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A novel hierarchical nanostructure with graphite-like carbon 

and small Si nanocrystals respectively encapsulated in the 

mesopores and embedded in the silica framework of 

mesoporous silica nanoparticles has been facilely constructed 

and used as anode for Li-ion battery, which exhibits high 10 

specific storage capacity and extraordinarily high cycling 

stability. 

With ever-increasing energy demands in next-generation portable 

electronic devices, recent research and development have been 

focused on new electrode materials with high energy density and 15 

superior cycling stability for the next generation of Li-ion 

batteries (LIBs). There has therefore been great interest in 

developing new anode materials with relative high theoretical 

specific capacities, such as tin oxides, cobalt oxides, iron oxides, 

manganese oxides, Ge, Sn, Sb, etc.1 However, the main 20 

disadvantage of these anodes is large volume variation during the 

lithium insertion/extraction processes. Such a volume variation 

results in pulverization of electrode and loss of electrical contact 

with current collectors, which severely degrades their cycling 

stability and leads to their capacity loss. Comparatively, silicon 25 

has the highest theoretical capacity (4212 mA h g−1 for Li4.4Si) 

reported so far,2a however unfortunately, the poor cycling 

performance resulted inevitably from the severe volume effect 

and pulverization has become one of most critical adverse factors 

affecting its applications.2b Recent efforts have indicated that this 30 

problem is resolvable by decreasing the particle size of silicon,3 

dispersing silicon nanoparticles into an inactive/active matrix,4 or 

coating with conductive polymers5 or/and carbon6,7 or/and 

silica,7,8 etc. Particularly, silicon@silica/carbon nanocomposites 

as anode materials can integrate advantages of carbon (long cycle 35 

life) and silicon (high specific capacity) to remarkably improve 

overall electrochemical performances of LIBs, especially the 

cycling stability.7b 

 However, silicon has a low electrical conductivity intrinsically, 

therefore the silicon-based anode materials are desired to be made 40 

into porous nanocomposites with graphitic/graphite-like carbon to 

overcome this disadvantage because graphitic/graphite-like 

carbon has remarkably higher electrical conductivity6,7 while a 

porous structure can provide: (i) short diffusion path of lithium 

ions within the nano-sized pore walls, (ii) easy electrolyte 45 

penetration through the pores, and (iii) highly available charge 

storage sites owing to high surface area.5,6a,9 In this way, the 

integration of silicon-silica-carbon nanocomposites into a porous 

structure as anode is highly promising to improve the overall 

electrochemical performances of silicon-based LIBs. 50 

 Here, we employ a bottom-up self-assembly route to 

synthesize a kind of oxygen-deficient mesoporous silica 

nanoparticles (MSNs), and then develop an in situ 

carbonization/crystallization route to facilely construct a novel 

type of hierarchical nanostructure with graphitized carbon 55 

encapsulated in the mesopores and Si nanocrystals embedded 

within the mesoporous silica framework of MSNs (mesoporous 

C@Si-SiO2 nanostructures, abbreviated to ‘MCSSNs’), as shown 

in Scheme 1. It is worth noting that the in situ encapsulated 

carbon is partially graphitized and has a close contact with the 60 

mesoporous silica framework, greatly favoring the electron 

transfer. Furthermore, the mesoporous structure of MCSSNs can 

provide a high surface area in favor of transfer and reaction of 

lithium ions, while the Si@SiO2 mosaic structure of mesoporous 

framework can prevent Si nanocrystals from pulverization and 65 

thus endow the MCSSNs-based LIBs with superior cycling 

performance and high reversible capacity. 

 
Scheme 1 Schematic Illustration for the Synthesis of MCSSNs. 

 As illustrated by Scheme 1, the oxygen-deficient MSNs were 70 

synthesized by using Pluronic P123 as a structure-directing agent 

(SDA) and triethoxysilane (TES) as a special silicon source by a 

bottom-up self-assembly route, as reported previously by us.10 

Our previous researches indicated that the post-calcination at 600 

°C can dehydrogenize O3Si–H terminal groups to create copious 75 

oxygen vacancies capable of generating luminescence,11 and 

therefore the synthesized luminescent mesoporous silica was used 

for drug delivery and synchronous imaging.10 As for applications 

for LIB anode, this work proposed to crystallize Si nanoparticles 

in the oxygen-deficient mesoporous silica framework for the first 80 

time, and thus the calcination temperature is necessarily as high 

as 900 °C. However, MSNs without P123 would be subject to 

loss of their porous structures at such a high calcination 

temperature.10 In this work, we fortunately discover that the P123 

micelles reserved within the mesopores of MSNs can be in situ 85 

carbonized at 900 °C under inert atmosphere, and support the 

Page 1 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

mesostructure from collapse, and meanwhile Si nanocrystals 

could also be generated in situ within the mesoporous framework 

during high temperature calcination (900 °C), as shown in 

Scheme 1. Compared with our previous report about the oxygen-

deficient luminescent MSNs for bio-applications, the present 5 

MCSSNs is synthesized by a smarter and novel in situ 

carbonization/crystallization route, and have a remarkably 

different nanostructure with Si nanocrystals embedded within the 

mesoporous silica framework and graphitized carbon 

encapsulated in the mesopores in favor of applications as LIB 10 

anode materials. 

 
Fig. 1 TEM images (a−c) and SA-XRD pattern (d) of MCSSNs. Figure c 

is a HR-TEM image of MCSSNs, where the inset is the corresponding 

SAED pattern. 15 

 The morphology and mesostructure of MCSSNs were 

observed through TEM imaging (Fig. 1a−c). It could be found 

that MCSSNs possess uniform particle size of about 200 nm, 

spherical morphology (Fig. 1a) and well-defined mesoporous 

structure (Fig. 1b) even though the post-calcination temperature 20 

was as high as 900 °C. Moreover, the sharp small-angle X-ray 

diffraction (SA-XRD) peaks at 0.6–0.8° (Fig. 1d and 

Supplementary Fig. S1a) also indicate that both the as-

synthesized MSNs and MCSSNs possess partially ordered 

mesoporous structures.12 If P123 was removed by solvent 25 

extraction before calcination, the mesoporous structure of MSNs 

would be destroyed after post-calcination above 600 °C, as 

indicated previously by us.10 Therefore it is thought that the in 

situ carbonization of P123 micelles within the mesopores of 

MSNs is of great benefit to support the mesoporous structure. 30 

Nitrogen adsorption–desorption measurement also indicates that 

MCSSNs have a relatively high porosity with specific surface 

area of 85 m2/g, pore volume of 0.2 m3/g and pore diameter of 3.8 

nm (Supplementary Fig. S2), which is expected to favor an 

evener lithium concentration distribution across the electrode 35 

material and thus more uniform volume changes during lithium 

insertion/extraction processes, avoiding the electrode 

pulverization.3c,9 From SEM images, it could also be found that 

both the as-synthesized MSNs (Supplementary Fig. S3a) and 

MCSSNs (Supplementary Fig. S3b) have uniform particle size 40 

and spherical shape, further indicating little effect of high 

temperature calcination on the morphology of MCSSNs in the 

present experimental conditions. 

 Furthermore, a hierarchical nanostructure with Si nanocrystals 

of about 3 nm embedded within the mesoporous silica framework 45 

is observable under the high-resolution TEM (HR-TEM) 

imaging, as suggested by the clear (111) lattice fringes of the 

diamond cubic Si phase with a (111) interplanar spacing of 0.31 

nm and the corresponding selected area electron diffraction 

(SAED) pattern (inset of Fig. 1c).7b,9d Moreover, the Si 50 

crystallization could also been confirmed by two broad 

diffraction peaks of MCSSNs at 28.9° and 47.5° in wide-angle 

XRD patterns (Supplementary Fig. S1b), which can be indexed as 

(111) and (220) planes of cubic Si (JCPDF card No. 27-1402), 

respectively. In addition, both the as-synthesized MSNs and 55 

MCSSNs exhibit a wide diffraction peak at 22.5° (Supplementary 

Fig. S1b), which should be assigned to amorphous silica 

framework. Furthermore, MCSSNs still exhibited a well-defined 

diffraction peak at 26.5° (Supplementary Fig. S1b), which can be 

indexed as the (002) plane of graphite (JCPDF card No. 41-60 

1487). 

 To investigate the P123 carbonization within MSNs, the 

Raman and FTIR spectra of the as-synthesized MSNs sample and 

the post-calcined MCSSNs sample were collected 

(Supplementary Fig. S4 and Fig. S5). It could be found that the 65 

as-synthesized MSNs sample exhibits several characteristic 

adsorption bands of P123 at 2980–2850 cm–1 and 1460–1370 cm–

1, ascribing to CH3/CH2 stretching and bending vibrations, 

respectively. However, these characteristic adsorption bands of 

P123 are invisible after post-calcination at 900 °C under nitrogen 70 

blowing protection, as shown by the black MCSSNs sample 

(Supplementary Fig. S4). This suggests that P123 encapsulated 

within MSNs has been carbonized. Furthermore from the Raman 

spectrum of carbon sorted from MCSSNs (Supplementary Fig. 

S5), two characteristic Raman bands of graphite-like carbon at 75 

1560 cm−1 (G band) and 1300 cm−1 (D band) can be distinctly 

identified,9d further indicating the partial graphitization of P123 

within MCSSNs in accordance with the above-mentioned wide-

angle XRD results. The carbon content of MCSSNs was 

determined to be 22.1 wt.% by elemental analysis. The graphite-80 

like carbon in situ encapsulated within the mesopores of 

MCSSNs will favour the electrochemical performances of 

MCSSNs. The P123 carbonization and the Si crystallization 

within MCSSNs were also verified further by TG/DTA/DTG 

thermal analysis (Supplementary Fig. S6) and FTIR measurement 85 

(Supplementary Fig. S4). 

 The lithium-storage properties of MCSSNs nanocomposite 

electrodes were investigated. From the galvanostatic 

charge−discharge curves (Fig. 2a), MCSSNs nanocomposite 

electrodes exhibit high charging and discharging capacities of 90 

2022 and 888 mA h g−1, 1350 and 583 mA h g−1, 958 and 415 

mA h g−1 at current densities of 100, 150 and 500 mA g−1, 

respectively, in the first cycles. Though there are large capacity 

losses (irreversibility) in the first charging−discharging process, 
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the Coulombic efficiencies are generally higher than 99% at 

various current densities after the first cycle, as indicated by 

Supplementary Fig. S7. Generally, the capacitive irreversibility of 

silicon-based electrodes in LIBs in the first initial cycle is a 

prevailing phenomenon, and the initial irreversible capacity loss 5 

could mainly arise from the formation of a solid electrolyte 

interphase on the surface of the active particles and/or the 

irreversible lithium insertion.9d Even so, the reversible capacities 

of MCSSNs nanocomposite electrodes are still as high as about 

920, 600 and 420 mA h g−1 at current densities of 100, 150 and 10 

500 mA g−1, respectively (Supplementary Fig. S7). The most 

important thing is that the cycling performance investigation 

indicated that MCSSNs nanocomposite electrodes exhibited 

excellent cyclability (up to 500 cycles in Supplementary Fig. S8), 

and the specific capacities were well retained and even increased 15 

slightly with the increase of cycle time at different current 

densities (Supplementary Fig. S7 and Fig. 2b). By comparison, 

bare Si particles would deliver the irreversible capacities with 

continuing and rapid reduction after cycling in spite of 

considerably high first charging−discharging capacities, which 20 

was mainly resulted from the pulverization of silicon particles 

and the microstructural damage during lithium 

insertion/extraction processes.13 Therefore, the outstanding 

cycling performance of MCSSNs nanocomposite electrodes could 

be attributed to the stable embedding structure of Si nanocrystals 25 

within the mesoporous silica framework forming a three-

dimensional mosaic-like architecture, and both the silicon 

nanocrystals and the whole spherical particles retained their 

integrity without significant volume change and pulverization 

during calcination at 900 °C and after 100 charge−discharge 30 

cycles, as indicated by TEM images in Fig. 1c and 

Supplementary Fig. S9, respectively. Moreover compared with 

various carbon anode materials (graphite, graphene, carbon 

nanotubes, fullerenes),14 MCSSNs nanocomposite electrodes 

have remarkably higher specific storage capacity and comparable 35 

or even better cycling stability. In addition, the gradual and slight 

increase in the specific capacity of MCSSNs, which is a common 

phenomenon for many nanostructured electrodes,5c,15 could result 

from the gradual activation of MCSSNs electrodes and the 

enhancement of the electrical conductivity of electrodes in large 40 

numbers of repeated charging−discharging processes as discussed 

below. 

 
Fig. 2 Galvanostatic charge−discharge curves (a) and cycling 

performances (b) of MCSSNs electrodes at current densities of 100, 150 45 

and 500 mA g−1. 

 
Fig. 3 Electrochemical impedance spectra of MCSSNs electrodes before 

and after cycling obtained by applying a sine wave with amplitude of 5.0 

mV over the frequency range from 100 kHz to 10 mHz. 50 

 

Table 1 Electrochemical impedance fitted parameters of MCSSNs before 

and after cycling with an equivalent circuit model shown in Fig. 3. 

Cycle Number Re (Ω) Rf (Ω) Rct (Ω) 

0 9.1 200.4 151.3 

20 6.4 186.1 140.3 

500 8.5 85.5 89.6 

 

 55 

 Furthermore to get insight into the electrochemical properties 

of the MCSSNs nanocomposite electrode, the electrochemical 

impedance spectra (EIS) before and after cycling were measured 

(Fig. 3), and the EIS parameters were obtained by fitting 

experimental data with an equivalent circuit model14a,14b,16 shown 60 

in the inset of Fig. 3 (Table 1).  Therein, Re represents the internal 

resistance of the tested battery; Rf and CPE1 are associated with 

the constant resistance and constant phase element of the solid-

electrolyte interphase (SEI) film, corresponding to the semicircle 

in the high-frequency region; Rct and CPE2 are associated with 65 

the charge-transfer resistance and constant phase element of the 

electrode/electrolyte interface, corresponding to the medium-

frequency semicircle; Zw is associated with the Warburg 

impedance, corresponding to the lithium-diffusion process. From 

Fig. 3, the diameter of the high-frequency semicircle clearly 70 

becomes smaller after cycling, indicating that the contact 

impedance (Rf) becomes lower; the diameter of the medium-

frequency semicircle remarkably becomes smaller after cycling, 

revealing that the charge-transfer impedance (Rct) becomes lower; 

the low-frequency inclined line indicates that the diffusion of Li 75 

ions is easy, probably owing to the special nanostructure of 

MCSSNs (C@Si-SiO2) with graphite-like carbon and small Si 

nanocrystals respectively encapsulated in the mesopores and 

embedded in the silica framework as mentioned above. From the 

fitted results in Table 1, it can be further found that the SEI 80 

resistance (Rf) and charge-transfer resistance (Rct) of the 

MCSSNs nanocomposite electrode are 200.4 Ω and 151.3 Ω 

before cycling, and remarkably decrease with the increase of 

cycling time down to 85.5 Ω and 89.6 Ω after 500 cycles. This 

indicates that the contact between electrode and electrolyte as 85 

well as the electrical conductivity of the overall electrode can be 

(a)                                                                      (b) 
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improved during cycling. It is thought to be derived from the 

gradual immersion of electrolyte into the mesoporous structure of 

the MCSSNs and the conductivity increase of Si nanoparticles 

within the MCSSNs after lithium-ion doping associated with 

electrochemical charging. The significant improvement of the 5 

electrical conductivity of the overall MCSSNs electrode might be 

a reason for the gradual and slight increase in the specific 

capacity of MCSSNs during cycling as mentioned above.5b 

 In conclusion, a novel kind of hierarchical nanostructure with 

graphite-like carbon encapsulated in the mesopores and with Si 10 

nanocrystals of about 3 nm embedded within the silica 

framework of MCSSNs, exhibiting relatively high porosity, 

uniform particle size (200 nm) and well-defined spherical 

morphology, has been successfully constructed by a facile 

bottom-up self-assembly strategy followed by an in situ 15 

carbonization/crystallization approach. The reservation of P123 

in the mesopores for in situ carbonization, the utilization of TES 

as the especial Si source for the generation of copious oxygen 

vacancies and the post-calcination at 900 °C for in situ Si 

crystallization within the silica framework are three important 20 

factors to construct MCSSNs with hierarchical nanostructure. 

MCSSNs as a Li-battery anode material exhibited high reversible 

specific storage capacity (920 mA h g−1 at current density of 100 

mA g−1) and long cycling life (beyond 500 cycles with 

Coulombic efficiencies of higher than 99%), and would therefore 25 

have potential applications in high-performance LIBs. 
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