grains 
were formed, because of uncontrolled crystal growth of Si. In 
the reduction product from SNP/C(6) (SNP/C(6)R; Fig. 7b), 
any trace of the original spherical shape cannot be observed, 
and a randomly aggregated structure as well as a fibrous 
structure were observed, suggesting that its carbon shell (Fig. 
3d) is so thin and/or defective that the shell was destroyed 
during the electrochemical reduction. By contrast, the reduced 
products from SNP/C(12) (SNP/C(12)R; Fig. 7c) and 
SNP/C(18) (SNP/C(18)R; Fig. 7d) retain spherical morphology 
derived from their original structures before the reduction. In 

these samples, it is seen that small grains are encapsulated in 
hollow carbon shells whose size and shape well agree with 
those formed on the SiO2 surface (Fig. 3e and f). The 
highlighted area in Fig. 7d was further analyzed in detail as 
shown in Fig. 7e (an enlarged TEM image) and 7f (a selected-
area electron diffraction (SAD) pattern). Fig. 7e reveals that the 
spherical carbon shell comprises of stacked carbon layers that 
correspond to the shells shown in Fig. 7f. Inside the shells, 
small Si crystals showing its lattice image with a d-spacing of 
Si(111) are observed. The SAD image (Fig. 7f) also proves the 
presence of Si crystals in the carbon shell. The formation of Si 
crystals inside the carbon shell means that molten CaCl2 liquid 
was able to penetrate the carbon shell, and the three-phase 
interface was formed inside the shell. Not only Si nanocrystals, 
but also non-crystalline substance is seen in Fig. 7e, as dark 
regions, and they may be ascribed to unreacted amorphous SiO2. 
It is found that such remaining SiO2 is much smaller than the 
original size, and this could be the reason why the remaining 
SiO2 does not show intense XRD peak as was seen in Fig. 4. 
Both in SNP/C(12) and SNP/C(18), we have observed a lot of 
different positions and confirmed that the structures represented 
in Fig. 7c and d are always seen. Moreover, none of unreacted 
SiO2 spheres was observed regardless of the size of the carbon 
shell (Fig. 7c and d). These facts indicates that the reduction 
occurred throughout the sample both in SNP/C(12) and 
SNP/C(18). 

The XRD measurements revealed the presence of Si in the 
four samples shown in Fig. 7a-d, but there is a big difference in 
a half-value width of Si peaks. All the samples derived from 
carbon-coated SNP (Fig. 7b-d) give broad Si peaks as shown in 
Fig. 4, whereas the reduction product of uncoated SNP (Fig. 7a) 
shows very sharp peak as shown in Fig. 8. For the samples 
shown in Fig. 7a-d, the average crystal sizes of Si are estimated 

 

 

Fig. 7. (a‐d) TEM images of the samples obtained by the electrochemical reduction of (a) SNP, (b) SNP/C(6), (c) SNP/C(12), and (d) SNP/C(18). The enlarged image 

and a SAD pattern corresponding to a highlighted area in (d) are shown in (e) and (f), respectively. (a) and (b‐d) were reduced by the continuous process and the 

successive‐pulse process, respectively. (a‐c) were reduced at 1.0 V, while (d) was reduced at 0.8 V. 
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to be 81, 18, 17, and 10 nm, respectively, by applying the 
Scherrer equation to their Si(111) XRD-peaks. As was 
suggested by Fig. 7a, the reduced product of the uncovered 
SNP has larger average crystal size than the carbon-coated 
samples. It is interesting that the randomly aggregated structure 
in SNP/C(6)R (Fig. 7b) is actually consisting of very small Si 
nanocrystals (18 nm in average size), although carbon layers 
were destroyed and their original spherical shape cannot be 
observed. These results suggest that the thin and defective 
carbon shells in SNP/C(6) are still effective to restrict the 
growth of large Si crystals to some extent during the reduction 
of SNP. In SNP/C(12) and SNP/C(18), the average crystal sizes 
(17 and 10 nm, respectively) calculated from XRD data accord 
well to the sizes of the Si nanoparticles observed by TEM (Fig. 
7c, d), indicating that Si nanoparticles are single crystals. The 
difference in their crystal sizes could be related to the different 
I-t curves shown in Fig. 6 and S1b, respectively. In the 
reduction of SNP/C(18), less intense reduction current flows at 
an initial stage. This could be ascribed to the thicker carbon 
shell which restricts more the diffusion of O2– ion. Thus, the 

reduction of SNP/C(18) proceeded more slowly than 
SNP/C(12). These results suggest that slower reduction could 
be effective to reduce the crystal size of Si.  

If SiO2 is reduced into Si, its original volume is reduced to 
60% after the reduction,52 so that it is reasonable to leave a 
cavity around Si as found in Fig. 7c and d. The formation of 
such cavities can be further analyzed by N2 cryosorption 
analysis (Fig. 9). SNP/C(12) (the sample before the reduction) 
is spherical material with a particle size of mainly 40-50 nm 
(Fig. 3e), showing very small N2 adsorption amount within the 
whole range of relative pressure (P/P0). However, its reduced 
product (SNP/C(12)R) shows remarkable N2 uptake and the 
resulting isotherm can be classified as type IV according to the 
definition by IUPAC.55 Thus, the small total pore-volume (0.12 
cm3 g–1) in SNP/C(12) was greatly increased up to 0.92 cm3 g–1 
upon the reduction. The isotherm of SNP/C(12)R is 
characterized also by a noticeably large hysteresis at a high 
pressure region, indicating the formation of relatively large 
nanopores with an ink-bottle-like shape. 

We then carried out HF washing of SNP/C(12)R to remove 
unreacted SiO2. The XRD pattern of the sample after the HF 
washing (SNP/C(12)R-HF) is shown in Fig. 4. It is found that 
such HF washing did not affect the XRD pattern of 
SNP/C(12)R, but the mesopore volume was increased by the 
HF washing as is found in Fig. 9, i.e., SNP/C(12)R-HF sample 

 

 

Fig. 8. XRD patterns of SNP before and after electoreduction. 

 

 

Fig.  9.  N2  adsorption  isotherms  (77  K)  of  SNP/C(12),  SNP/C(12)R,  and 

SNP/C(12)R‐HF. 

 

 

Fig. 10. TEM  images of (a) SNP/C(6)R‐HF and (b) SNP/C(12)R‐HF. An enlarged 

image of the highlighted region by a dotted line in b is shown in an inset. 
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has a mesopore volume of 1.08 cm3 g–1. The increase in the 
porosity can be ascribed to the removal of unreacted SiO2 in 
SNP/C(12)R. Also for SNP/C(6)R, HF washing was applied, 
and TEM images of the samples after HF washing are shown in 
Fig. 10. Their morphologies are basically similar to those 
before the HF washing (Fig. 7b and c, respectively). However, 
dark regions observed in Fig. 7b and c, which are ascribed to 
unreduced SiO2, are not seen in the samples after the HF 
washing. The results described above indicate that the target 
scheme shown in Fig. 1 has been achieved by the 
electrochemical reduction of SNP/C(12) and the subsequent HF 
washing. 

One of the highlighting advantages of the present approach 
is the key role of the carbon coating in controlling the growth of 
Si as well as serving a three-dimensional conductive path. 
Without the carbon layer, the morphology of Si is absolutely 
out of control, and random aggregation is formed as a result 
(Fig. 7a). If the carbon layer is too thin or defective, the layer 
could be destroyed during the reduction process, and the 
morphology of the resulting Si is not precisely controlled (Fig. 
7b). In order to complete the synthesis scheme shown in Fig. 1, 
an appropriate thickness is necessary for the carbon layer to act 
as a physical barrier to restrict the growth of large Si crystal. 
Under such conditions, Si nanoparticles were successfully 
formed in the confined nanospace of the carbon shells (Fig. 7c 
and d). It is thus found that one of the key steps is uniform 
coating of nano-SiO2 (the precursor of nano-Si) with a thin 
carbon layer whose thickness is precisely controlled at a level 
of a few nanometers. The P-CVD method used in this work 
meets such requirements. Note that P-CVD was performed on a 
pelletized SNP as shown in Fig. 3b. Though the pelletized SNP 
is a nanoporous monolith, P-CVD allows uniform carbon-
coating throughout such a porous, bulky sample.16,56 To the 
contrary, the conventional continuous CVD method does not 
allow such uniform carbon-coating, rather only the outside 
surface of the pellet is covered in this case. P-CVD is a simple 
method and can be applied to any form of SiO2 nanomaterials. 
Accordingly, the present synthesis pathway (Fig. 1) can be 
applied to various kinds of SiO2 nanomaterials, such as 
mesoporous silicas, colloidal crystals, and biosilicas, to 
fabricate a variety of Si/C nanocomposite materials in which 
very small Si nanocrystals are embedded in carbon nanoshells 
having unique morphologies derived from the original SiO2 
nanomaterials. 
 

3.4 The morphology effect on LIB application 

Though Si is considered as one of the most promising negative-
electrode materials for next generation LIBs,11,12,13,14,15,16 Si 
suffers from a low rate performance due to its low electric 
conductivity and its low reaction rate with Li.18,19,23,24 In 
addition, Si shows a large volume expansion (up to 400%)33 
and contraction during lithiation and delithiation, respectively, 
which results in pulverization of the particles followed by 
electric disconnection from the current collector, leading to a 
rapid capacity fading upon cycling.6,15 In order to overcome 
these drawbacks, decreasing the size of Si down to nm-scale, 
combining such nano-sized Si with conductive carbon, and 
introducing a buffer space around the nano-Si are recognized to 
be effective as indicated by the recent advanced 
researches.16,31,32,33,34,35,36 SNP/C(6)R-HF and SNP/C(12)R-HF 
contain similarly small Si nanocrystals, but their morphologies 
are completely different as shown in Fig. 10. It is thus 
interesting to examine the morphology effect on LIB 
application.  

The chemical compositions of SNP/C(6)R-HF and 
SNP/C(12)R-HF are shown in Table 1, together with the 
expected capacity (CExp) of Si/C composites from their 
compositions. The charge/discharge curves (1st to 10th cycles) 
of these samples are shown in Fig. 11a and b, together with 
illustrations representing their nanostructures. The capacity 
dependence of these samples on the cycle number is shown in 
Fig. 11c, and selected capacity values are picked up and listed 
in Table 1. SNP/C(6)R-HF (Fig. 11a) showed the higher 1st 
discharge (Cdch1) and charge (Cch1) capacities than 
SNP/C(12)R-HF, owing to its higher Si content. However, the 
capacity of this sample rapidly decreases compared to 
SNP/C(12)R-HF (Fig. 11c). Our previous work revealed that Si 
expands to ca. 4 times larger than its original volume upon the 
lithiation and  it is thus necessary to arrange buffer space 
around Si.33 With a spherical Si nanoparticle, it should be 
embedded in a spherical space having a diameter of 1.6 times 
larger than the Si nanoparticle. In Fig. 10a, SNP/C(6)R-HF 
does not have such large nanospace around nano-Si. By 
contrast, SNP/C(12)R-HF having the specific core-shell 
structure (Fig. 10b) showed a better cyclability in Fig. 11c. 
From its CV pattern, we have also confirmed the reversible 

Table 1. Composition and electrochemical performance of the Si/C nanocomposites. 

Sample 
X

Si

a
 

(wt%) 

X
C

a
 

(wt%) 

X
SiO2

a
 

(wt%) 

CExp

b
 

(mAh g–1) 

Cdch1

 c
 

(mAh g–1) 

Cch1 
d 

(mAh g–1) 

Cch20 
e 

(mAh g–1) 

SNP/C(6)R-HF 79 21 --- 2892 2533 1546 633 

SNP/C(12)R-HF 67 33 --- 2530 1948 980 680 

SNP/C(18)R 39 26 35 1480 1263 597 287 

a Mass content in the Si/C nanocomposites. b Expected capacity (CExp) of Si/C nanocomposites calculated by the following equation 
considering the capacities of carbon (CC) and Si (CSi) as 372 and 3572 mAh/g, respectively: CExp = (XSi × CSi) + (XC × CC). c 1st 
discharge capacity (Li-insertion process. d 1st charge capacity (Li-extraction process). e 20th charge capacity. Note that CExp, Cdch1, 
Cch1, and Cch20 are all calculated based on the total composite mass (the weight of Si + carbon). 
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lithiation/delithiation of Si during the cycling (see Fig. S2 in 
Supporting Information). In SNP/C(12)R-HF, considering its 
reduction ratio from SiO2 to Si (ca. 60%), the volume of Si is 
estimated as 1/4 of the volume of its parent SiO2. Since 
unreduced SiO2 was removed by HF washing, the volume of 
the buffer nanospace around Si is just 3 times larger than the Si 
volume in this sample. Thus, the present approach (SiO2 
reduction into Si and then HF washing) does realize Si/C 
nanocomposites having the appropriate buffer size around each 
Si. Without HF washing, the size of buffer is limited to be 
simply 1.5 times larger than the size of Si due to the presence of 
unreduced SiO2. As an example, we have examined the 
charge/discharge performance of SNP/C(18)R (the sample 
before HF washing, shown in Fig. 7d and e), and it was found 
that SNP/C(18)R indeed showed worse performance than 
SNP/C(12)R-HF (see Fig. S3 in Supporting Information). 
These results accord to our previous work on the appropriate 
buffer space, which was prepared by using SiO2 template 
around nano-Si.33 In addition, the presence of unreduced SiO2 
lowers its CExp, resulting in much lower capacity values than 
the other samples (Table 1). 

Interestingly, the capacity retention of SNP/C(12)R-HF is 
much better than the model Si/C composite which was prepared 
in our previous work.33 The previous model Si/C composite 
was prepared by the template method, thereby having an ideal 
sized buffer-nanospace around each of spherical Si 
nanoparticles (ca. 48 nm in diameter). We believe that the 
improved performance of SNP/C(12)R-HF is due to the 
extremely small Si nanoparticles (ca. 17 nm), which must be 
significantly advantageous for the LIB application. At the same 
time, Fig. 11 also points out that not only such extremely small 
Si size but also the surrounding nanostructure, i.e., buffer 
nanospace and the presence of carbon, governs the performance 
of Si/C composites. 
 

4. Conclusions 

We have demonstrated the electrochemical reduction of 
nanoscaled SiO2 by the aid of a uniform carbon nanolayer. The 
method gives rise to a new synthesis pathway for nano-Si/C 
composites, in which extremely small Si single crystals (< 20 
nm) are present in hollow carbon nanoshells. SiO2 
nanoparticles (below 50 nm in diameter) were first coated with 
a thin carbon layer (its thickness is a few nanometers) through 
the pulsed CVD method. Then, the SiO2/C nanocomposites thus 
prepared were electrochemically reduced in molten CaCl2. By 
adjusting the thickness of the carbon layer, SiO2 was 
successfully converted to Si nanocrystals (< 20 nm) inside the 
spherical carbon shell originally deposited on the SiO2 
nanoparticles. Owing to the volume difference of SiO2 and the 
corresponding Si, nanopores were generated around the Si 
nanoparticles. Thus, unique Si-C core-shell structure was 
obtained. The carbon coating layer plays two key roles, i.e., it 
acts as (i) an electric conductive path to the poorly conductive 
SiO2 nanoparticles, and (ii) a physical barrier to regulate the Si 
crystal growth inside the carbon shell. Consequently, unique 
Si/C nanocomposites have been realized: Si nanocrystals were 
encapsulated by hollow carbon nanoshells whose morphology 
is derived from the original SiO2 nanoparticles. We have 
demonstrated that the unique nanostructure produced by this 
approach improves the cyclability of Si as a negative electrode 
for LIBs. The present synthesis method is applicable to a 
variety of SiO2 nanomaterials, and therefore, it is possible to 
synthesize a new family of Si/C nanomaterials with carbon 
shells having morphologies derived from the SiO2 
nanomaterials.  
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