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 Silica (SiO 2 ) is regarded as one of the most promising anode materials 
for lithium-ion batteries due to the high theoretical specifi c capacity and 
extremely low cost. However, the low intrinsic electrical conductivity and 
the big volume change during charge/discharge cycles result in a poor 
electrochemical performance. Here, hollow silica spheres embedded in 
porous carbon (HSS–C) composites are synthesized and investigated as an 
anode material for lithium-ion batteries. The HSS–C composites demon-
strate a high specifi c capacity of about 910 mA h g −1  at a rate of 200 mA g −1  
after 150 cycles and exhibit good rate capability. The porous carbon with a 
large surface area and void space fi lled both inside and outside of the hollow 
silica spheres acts as an excellent conductive layer to enhance the overall 
conductivity of the electrode, shortens the diffusion path length for the trans-
port of lithium ions, and also buffers the volume change accompanied with 
lithium-ion insertion/extraction processes. 

(1961 mA h g −1 ), and extremely low 
cost. [ 9,10 ]  However, as a common issue 
of SiO 2  and other metal oxides anodes, 
the majority of the capacity is delivered 
at potentials higher than 1.0 V versus Li/
Li + , which is different from the silicon 
anodes. [ 9–14 ]  Also, some intrinsic draw-
backs for SiO 2  as an electrode material 
including poor electrical conductivity and 
low initial Coulombic effi ciency limit the 
electrochemical performance. [ 10,11,15–18 ]  
Incorporating silica with carbon has been 
demonstrated as one promising approach 
to circumvent the poor electrical conduc-
tivity and large volume variation during 
the charge–discharge processes. [ 11,19 ]  By 
soaking nanosized silica (with a diameter 
of about 7 nm) in sucrose solution and 
then heat treated at 900 °C under nitrogen 
atmosphere, a C-SiO 2  composite with 

50.1% SiO 2  prepared by Yu and co-workers delivered a capacity 
of about 550 mA h g −1 . [ 19 ]  Another C-SiO 2  composite with 
both porous carbon and silica bicontinuous nanostructure was 
prepared via a simple sol–gel method and delivered a revers-
ible specifi c capacity of 560 mA h g −1 . [ 11 ]  Except the relatively 
lower capacitance, more concern is that charge–discharge tests 
of both C-SiO 2  composites were performed at a relatively low 
current density of 50 mA g −1 , which is hardly to meet the appli-
cation demands for the high rate performance LIBs. Higher 
capacity could be obtained by refi ned designing and incorpo-
rating tailored void space, for example, Yan et al. [ 9 ]  reported that 
the SiO 2  porous nanocubes with a hollow structure exhibited a 
reversible capacity of 919 mA h g −1  at a current density of 100 mA g −1 , 
and SiO 2  nanotubes synthesized by a two-step hard-template 
method exhibited a stable reversible capacity of 1266 mA h g −1  
after 100 cycles at a current density of 50 mA g −1 . [ 20 ]  However, the 
high cost, low packing density, and low current density still limit 
the practical application of these materials. 

 By preparing C-SiO 2  composites with controlled nanostruc-
ture in a facile method, it can be assumed that the capacity 
of silica-based anode material still has a large potential to be 
enhanced. In this work, hollow silica spheres embedded in 
porous carbon (HSS–C) was developed by utilizing tetraethoxy-
silicate (TEOS) and resol ([C 6 H 3 OHCH 2 ]  n  ,  M  w  < 500 g mol −1 ) [ 21 ]  
as SiO 2  and carbon sources, respectively. The hollow silica 
spheres were completely confi ned in the electrical conduc-
tive continuous porous carbon framework with a large sur-
face area and void space that can buffer the volume change 
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  1.     Introduction 

 Lithium-ion batteries (LIBs) have attracted tremendous interest 
as energy storage devices to power portable electronics and 
electrical vehicles, and for stationary storage due to their high 
energy density and long cycle life. [ 1–5 ]  As a most promising 
anode material for the next generation of lithium-ion batteries, 
silicon has received a lot of attention recently mainly due to 
its highest specifi c capacity of 4200 mA h g −1 . [ 6 ]  However, the 
drastic volume change of Si (>300%) leads to an unaccep-
table capacity fading during repeated insertion and extraction 
of lithium ions (Li + ) and signifi cantly limits its commercial 
application. [ 6–8 ]  

 More recently, silica (SiO 2 ) is drawing an increasing atten-
tion as an alternative candidate due to the less volume change 
during cycling because of the in situ formation of passivation 
secondary phase, relatively high theoretical specifi c capacity 
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during lithium-ion insertion/extraction processes, leading to an 
enhanced specifi c capacity and a good cyclic performance at a 
relative high current density of 200 mA g −1 .  

  2.     Results and Discussion 

 The SiO 2  content in the HSS–C sample is determined to be 
about 63.5 wt% by thermogravimetric (TGA), as shown in 
 Figure    1  a. The X-ray diffraction (XRD) pattern of sample HSS–C 
shown in Figure  1 b demonstrates no distinct diffraction peaks, 
suggesting the amorphous nature of the powders, with a broad 
and weak diffraction peak located in the 2 θ  range of 21–23° 
associated with amorphous SiO 2  and the weak peak around 43° 
assigned to carbon. [ 10 ]  No silicon peak is found, demonstrating 
no SiO 2  was reduced to Si, as surely SiO 2  cannot be reduced to 
Si or SiC by carbon at temperatures below 1000 °C. [ 10 ]  

   Figure    2   presents a general view of the morphologies of the 
hollow silica spheres (HSS) and the HSS–C composites. Silica 
spheres with smooth surface were prepared after the removal of 
polystyrene (PS) spheres, and the silica spheres exhibit a uni-
form size (about 350 nm in diameter) and a hollow structure 
(about 200 nm in diameter, which is almost equal to the dia-
meter of PS spheres, as shown in Figure S1, Supporting Infor-
mation), with a thickness of silica to be 75 nm (Figure  2 a). After 
the impregnation of an ethanol solution of resol and P123, 

evaporating ethanol, thermosetting at 100 °C and carbonizing, 
the hollow silica spheres were embedded in carbon matrix and 
formed the HSS–C, as shown in Figure  2 b. 

  As the hollow silica spheres were dispersed and embedded 
in the porous carbon matrix, it was not a uniform coating, and 
the thickness of the porous carbon outside the SiO 2  spheres 
may differ from different directions. As shown in  Figure    3  a,b, 
the carbon on the SiO 2  spheres has a different thicknesses and 
shows a porous structure. 

  Nitrogen sorption isotherms were used to determine the 
porous structure of the HSS and HSS–C.  Figure    4   gives their 
nitrogen sorption isotherms and the pore size distribution (based 
on the Barrett–Joyner–Halenda (BJH) desorption analyses). The 
HSS shows a type-IV isotherm (Figure  4 a) with a rapid increase 
of adsorption quantity in high relative pressure, with relatively 
a wide pore size distribution from 3 to 150 nm (Figure  4 b), 
suggesting the existence of mesopores and macropores. The 
mesopores may mainly come from the nanopores between 
the SiO 2  particles, while the macropores may due to the aggre-
gates of primary spheres and the hollow pores in the silica 
spheres. The Brunauer–Emmett–Teller (BET) derived surface 
area is determined to be 68.6 m 2  g −1  (with the average particle 
size of SiO 2  calculated to be about 33 nm, as listed in the Sup-
porting Information), and a total pore volume of 0.530 cm 3  g −1 . 
In comparison, HSS–C exhibits a type IV isotherm with a typical 
H2 type hysteresis loop (Figure  4 c), suggesting the existence of 
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 Figure 1.    a) TGA curve of carbon coated hollow silica spheres composite (HSS–C) from 25 to 800 °C at a heating rate of 10 °C min −1  in a fl ow air and 
b) XRD pattern of carbon coated hollow silica spheres composite (HSS–C).

 Figure 2.     Field-emission scanning electron microscopy (FESEM) images of a) the hollow SiO 2  spheres (HSS) and b) the hollow SiO 2  spheres 
embedded in carbon (HSS–C).
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mainly mesopores, which are due to the mesoporous carbon. [ 22 ]  
The BET surface area and total pore volume are calculated to 
be 297 m 2  g −1  and 0.315 cm 3  g −1 , respectively, with a maximum 
pore size distribution peak at 4 nm (Figure  4 d). The decrease of 
pore volume and the increase of BET surface area are mainly 
due to the carbon fi lling of the HSS pores. 

  The cyclic voltammetry (CV) curves of HSS–C sample at a 
scanning rate of 0.1 mV s −1  in the voltage range of 0.01–2.8 V 
are displayed in  Figure    5  a. The reduction peaks located at 1.37 
and 0.75 V appeared in the fi rst cycle only. The peak at 1.37 V 
is believed to result from the decomposition of vinylene car-
bonate (VC), the additive in the electrolyte. [ 23 ]  This cathodic 
peak at 0.75 V is associated with the electrolyte decomposition 
and the formation of solid electrolyte interface (SEI) layer on 

the surface of the electrode. [ 19,24–27 ]  The formation of SEI fi lm 
in the fi rst cycle is through irreversible reactions, which may 
result in the low Coulombic effi ciency and loss in the charge 
capacity. These peaks are not observed in the subsequent cycles, 
indicating the formation of SEI is mostly complete in the fi rst 
cycle. The following sloping region should be assigned to the 
electrochemical reduction of SiO 2  to Si and the irreversible for-
mation of Li 2 O or Li 4 SiO 4 ; the reversible reaction of Li both Si 
and carbon. [ 11,16,19,28 ]  The fi rst three charge and discharge pro-
fi les of mesoporous carbon are also shown in Figure S2a (Sup-
porting Information), which also shows an obvious discharge 
plateau from 0.75 to 0.01 V. Both Si and carbon would alloy/
dealloy with lithium reversibly and provides the reversible 
capacity (Reaction  ( 2)   and  ( 3)  ): 
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 Figure 3.    a,b) Transmission electron microscopy (TEM) images of the hollow SiO 2  spheres embedded in carbon (HSS–C).
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 Figure 4.    Nitrogen adsorption–desorption isotherms of a) HSS and c) HSS–C and the corresponding BJH desorption pore size distribution of b) HSS 
and d) HSS–C.
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    2SiO +4Li +4e Li SiO +Si2
+

4 4→−
  (1a) 

     SiO +4Li +4e 2Li O+Si2
+

2→−
  (1b) 

    Si+ Li + e Li Si+x x x→−
  (2) 

     C+ Li + e Li C+y y y↔−

  
(3)

 

    The anodic peak occurs at 0.33 V in the fi rst cycle can be 
attributed to dealloying of Li from Si. This peak becomes dis-
tinct and shifts to a lower voltage in subsequent cycles, which 
implies a rate enhancement in the kinetic process of delithia-
tion of Si nanoparticles. [ 20 ]  The CV profi les remain relatively 
steady after the fi rst cycle, indicating the material has a high 
reversibility and good stability for the lithiation and delithiation. 

 The discharge and charge profi les for the fi rst three cycles 
tested at 100 mA g −1  over a potential window of 0.01–3.5 V are 
shown in Figure  5 b. The fi rst discharge and charge capacities 
are 1750 and 822 mA h g −1 , with the initial Coulombic effi ciency 
reaches 47% only, which is attributed to the formation of SEI 
layer on the electrode surface and the irreversible electrochem-
ical reactions between Li +  and SiO 2  to generate inert phases Li 2 O 
or Li 4 SiO 4 . The discharge and charge capacity of the second 
cycle are 900 and 822.6 mA h g −1 , with the Coulombic effi ciency 
increases to 91%, and maintained above 95% in the subsequent 

cycles. As for the majority of the capacity is delivered at poten-
tials higher than 1.0 V versus Li/Li + , Yu and co-workers [ 19 ]  pro-
posed that it should be attributed to the large polarization of 
the glassy material derived from SiO 2 . The Si generated during 
the fi rst conversion cycle has poor conductivity and hinders the 
kinetics of Li alloying. Chen and co-workers [ 29 ]  also claimed 
that the Li 2 O and silicate salts formed during the fi rst discharge 
process also contribute to the phenomenon because they both 
have poor electronic conductivity. The same phenomenon can 
also be observed in HSS electrode (as shown in newly added 
Figure S2b in the Supporting Information). In order to further 
verify the possible reason of the high delithiation potential of 
SiO 2 , we compared the charge and discharge curves of HSS-C 
electrode of different cycles, as shown in Figure  5 c, the charge 
curves become steeper with the increasing of cycling numbers, 
which is in accordance with the delithiation peak shift in the CV 
curves, suggesting that the delithiation potential lowers and the 
hindered Si are slowly activated during cycling. 

  Figure    6  a shows the cycling performance of HSS–C and 
HSS electrode at 200 mA g −1  for 150 cycles. As we can see, the 
HSS–C demonstrates a higher reversible capacity and excellent 
cycling stability, compared with the HSS electrode. The HSS–C 
electrode delivers an initial charge capacity of ≈780 mA h g −1  
and keeps increasing in the following 120 cycles, and thereafter 
stabilizes to give a specifi c capacity of 910 mA h g −1  without 
any tendency of degradation, while the HSS electrode delivers 
a specifi c capacity of only 110 mA h g −1 . According to the 
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 Figure 5.    a) The CV curves of HSS–C electrode measured in the voltage range of 0.01–2.8 V (vs Li/Li + ) with a scan rate of 0.1 mV s −1 ; b) fi rst three 
discharge and charge curves of the HSS–C electrode at a current density of 100 mA g −1 ; and c) discharge and charge curves of the HSS–C electrode 
versus different cycles at a current density of 200 mA g −1 .
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 Figure 6.    a) Cycling performance of HSS–C and HSS at a current density of 200 mA g −1  and b) rate capability of HSS–C and porous carbon at different 
current densities.
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literature, the resistivity of SiO 2  is as high as 1 × 10 13  Ω m, [ 30 ]  
which is almost nonconductive. However, the resistivity of 
amorphous carbon is only 0.35 Ω m, [ 31 ]  with almost 13 orders 
huge of magnitude lower than SiO 2 . After coated with carbon 
on the silica spheres, it is believed that the electrical conductivity 
of HSS–C can be greatly enhanced. The huge difference of spe-
cifi c capacity confi rms the carbon coating plays a remarkable 
role in enhancing the electrochemical performance of hollow 
silica spheres as poor conductivity often leads to a low capacity. 
Considering the 36.5% of carbon in the HSS–C (with the spe-
cifi c capacitance of carbon to be 180 mA h g −1 , as shown in 
Figure  6 b), it can be calculated that the specifi c charge capacity 
contributed by porous carbon should be about 66 mA h g −1 , and 
the corresponding capacity of SiO 2  should be 1300 mA h g −1 . 
This capacity-climbing phenomenon is common in the fi eld 
of Li-based rechargeable batteries and can be found in other 
anodes. [ 32–35 ]  There are several possible reasons concerning 
this phenomenon, fi rst, according to the previously reported 
works, this “extra capacity” is due to the reversible growth of a 
polymeric gel-like fi lm resulting from kinetically activated alkyl 
carbonate electrolyte degradation at low potential. [ 32 ]  Moreover, 
the polymeric gel-like fi lm builds up continually over a number 
of cycles since the internal surface of active materials is more 
diffi cult to access. [ 35 ]  Second, it is proposed that the capacity of 
SiO 2  anode increases over cycles due to the partially reduction of 
SiO 2  to Si, the growth of the Si phase and, thus, the growth in 
Si volume. The irreversible formation of Li 4 SiO 4  at Si/SiO 2  inter-
faces leads to the formation of threefold coordinated Si [Si(III)] 
outside of its original SiO 4  tetrahedron to bond to the silicon 
phase, which represents the partial reduction of silica, and turns 
out to be thermodynamically favorable. [ 36 ]  The capacity gained 
by inclusion of new Si atoms (4 Li per Si) in the Si phase out-
weighs the loss in capacity due to the consumption of SiO 2  in 
the irreversible formation of Li 4 SiO 4 . [ 20,36 ]  The average capacity 
increase in each cycle is just about 1 mA h g −1 , it is reasonable to 
keep a relative stable Coulombic effi ciency over cycles. Similar 
results were also demonstrated in Zhao’s work [ 16 ]  and Favors’ 
work. [ 20 ]  Besides, a possible reason for the capacity climbing can 
be due to an activation process of the delayed electrolyte wet-
ting into the 3D nanoporous structure as proposed by other 
groups for nano-Si anodes. [ 37 ]  This may also be similar explana-
tion for our result, as especially for the HSS–C, the hollow silica 
spheres were completely encapsulated by the porous carbon, the 
BET specifi c surface area of HSS–C reaches 297 m 2  g −1 , which 
also demonstrates a 3D porous structure. The slow increase in 

capacity may also be attributed, at least in part, to the surface 
activation accompanied with a decreasing charge voltage curve 
(Figure  5 c). More work still needs to be done to give a clear 
explanation for this phenomenon. 

  The rate performances at different current densities were 
evaluated and shown in Figure  6 b. From the profi les, HSS–C 
is found to demonstrate a stable rating behavior, for example, a 
reversible capacity of ≈860 mA h g −1  is achieved at a current den-
sity of 100 mA g −1  and 560 mA h g −1  at a high current density 
of 1000 mA g −1 . The charge capacity returns 915 mA h g −1  after 
the current density returned to 100 mA g −1 . The good rate per-
formance of HSS–C is mainly attributed to its refi ned structure, 
as mentioned before, the porous carbon with a large specifi c 
surface area and pore volume on the surface of silica may facili-
tate the diffusion and transportation of electrolytes within the 
electrodes for fast redox reactions during the charge–discharge 
process even at high current density and at the same time dilute 
the local current density due to the high specifi c surface area. [ 38 ]  

 Scanning electron microscopy (SEM) investigation was also 
employed to study the structure change of both HSS and HSS–C 
electrode after 150 charge/discharge cycles, in order to further 
study the effect of carbon coating in improving the electrochem-
ical performance. As shown in  Figure    7  a, even the whole par-
ticle still retains the spheres morphology in a broad view, but the 
smooth silica wall was completely destroyed after 150 charge/
discharge cycles (as shown in the inset of Figure  7 a), compared 
with that of before cycling (Figure  2 a). This phenomenon also 
suggests that the hollow porous structure of HSS helps to accom-
modate the structure change during cycling to some extent. 
However, the hollow silica spheres embedded in porous carbon 
electrode keeps the same morphology without any fracture, as 
shown in Figure  7 b, which suggests the carbon coated both 
inside and outside of the hollow structure is crucial to keep the 
structure stable, which helps to form a relatively stable mixture. 

  To investigate the infl uence of carbon coating on the elec-
trochemical kinetics of the Li +  insertion/extraction process 
within silica electrodes, electrochemical impedance spectro-
scopy (EIS) measurement was performed over a frequency 
range of 100 kHz to 0.01 Hz (see  Figure    8  a). Figure  8 a shows the 
Nyquist plots of the HSS–C and HSS electrodes after 30 cycles 
(at 100 mA g −1 ). Both profi les display a depressed semicircle in 
the high-frequency region associated with the combined pro-
cess of surface fi lm ( R  f ) and the charge transfer resistance ( R  ct ), 
and a long slope line represents the Warburg impedance ( Z  W ) 
at low frequency, which indicates the diffusion of lithium ions 
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 Figure 7.    SEM images of the electrodes before cycling and after 150 cycles: a) HSS (inset: large magnifi cation) and b) HSS–C.
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in the solid matrix. [ 39,40 ]  The plots are fi tted with the equivalent 
electrical circuit model (as shown in the inset of Figure  8 a), in 
which the symbols  R  s ,  R  f ,  R  ct , and  Z  W  represent the solution 
resistance, contact resistance, charge-transfer resistance, and 
Warburg impedance, respectively. The fi tting results are shown 
in  Table    1  . The  R  f  and  R  ct  values of HSS-C electrode are 21 and 
76 Ω, respectively, which are much smaller than those of the 
HSS electrode (199 and 280 Ω), suggesting that the carbon 
coating signifi cantly lowers contact and charge-transfer imped-
ances. Moreover, after the fi rst cycle, silica without carbon 
coating as a buffer may experience a big volume change and 
pulverization due to the lithium-ion intercalating into the 
generated Si particles, thus increasing the contact resistance, 
charge-transfer resistance. The lithium-ion diffusion coeffi cient 
( D  Li ) could be calculated from the low-frequency plots based on 
Equation (4) and (5): [ 41 ] 

    ct
0.5Z R Re σω′ = + + −

  (4) 

     

( )

2( )
Li

2

2 2
Li

2D
RT

An F C σ
=

  
(5)

 

     In Equation  ( 4)  ,  ω (2 πf ) is the angular frequency in the low-fre-
quency region,  R  e  represents the  R  s  +  R  f , both  R  e  +  R  ct  and War-
burg coeffi cient ( σ ) can be obtained from the fi tting line while  Z ′ 
has a linear relationship with  ω  −0.5 . The number of  R  e  +  R  ct  may 
be different from the fi tting results based on the equivalent cir-
cuit, as they are obtained by fi tting from the high-frequency area. 
In Equation  ( 5)  ,  T  is the absolute temperature,  R  is the gas con-
stant,  A  is the surface area of the electrode,  n  is the number of 
electrons transfer per mole of the active material involved in the 
electrode reaction,  F  is Faraday’s constant, and  C  Li  is the molar 
concentration of Li ions. Based on the linear fi tting equation 
in Figure  8 b, the lithium-ion diffusion coeffi cients of HSS and 

HSS–C are calculated to be ≈2.81 × 10 −19  and 3.37 × 10 −16  cm 2  s −1 , 
respectively. Even still lower than the Si-based nanomaterials 
with a higher conductivity (about 10 −12  to 10 −13  cm 2  s −1 ), [ 42–44 ]  
the relatively lower surface fi lm and charge transfer resistance, 
higher lithium-ion diffusion coeffi cient, and enhanced electrical 
conductivity confi rm that HSS–C has a more conductive pathway 
for lithium-ion transportation than bare silica, resulting in 
enhancement in the electrochemical properties. 

 The good electrochemical properties of HSS–C electrode 
could be attributed to several reasons. First, the porous carbon 
framework with a high pore volume can not only act as an 
effective electrical highway to enhance the electrical conduc-
tivity of HSS–C and a mechanical support to keep all nanopar-
ticles electrochemically active but also act as a matrix, together 
with the generated lithium salts, that can support and disperse 
the nano-Si from aggregation and buffer the volume change 
during Li-ion insertion/extraction in the charging/discharging 
process, [ 16,19,45 ]  which makes great contribution to the excel-
lent cycling performance. Second, the hollow porous struc-
ture and the nanosized feature of SiO 2 , and the porous carbon 
fi lling in the porous SiO 2  particles prevent fracture and accom-
modate the mechanical strain during lithiation/delithiation, 
and thus improve the cycling stability. The porous structure 
can also reduce the transport distance of electron/lithium ions 
and offer a large surface for Li-ion reaction. Third, the HSS–C 
with an enlarged surface area and low charge transfer resist-
ance can facilitate the diffusion and transportation of electro-
lytes within the electrodes for lithium-ion insertion/extraction, 
resulting in excellent rate performance. Therefore, benefi ting 
from the unique porous structure and the presence of carbon 
coating, the HSS–C composite is able to demonstrate excel-
lent reversible capacity, high rate capability, and cyclic stability 
and shows great potential for application as the next genera-
tion of anode materials for high energy high power lithium-
ion batteries.  

  3.     Conclusion 

 HSS–C as an anode for lithium-ion batteries was prepared and 
studied. The synthesized HSS–C shows high specifi c capacity 
of 910 mA h g −1  at 200 mA g −1 , good cycling stability, and rate 
capability. Not only does the continuous conductive porous 
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 Figure 8.    a) EIS plots of HSS–C and HSS at 25 °C (inset: equivalent electrical circuit model) and b)  Z ′– ω  −0.5  plots in the low-frequency range.

  Table 1.    Impedance parameters calculated from equivalent circuit. 

Sample   R  s  
 [Ω] 

  R  f  
 [Ω] 

  R  ct  
 [Ω] 

  D  Li  

 [cm 2  s −1 ] 

HSS 7.3 199 280 2.81 × 10 −19 

HSS–C 5.8 21 76 3.37 × 10 −16 
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carbon with a large surface area and void space surrounded the 
silica spheres enhance the electrical conductivity and lithium-
ion diffusivity of the electrodes but also help to retain the struc-
tural integrity of the electrode and mitigate volume variation 
during discharge/charge cycles. The intimate contact between 
porous carbon and silicon nanoparticles in the hollow spheres 
may also exert some catalytic effect promoting the lithiation 
and delithiation processes.  

  4.     Experimental Section 
  Materials : Tetraethylorthosilicate (98 wt%), aqueous ammonia 

(28 wt%), and ethanol were analytical reagents and purchased from 
Sigma–Aldrich. Deionized water was used in all the experiments. The 
resol precursors were prepared according to method reported in the 
literature. [ 21 ]  

  Synthesis of HSS–C Composite : First, monodisperse PS spheres 
with a diameter of ≈200 nm (as shown in Figure S1 in the Supporting 
Information) were synthesized using an emulsion polymerization 
technique according to the literature. [ 23 ]  Second, PS spheres (1.0 g) were 
added to TEOS–ethanol mixture (20.0 mL) with a weight ratio of 55:45, 
followed by vacuum fi ltration and drying in air for 12 h. PS spheres were 
removed by calcination in air at 575 °C for 8 h to get the hollow silica 
spheres. Finally, silica spheres (0.8 g) were immersed in a homogeneous 
ethanol solution (16.0 g) containing resol ( M  w  < 500 g mol −  1 , 1.0 g) and 
triblock copolymer P123 (0.5 g). The impregnated composite monoliths 
were placed to evaporate ethanol at 25 °C for 6 h, followed by further 
heating at 100 °C for 24 h. The resulting silica/resol/P123 composites 
were then pyrolyzed in nitrogen at 350 °C for 2 h at a heating rate of 
1 °C min −1  to remove P123, and then at 5 °C min −1  rising to 800 °C for 
2 h for further carbonization. 

  Structural Analyses : The crystal structure of the obtained sample was 
characterized by means of XRD (D8 Bruker X-ray diffractometer with 
Cu K α  radiation ( λ  = 1.5418 Å)) within the range of 10–60° (2 θ ). The 
morphology was examined using SEM (FEI, XL30 Sirion FEG). The 
content of SiO 2  was determined from the weight loss of the sample 
at 800 °C in air with a TGA apparatus (Q50, TA). Nitrogen sorption 
isotherms were measured using Quantachrome NOVA 4200e system. 
Samples were degassed at 200 °C overnight under vacuum prior to 
measurements. The specifi c surface area and pore-size distribution were 
determined by multipoint BET and BJH desorption analyses, respectively. 

  Electrochemical Measurements : To evaluate the electrochemical 
performance, a sandwich-type two-electrode testing cell was 
assembled using the as-prepared samples. The active material was 
prepared by mixing the HSS–C composites, Super P conductive carbon 
(TIMCAL Graphite & Carbon), and poly(vinylidene difl uoride) (Sigma-
Aldrich) binder dispersed in an  N -methyl-2-pyrrolidone (Alfa Aesar) 
solution at a weight ratio of 80:10:10, respectively. The as-prepared 
active material slurry was uniformly spread onto Cu foil and dried in a 
vacuum oven at 80 °C overnight prior to coin cell assembly. CR2016-
type coin cells were assembled in an argon-fi lled glovebox (Innovative 
Technology, IL-2GB) with HSS–C composites as the working electrode, 
pure lithium foil as the counter electrodes, and polypropylene fi lm 
as the separator (Celgard 2400). The mass loading of the electrode 
is about 0.8 mg cm −2 . The thickness of the electrode is ≈5 µm and 
the calculated density of the electrode material is about 1.6 g cm −3 . 
1  M  LiPF 6  solution in a volume ratio of 1:1:1 mixture of ethylene 
carbonate/dimethyl carbonate/dimethyl ethylene carbonate was used 
as the electrolyte, with 1% VC as the additive. HSS electrode was 
also prepared in the same way. All electrochemical measurements 
were performed with the assembled two-electrode battery at ambient 
temperature. Galvanostatic discharge and charge measurements were 
performed with LAND CT2001A tester (Wuhan, China) at different 
current densities in the voltage range of 0.01–3.5 V versus Li/Li + . 
CV was conducted on an electrochemical analyzer (CH Instruments, 

model 605 C) in the voltage range of 0.01–2.8 V (vs Li/Li + ) at a scan 
rate of 0.1 mV s −1 . Alternating current impedance was recorded by 
applying the Solartron 1287A in conjunction with a Solartron 1260FRA/
impedance analyzer with an amplitude of 5.0 mV in the frequency 
range from 100 kHz to 0.01 Hz.  
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