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large-scale applications, especially in transportation sector. [ 4,5 ]  

Novel electrode materials with high energy density and long-

term cyclic stability are still highly desired. [ 6 ]  For instance, the 

most common graphite anodes have a theoretical capacity 

of 372 mAh g −1 , which is much lower than some transitional 

metal oxides anodes. [ 2,4,7 ]  

 SnO 2 , as a semiconductor usually used in gas sensors, pos-

sesses a theoretical capacity of 782 mAh g −1  for lithium-ions 

insertion, which is more than twice as high as that of com-

mercial graphite. [ 8–13 ]  However, Li +  insertion/extraction will 

lead to signifi cant volume expansion/contraction (≈300%), 

resulting in pulverization of SnO 2  particles and abrupt 

capacity fading. [ 8,14 ]  The continual pulverization caused by 

volume changes during successive charge–discharge cycles 

will not only insulate some electrochemical active particles 

from the current collector but also continually facilitate 

unwanted side reactions between the newly exposed par-

ticle surface and electrolyte, thus continually making unnec-

essary solid-electrolyte interface (SEI). [ 15 ]  Many strategies 

have been proposed and investigated to circumvent this 

problem. [ 12,13,16–20 ]  For instance, reducing the particle size 

to nanoscale has been found to alleviate the volume varia-

tion, [ 13,20 ]  and hollow structures could provide vacant kernel 

to sustain the volume expansion. [ 18,19 ]  Carbon encapsulation DOI: 10.1002/smll.201503419

 Porous SnO 2  submicrocubes (SMCs) are synthesized by annealing and HNO 3  
etching of CoSn(OH) 6  SMCs. Bare SnO 2  SMCs, as well as bare commercial SnO 2  
nanoparticles (NPs), show very high initial discharge capacity when used as anode 
material for lithium-ion batteries. However, during the following cycles most of the Li 
ions previously inserted cannot be extracted, resulting in considerable irreversibility. 
Porous SnO 2  cubes have been proven to possess better electrochemical performance 
than the dense nanoparticles. After being encapsulated by carbon shell, the obtained 
yolk–shell SnO 2  SMCs@C exhibits signifi cantly enhanced reversibility for lithium-
ions storage. The reversibility of the conversion between SnO 2  and Sn, which is 
largely responsible for the enhanced capacity, has been discussed. The porous SnO 2  
SMCs@C shows much increased capacity and cycling stability, demonstrating that 
the porous SnO 2  core is essential for better lithium-ion storage performance. The 
strategy introduced in this paper can be used as a versatile way to fabrication of 
various metal-oxide-based composites. 
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  1.     Introduction 

 The large-scale usage of clean energy sources, such as solar, 

tide, and wind, has attracted worldwide attention. However, 

effective storage of such renewable and intermittent energy 

is one of the key factors determining the utilization of clean 

energy in our modern society. [ 1,2 ]  Lithium-ion batteries 

(LIBs) have been used as the most leading power source for 

portable electronics so far, as they have relatively high energy 

density, long lifespan, and low self-discharge. [ 3 ]  Great efforts 

are being made to further enhance the electrochemical per-

formance of LIBs, so as to meet the ever-growing demand in 
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of nanostructured or hollow SnO 2  would further improve the 

electrochemical properties since carbon shell can more or 

less restrict the mechanical strain and enhance the electrical 

conductivity. [ 12,16,17 ]  And from this point of view, some other 

carbon-containing composites such as SnO 2  with carbon 

nanotubes (CNTs) [ 10,21 ]  and SnO 2  with graphene [ 11 ]  also dem-

onstrated signifi cantly improved performance. 

 This paper introduces a carbon-encapsulated porous SnO 2  

submicrocubes (SMCs) yolk–shell structure (SnO 2  SMCs@C), 

in which a porous SnO 2  SMC forms a core with a carbon shell 

separated with a void space. This work was largely inspired 

by Wang’s work, [ 16 ]  in which they introduced an interesting 

SnO 2 @C yolk–shell structure composed of hollow SnO 2  

nanosphere and carbon shell. However, the structure intro-

duced by this work has not been reported before. The porous 

SnO 2  core would provide plenty cavities or void space to 

accommodate volume expansion with minimal stress gradient 

induced by the volume change during the charge/discharge 

cycles. Moreover, in general, porous structures usually have 

higher mean density than hollow structures, since there is 

nothing but void space inside the hollow structures. The space 

between the porous SnO 2  core and the carbon shell provides 

suffi cient void space for buffering the volume variation of 

SnO 2  core, thus rendering a very stable microstructure of the 

electrodes, as the individual yolk–shell structure retains its 

morphologies during the cycles. The outer carbon shell would 

also facilitate the electronic conduction. Owing to the advan-

tages of such unique structure, the SnO 2  SMCs@C composite 

demonstrated excellent electrochemical performance in LIBs, 

and the relationship between the microstructure and the 

electrochemical properties of porous SnO 2  carbon yolk–shell 

composites has been elaborated.  

  2.     Results and Discussion 

 The porous SnO 2  SMCs were presynthesized by annealing 

and HNO 3  etching of CoSn(OH) 6  SMCs, which were 

obtained by a simple wet-chemical process (detailed syn-

thetic method is given in the Experimental Section). 

 Figure    1  a shows the X-ray diffraction (XRD) pattern of 

the CoSn(OH) 6  SMCs, All the peaks can be indexed to 

CoSn(OH) 6  (JCPDS Card No. 13-0356), and no other impu-

rities are observed. The corresponding scanning electron 

microscope (SEM) image is shown in Figure  1 c. As we can 

see the as-prepared CoSn(OH) 6  has smooth cubic mor-

phology with particle size about 200–300 nm. Figure  1 b 

shows the XRD pattern of the compound which was directly 

obtained by annealing the CoSn(OH) 6  at 700 °C in air. 

As can be seen, the CoSn(OH) 6  is converted to a mixture 

of SnO 2  and Co 3 O 4  after thermal treatment. However, the 

cubic shape is preserved and the only obvious change is that 

the corners become a little rounded and the surface becomes 

rough and porous (Figure  1 d). This is due to the dehydration 

of CoSn(OH) 6  and the phase segregation while SnO 2  and 

Co 3 O 4  is forming. From the cubic-shaped SnO 2 /Co 3 O 4  com-

posite we can easily obtain the porous cubic SnO 2  by HNO 3  

treatment since SnO 2  cannot be dissolved in HNO 3  solution. 

Furthermore, after Co 3 O 4  is etched away, a fi xed amount of 

pores can be established, which can facilitate the access of 

electrolyte to the interior of the SnO 2  cubes.  

 Subsequently the obtained-porous SnO 2  SMCs were suc-

cessively coated by SiO 2  and resorcinol-formaldehyde (RF) 

resin using Stober process, [ 22 ]  followed by carbonization. 

Finally, the SiO 2  between the SnO 2  core and carbon shell was 

removed by HF solution for making void space. The synthetic 
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 Figure 1.    XRD patterns and SEM images of CoSn(OH) 6  (a,c), and its derivative (b,d), after being annealed at 700 °C in air for 5 h.
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procedures described above can be schematically illustrated 

by  Figure    2  .  

  Figure    3  a shows SEM image of the as-prepared SnO 2  

SMCs. It can be seen that the porous cubes are around 

200–300 nm in edge length. Figure  3 b shows SEM image of 

the carbon-encapsulated SnO 2  SMCs. The SnO 2  SMCs are 

individually and completely encapsulated by carbon, and 

the size of the SnO 2  SMCs@C is about 400–500 nm. It also 

should be noted that between the SnO 2  core and the carbon 

shell there is noticeable vacancy which can buffer the volume 

expansion for the SnO 2  core during charge–discharge cycles. 

Moreover, the porosity of the SnO 2  cubes is not only able 

to provide space for the volume expansion, but also benefi -

cial to the electrochemical reactivity. In order to observe the 

interior structure of the SnO 2  SMCs@C more clearly, trans-

mission electron microscope (TEM) measurement was also 

implemented. The results are shown in Figure  3 c,d. From the 

TEM images we can clearly see the porous SnO 2  core and 

the complete carbon shell with a thickness of about 8–10 nm. 

Moreover, it can be seen that the average distance from the 

internal surface of the shell to the outer surface of the core 

is about several tens of nanometers. Figure  3 e shows that 

the porous SnO 2  core is composed of well-crystallized SnO 2  

nanoparticles with a diameter of about 12 nm.  

 Energy dispersive X-ray spectrometry (EDS) was used to 

detect the elements in the as-prepared sample. The results are 

shown in  Figure    4  . The EDS spectrum (Figure  4 a) was col-

lected from the region marked by the white rectangle frame 

in Figure  4 b, indicating that no Co or Si is detected. Figure  4 d 

shows the signals collected along the scanning track marked 

by the black arrow in Figure  4 c, and Figure  4 e displays the 

mapping signals obtained from the region bounded by the 

dashed box in Figure  4 c. The linear scanning and mapping 

only detect Sn and O signals on the porous SnO 2  core 

(carbon and copper signals were not saved since the sample 

was loaded on a carbon coated copper grid). Therefore, it can 

be proved that Co and Si are thoroughly removed during 

the synthesis. The existence of carbon in SnO 2  SMCs@C was 

proven by Raman spectra as shown in  Figure    5  , in which the 

SnO 2  SMCs@C showed two broad peaks located at 1363 and 

1594 cm −1 , which are assigned to D and G bands of carbon, 

respectively. [ 23 ]  The Raman spectrum of SnO 2  SMCs@C also 

revealed amorphous nature of the carbon shell. [ 24 ]    

  Figure    6  a provides the results of nitrogen adsorption 

measurement implemented on the bare SnO 2  SMCs sample. 

The SnO 2  SMCs exhibits a type V isotherm curve (the inset) 

which suggests its mesoporous structure. The pore size dis-

tribution curve indicates that the sample has a relatively 

narrow pore size distribution around 20 nm. Additionally, 

the pore volume is calculated to be 0.32 cm 3  g −1 . By taking 

the advantage of the porosity, electrolyte can easily penetrate 

into the interior of the SnO 2  cubes, facilitating the electro-

chemical reactions occurred at the interface between SnO 2  

and electrolyte. Moreover, a specifi c high surface area can 

also be expected. According to the Brunauer–Emmett–Teller 

(BET) computational method, the specifi c surface area of 

the SnO 2  SMCs is 107 m 2  g −1 , which is slightly larger than 

that of the commercial SnO 2  nanoparticles (Sigma-Aldrich, 

<100 nm in particle size) (98 m 2  g −1 , the nitrogen adsorption 

measurement result of the SnO 2  NPs is given in Figure S1 

in the Supporting Information). In order to quantitatively 

determine the carbon content for the SnO 2  SMCs@C, ther-

mogravimetric analysis (TGA) was implemented (Figure  6 b). 

The TGA curve indicates that the carbon content in the SnO 2  

SMCs@C is about 29 wt%. In our experiment, we prepared 

three samples with different carbon content (21, 29, and 
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 Figure 2.    Schematic illustrating the multiple steps applied for the synthesis and formation of SnO 2  SMCs@C yolk–shell structure.
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42 wt%, which were all determined by TGA; see Figure S2 

in the Supporting Information), fi nding that the sample with 

29 wt% carbon content exhibited the best electrochemical 

performance (Figure S3, Supporting Information). Thus in 

this paper the sample with 29 wt% carbon was chosen for 

further study.  

 The as-prepared SnO 2  SMCs@C with 29% carbon 

content was electrochemically tested in a CR 2016 

coin-type half-cell. For comparison, bare commercial SnO 2  

NPs, the bare porous SnO 2  SMCs and carbon-encapsulated 

SnO 2  NPs (SnO 2  NPs@C) were also electrochemically 

measured. 
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 Figure 4.    a) EDS spectrum collected from the region bounded by the white box in the SEM image (b). c) TEM image together with EDS linear scanning 
signals (d) collected along the black arrow, and EDS mappings (e) collected from the region bounded by the dashed box.

 Figure 3.    SEM images of a) bare SnO 2  SMCs, and b) SnO 2  SMCs@C. c,d) TEM images of SnO 2  SMCs@C. e) high-resolution TEM image of SnO 2  
SMCs@C.
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  Figure    7   shows the XRD patterns of the as-prepared SnO 2  

SMCs@C, SnO 2  NPs@C, bare SnO 2  SMCs, and bare SnO 2  

NPs. All the samples have almost the same XRD pattern. 

The diffraction peaks of each sample can be indexed to rutile 

SnO 2  (JCPDS Card No. 41-1445); while no peaks of impuri-

ties are observed. Additionally, no peaks belonging to carbon 

are detected, suggesting the amorphous nature of the carbon 

shell. [ 25 ]  The crystallite sizes of the bare SnO 2  SMCs and the 

bare SnO 2  NPs have also been roughly estimated by JADE 

9 using their strongest peaks based on the Scherrer equa-

tion. The crystallite size of the SnO 2  SMCs is estimated to be 

about 14 nm, which approximates the value observed by TEM 

(Figure  3 e), while that of the SnO 2  NPs is estimated to be 

18 nm. Thus, on average, it is revealed that the porous SnO 2  

SMCs have smaller crystallite size than the dense SnO 2  NPs.  

  Figure    8   shows the cyclic voltammetry (CV) curves of the 

four samples between 0.01 and 2.00 V (vs Li + /Li) at a scan rate 

of 0.1 mV s −1 . For comparison, the current axis of each plot has 

been normalized by the weight of the active material in each 

cell, and the scales of the axes have been unifi ed. As can be 

seen, for all the four samples the CV curves roughly exhibit 

two cathodic and two anodic peaks that can be ascribed to the 

two electrochemical process described by Equations  ( 1)   and 

 ( 2)  . Additionally, it is worth noting that the cathodic peaks 

during the fi rst cycle are signifi cantly higher than those in the 

subsequent cycles and their corresponding anodic peaks, espe-

cially for the SnO 2  NPs (Figure  8 d). It has been recognized 

that the large cathodic current in the fi rst cycle is largely due 

to the formation of SEI layer, [ 8,12,26 ]  which is considered to be 

essentially irreversible in the subsequent cycles. When encap-

sulated with carbon, the peak current related to the reversible 

reactions becomes larger, and the cathodic current during the 

fi rst cycle becomes weaker, indicating that the capacity loss is 

suppressed (Figure  8 b). Moreover, the increase of the peak 

intensity at 0.61 V in Figure  8 b indicates an activation process 

in the initial electrochemical reactions as suggested in litera-

ture. [ 27 ]  Compared with SnO 2  NPs, the porous SnO 2  SMCs 

shows higher intensity peaks in the second and third cycles, 

indicating relatively higher reactivity and high reversibility 

(Figure  8 c). For the SnO 2  SMCs@C sample (Figure  8 a), the 

cathodic peaks in the fi rst cycle are nearly twice as intense as 

those in the second and third one. The anodic peaks from the 

fi rst to third cycle and the cathodic peaks from the second to 

third cycle almost overlap, indicating excellent cycling stability. 

Furthermore, for all the samples, the cathodic peaks around 

0.6–0.8 V in the fi rst cycle all slightly shift to higher voltage in 

the second and third cycles, which is a common phenomenon 

for most conversion anodes, [ 28 ]  and the decreased current 

intensity is due to the irreversibility of the reaction described 

by Equation  ( 1)   during charge process [ 17 ] 

    + + ↔ ++ −SnO 4Li 4e Sn 2Li O2 2   (1)  

    + + ↔ ≤ ≤+ −Sn Li e Li Sn(0 4.4)x x xx   (2)    

 What is noteworthy is that the anodic peak at about 1.29 V 

for the SnO 2  SMCs@C sample is relatively more obvious 

and stable than the others. It is proven that the anodic peak 

around that potential is related to the backward direction of 

Equation  ( 1)  . [ 29–31 ]  That means the metallic Sn comes from 

SnO 2  will be partially reoxidized to SnO 2 , and the Li 2 O will 

be partially decomposed. But the traditional knowledge about 

Equation  ( 1)   is that the conversion from SnO 2  to Sn is irre-

versible, and the theoretical capacity of SnO 2  (782 mAh g −1 ) 

is calculated based on the assumption that Equation  ( 1)   

is fully irreversible. However, what is interesting is that 

many researchers found similar results like us. For example, 

hierarchical mesoporous SnO 2  composed of extremely small 

primary nanoparticles showed distinct anodic peak around 

1.27 V. [ 31 ]  Many SnO 2 /C composites also showed obvious 
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 Figure 5.    Raman spectra of SnO 2  SMCs@C and bare SnO 2  SMCs.

 Figure 6.    Pore-size distribution of bare SnO 2  SMCs (a) together with the nitrogen adsorption–desorption isotherms (inset) and TGA curve of 
SnO 2  SMCs@C (b).
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anodic peaks at that potential. [ 15,23,31,32 ]  In our experiment, 

the mesoporous SnO 2  SMCs (Figure  8 c), the SnO 2  NPs@C 

(Figure  8 b) and the SnO 2  SMCs@C (Figure  7 a) all show the 

anodic peaks related to the backward direction of Equation  ( 1)   

in their CV curves. In fact, the bare SnO 2  NPs sample also 

has that anodic peak around 1.2 V, but too weak to be 

observed unless in an amplifi ed plot (the inset of Figure  8 d). 

Furthermore, although the bare SnO 2  SMCs shows a peak at 

1.23 V (Figure  8 c), it decays obviously in the second and third 

cycles. However, the SnO 2  SMCs@C and SnO 2  NPs@C have 

more stable anodic peaks at 1.29 and 1.42 V, respectively, 

suggesting that the carbon shell can enhance and stabilize 

the reversibility of Equation  ( 1)  . The difference in the peak 

voltages between the two samples could be due to their dif-

ferent polarization. In addition to this, many reported results 

indicate that some SnO 2 -based composites can deliver pretty 

high actual reversible capacity which is even higher than the 

recognized theoretical capacity of 782 mAh g −1 . [ 30,32–34 ]  It 

is probable that the partial reversibility of Equation  ( 1)   is 

responsible for the excess capacity, at least a certain portion 

of it. For further discussion of the excess capacity, galvano-

static discharge–charge tests are necessary. 

  Figure    9   shows the voltage-specifi c capacity plots of fi rst 

two cycles for the four samples. These tests were carried out at 

a current density of 50 mA g −1 . For the SnO 2  NPs (Figure  9 d), 

the initial discharge capacity is 2130.1 mAh g −1 , while the 

initial charge capacity is 594.7 mAh g −1 . Thus the Coulombic 

effi ciency for the fi rst cycle is 27.9%. In the second cycle, 

it delivers discharge capacity of 618.3 mAh g −1  and charge 

capacity of 555.1 mAh g −1  with the effi ciency of 89.8%. The 

result shows that the bare SnO 2  NPs has a very high capacity 

loss during the initial discharge–charge cycle, which is in accord 

with the CV result (Figure  8 d). The substantial irreversible 

capacity during the fi rst cycle is attributed to the irreversibility 

of the reaction described by Equation  ( 1)   and SEI formation. 

If Equation  ( 1)   is fully irreversible and the Equation  ( 2)   is fully 

reversible, the irreversible capacity consumed by the former 

will be 711.3 mAh g −1 , and the reversible capacity dominated 

by the latter is 782.4 mAh g −1 , which is the recognized theo-

retical capacity of SnO 2 . Thus, based on the above assumption, 

the theoretical Coulombic effi ciency of SnO 2  during the fi rst 

lithiation/delithiation cycle should be 52.4%. In fact, however, 

the formation of SEI layer is inevitable and it also leads to con-

siderable irreversible capacity in the fi rst cycle or fi rst several 

cycles. The formation of SEI layer, coupled with the irrevers-

ibility of the reaction described by Equation  ( 1)  , leads to the 

large initial capacity loss for the bare SnO 2  NPs sample.  
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 Figure 8.    CV curves of SnO 2  SMCs@C (a), SnO 2  NPs@C (b), SnO 2  SMCs (c), and SnO 2  NPs (d).

 Figure 7.    XRD patterns of commercial SnO 2  NPs, SnO 2  NPs@C, SnO 2  
SMCs, and SnO 2  SMCs@C.
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 By contrast, the bare SnO 2  SMCs sample (Figure  9 c) 

exhibits initial discharge capacity of 1963.8 mAh g −1  and 

initial charge capacity of 814.2 mAh g −1  with Coulombic 

effi ciency of 41.5%. Therefore, combining the above CV 

results, it can be concluded that the porous SnO 2  exhibits 

higher capacity and lower irreversibility than the plain dense 

SnO 2  nanoparticles. One possible reason for the enhance-

ment of reversible capacity and Coulombic effi ciency is the 

increased reversibility of Equation  ( 1)  . When encapsulated 

by carbon, the SnO 2  NPs@C (Figure  9 b) delivers initial dis-

charge and charge capacities of 2546.9 and 1008.5 mAh g −1 , 

respectively, with the Coulombic effi ciency of 39.6%, while 

the SnO 2  SMCs@C (Figure  9 a) has initial discharge and 

charge capacities of 2969.1 and 1220.3 mAh g −1 , with the 

Coulombic effi ciency of 41.1% (The capacities are based 

on the total weight of the SnO 2 /carbon composites). As dis-

cussed above, carbon-supported SnO 2  composites are usually 

reported to exhibit much enhanced capacity which is even 

higher than the theoretical capacity of pure SnO 2  due to the 

reversibility of Equation  ( 1)  . Moreover, the decomposition of 

electrolyte in low-potential region and the simple adsorption 

of Li +  on the surface of the supporting carbon matrix are also 

considered as the causes of the excess capacity. [ 33,35 ]  

 In order to further investigate the cycling stability of 

the four samples, they were cycled between 0.01 and 2.00 V 

at a current density of 50 mA g −1 . The results are shown in 

 Figure    10  . As can be seen, the two bare SnO 2  samples exhibit 

faster capacity decay in the fi rst 12 cycles. Then their capacities 

become more stable. Like the results reported by some other 

groups, [ 13,16,18,36 ]  bare SnO 2  materials always undergo rapid 

capacity fading during the fi rst several or tens of cycles. That 

is the main barrier to the practical application of SnO 2 . By 

contrast, the carbon-encapsulated samples, SnO 2  NPs@C and 

SnO 2  SMCs@C, have remarkably enhanced stabilities during 

discharge–charge cycles. For the SnO 2  NPs@C, the charge 

capacities in the fi rst and the 120th cycle are 1008.5 and 635.0 

mAh g −1 , respectively, thus the capacity retention is 63.0%; 

for the SnO 2  SMCs@C, the charge capacities in the fi rst and 

the 120th cycle are 1220.3 and 870.9 mAh g −1 , respectively, 

with the retention of 71.4%. The complete carbon enclosure 

and the void space between the core and shell can physically 

restrict the SnO 2  core and buffer its volume expansion, pre-

venting it from pulverization and detaching from the current 

collector. That is benefi cial to maintain the high capacity 

during discharge–charge cycles. Therefore, our treatment 
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 Figure 9.    Discharge–charge curves of SnO 2  SMCs@C (a), SnO 2  NPs@C (b), SnO 2  SMCs (c), and SnO 2  NPs (d) in their fi rst and second cycles.

 Figure 10.    Cycling performances of SnO 2  NPs, SnO 2  NPs@C, SnO 2  SMCs, 
and SnO 2  SMCs@C at a current density of 50 mA g −1 .
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can signifi cantly enhance the electrochemical performance 

of SnO 2  materials, making them to be more promising anode 

materials for LIBs.  

 To inspect the microstructure of the materials after 

cycling, the four cells after 120 cycles were disassembled, and 

the electrodes were rinsed by dimethyl carbonate (DMC) 

and dried, followed by SEM and TEM tests. For SEM tests, 

the electrodes were directly observed without any treatment; 

for TEM tests, the active materials were scraped from elec-

trodes and dispersed in ethanol by ultrasound before testing. 

The results are given in  Figure    11  . As can be seen, the SnO 2  

NPs electrode (Figure  11 a) shows severe cracks which are 

hundreds of nanometers in width. Figure  11 i shows that the 

nanoparticles tend to aggregate into clusters after cycling. 

There are also many cracks on the electrode loaded with 

SnO 2  SMCs (Figure  11 b). However, the cracks are much 

narrower, and every single cube is discernible (Figure  11 f,j), 

indicating that the porous structure can relieve the elec-

trode cracking resulting from the volume changes. For the 

electrodes loaded with SnO 2  NPs@C and SnO 2  SMCs@C 

(Figure  11 c,d), the cracks are fewer than the two bare sam-

ples. From Figure  11 k we can see that the SnO 2  nanoparticles 

are not aggregated due to the isolation by carbon. Figure  11 l 

shows the SnO 2  SMCs@C after cycles, it is clearly seen that 

the carbon shell remains intact after cycling.  

 To further study the transport kinetics of electrons 

and ions facilitated by the unique yolk–shell structure, 

electrochemical impedance spectroscopy was carried out on 

all samples after 120 cycles. Before the measurements, all of 

the batteries were charged to 1.0 V for obtaining an iden-

tical status. The data were collected from 100 kHz to 10 mHz. 

The results are given in  Figure    12  . The high-frequency and 

medium-frequency semicircles refl ect resistances of surface 

fi lm ( R  sf ) and charge-transfer ( R  ct ), respectively. [ 37 ]  It can be 

seen that the bare SnO 2  NPs has the largest  R  sf  and  R  ct  values 

(5079 and 4450 Ω), which are calculated using the equivalent 

circuit shown in the inset of Figure  11 a. Those values of SnO 2  

SMCs are obviously lower (2892 and 2518 Ω), indicating the 

porous structure is superior to the dense nanoparticles in 

charge transfer. By contrast, the two carbon-encapsulated 

samples exhibit much lower impedances, indicating much 

improved charge transfer kinetics. The  R  sf  and  R  ct  of SnO 2  

NPs@C are 245 and 133 Ω, while those values of SnO 2  

SMCs@C are 238 and 76 Ω, respectively.  

 In the following we will further compare the SnO 2  

SMCs@C and SnO 2  NPs@C in rate capability and long-term 

cycling. 

  Figure    13   shows the rate capabilities of SnO 2  SMCs@C 

and SnO 2  NPs@C, together with successive cycling tests. In 

this paper, 1 C is denoted as 500 mA g −1 . During the fi rst ten 

cycles at 0.1 C, both of the two samples show capacity decay 

and Coulombic effi ciency increase, in accord with the results 

shown in Figure  10 . After that, both of them exhibit decent 

performances in the subsequent rate tests. At 5 C rate, the 

SnO 2  NPs@C delivers an average charge and discharge capac-

ities of 405.0 and 409.6 mAh g −1 . For the SnO 2  SMCs@C, it 

has an average charge and discharge capacities of 424.9 and 

431.1 mAh g −1 . After that, the capacities of the two samples 

can recover to higher values as the current densities reverse 

back gradually. For instance, by the end of the rate tests stage 

 Figure 11.    SEM images of SnO 2  NPs (a,e), SnO 2  SMCs (b,f), SnO 2  NPs@C (c,g), and SnO 2  SMCs@C (d,h), together with the corresponding TEM 
images (i–l).
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(0.1 C), the charge and discharge capacities of SnO 2  SMCs@C 

return to 848.3 and 874.5 mAh g −1 , while those of the SnO 2  

NPs@C return to 679.6 and 699.9 mAh g −1 , respectively. It is 

interesting that the capacity of SnO 2  SMCs@C at 5C rate is 

close to that of the SnO 2  NPs@C, suggesting that they may 

have similar rate-determining step in the electrochemical 

reactions under high current density. The exact mechanism is 

not known at the moment and worthy of further investigation; 

however, the ion diffusion process may become more predom-

inant at high current density. Similar results are also reported 

in literatures. [ 27,38 ]  Subsequently the samples are cycled at a 

constant current density of 1 C for 200 cycles. At the begin-

ning of the cycling tests, SnO 2  SMCs@C and SnO 2  NPs@C 

exhibit charge capacities of 639.6 and 548.2, respectively. 

After 200 cycles, the residual capacities of the two samples are 

516.0 and 286.2 mAh g −1 , and the respective capacity reten-

tions are 80.7% and 52.2%. Therefore, the SnO 2  SMCs@C not 

only exhibits higher capacity for lithium-ion storage but also 

shows enhanced cycling stability than the SnO 2  NPs@C.   

  3.     Conclusions 

 Novel yolk–shell-structured SnO 2  SMCs@C anode material 

demonstrated superior lithium-ions storage capacity and 

stability in comparison with dense SnO 2  NPs@C. Similarly, 

porous SnO 2  exhibited higher capacity and better stability 

than dense SnO 2  NPs. The much enhanced capacity was found 

to be relevant to the reversibility of the conversion between 

SnO 2  and Sn, and the enhanced stability was attributed to its 

unique microstructure. Not only does the porous core offer 

void space to buffer the volume expansion of SnO 2  (actu-

ally Sn) during lithium-ions insertion/extraction but also 

provides plenty of tunnels allowing electrolyte to enter into 

the interior of the cubic core. The space between the carbon 

shell and the core can further tolerate the volume expansion 

of the SnO 2  core. Moreover, the carbon shell plays a major 

role in improving the conductivity of the material. By taking 

the advantages of the structural characteristics, the SnO 2  

SMCs@C can be used as a stable and high-energy anode 

material for LIBs. Furthermore, the strategy introduced by 

this paper can be used as a versatile way to fabrication of 

various metal-oxide-based composites.  

  4.     Experimental Section 

  Porous SnO 2  SMCs Fabrication : The bare SnO 2  SMCs were 
obtained by modifying the method of Huang’s work. [ 39 ]  A typical 
synthesis procedure was described as follows. SnCl 4 ⋅5H 2 O (1 mmol) 
and NaOH (10 mmol) were separately dissolved in distilled water 
(100 mL and 5 mL, respectively), followed by mixing them up 
thoroughly to form a clear solution. Subsequently, Co(NO 3 ) 2 ⋅6H 2 O 
(1 mmol) was dissolved in distilled water (50 mL) and then mixed 
with the previously obtained solution under magnetic stirring at 
room temperature for 2 h. After that the obtained pink suspen-
sion liquid was stood overnight. Then CoSn(OH) 6  powder can be 
collected by washing, centrifuging and drying. For preparing SnO 2 , 
the cubic CoSn(OH) 6  was burned at 700 °C in air for 3 h, followed 
by HNO 3  etching (30 mL, 3  M ). The etching process was carried out 

 Figure 12.    Nyquist plots of the electrodes after 120 cycles. a) Bare SnO 2  SMCs and SnO 2  NPs and b) carbon-encapsulated SnO 2  SMCs@C and 
SnO 2  NPs@C.

 Figure 13.    Rate capabilities and 1 C cycling performances of SnO 2  NPs@C and SnO 2  SMCs@C.
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in a Tefl on-lined autoclave at 140 °C for 5 h. Finally, the gray-white 
SnO 2  powder was obtained after washing, centrifuging, and drying. 

  SnO 2  SMCs@C fabrication : The Stober process was employed 
to synthesize the fi nal product. The as-prepared porous SnO 2  SMCs 
(0.2 g) was dispersed in distilled water (5 mL) by ultrasound. Then 
cetyltrimethyl ammonium bromide (CTAB, 0.1 g) was dissolved in 
a mixture of distilled water (20 mL), ethanol (10 mL) and 28 wt% 
ammonium hydroxide solution (0.1 mL) to form a clear solu-
tion. Subsequently the above SnO 2  dispersion liquid was added 
into this solution with stirring, and then tetraethyl orthosilicate 
(0.39 mL) was added drop by drop. After stirring overnight, the 
SiO 2 -coated SnO 2  (SnO 2  SMCs@SiO 2 ) was harvested by washing 
and centrifugation. After that, the SnO 2  SMCs@SiO 2  was dispersed 
in a solution containing distilled water (15 mL), ethanol (5 mL), 
CTAB (0.1 g) and 28 wt% ammonium hydroxide solution (0.1 mL) 
with stirring at 30 °C. Then resorcinol (0.05 g) was added in the 
solution. After stirring for 30 min, formaldehyde (37%, 0.07 mL) 
was dropped into the solution. The reaction mixture was stirred for 
24 h at 30 °C, followed by hydrothermally treating at 100 °C for 
another 24 h. Afterwards, the SnO 2  SMCs@SiO 2 @RF-resin can be 
obtained by washing and centrifugation. Finally, the SnO 2  SMCs@
SiO 2 @RF-resin was heated at 550 °C under Ar fl ow, and then 
washed with an HF solution (2  M ) to obtain SnO 2  SMC 2 @C. SnO 2  
NP@C was also prepared by the same process except for using 
commercial SnO 2  NPs instead of the SnO 2  SMCs. 

  Characterizations : XRD patterns were measured using a Bruker 
D8 Focus X-ray diffractometer with Cu-Kα radiation (1.54056 Å). 
The morphology was examined using scanning electron micro-
scopy (SEM, FEI Sirion XL30 SEM). TEM was carried out using an FEI 
Tecnai G2 F20. Raman spectra were obtained on a Renishaw InVia 
Raman Microscope. TGA measurements were run on a Q50 TGA 
instrument. Nitrogen adsorption–desorption isotherms were 
measured using Quantachrome NOVA 4200e system. Samples 
were degassed at 200 °C for 10 h under vacuum prior to measure-
ments. The Specifi c surface area and pore size distribution were 
determined by BET, density functional theory desorption analyses, 
respectively. 

 CR 2016 coin-type cells were assembled with metallic 
lithium anodes for electrochemical measurements. The positive 
electrodes were fabricated by casting a slurry consisting of as-
prepared sample (80 wt%), Super P carbon black (10 wt%), and 
poly(vinylidene fl uoride) (10 wt%) dispersed in  N -methyl-2-pyrro-
lidone onto a copper foil with a doctor blade, followed by drying at 
80 °C under vacuum overnight. Electrodes were punched into discs 
with diameter of 8 mm, and the active material loading on every 
electrode was about 0.3–0.5 mg. Electrolyte we used was obtained 
from MTI Co. (Item No.: EQ-Be-LiPF6), which was 1  M  LiPF 6  in 1:1:1 
ethylene carbonate/ethyl methyl carbonate/dimethyl carbonate. 
The cells were assembled in an Ar-fi lled glove box (Braun) with O 2  
and H 2 O lower than 0.5 ppm.  
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