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We have developed hierarchical double-shelled SnO2 hollow 

spheres by a sequential template-engaged method, in which 

the loosened SnO2 floccules are well-grown on the inside 

wall of the hollow spheres. The unique hierarchical 

structure could provide more active sites for Li-Sn alloying-

dealloying reaction and fast insertion/extraction of Li+ ion 

with superb conductivity, helping to store more lithium 

(2578 mAh g-1) with great cycling stability.  

Li-ion batteries (LIB) have attracted considerable interests as one of 

the dominant power sources for portable electronic devices due to 

their superior properties such as high energy density, long cycle life, 

no memory effect and environmental friendliness. To meet the 

growing need for higher capacity, tremendous efforts have been 

focused on developing alternative high-performance electrode 

materials for next generation LIBs, especially metal oxides due to 

their high theoretical capacitance, natural abundance and low cost. 

SnO2 has a high theoretical capacity of 782 mAh g-1, more than 

twice that of the current used graphite (370 mAh g-1). 1,2 However, 

upon lithium insertion/extraction within SnO2, large and uneven 

volume change would result in electrode pulverization and electrical 

connectivity failure.3 Hollow structures have been exploited to 

effectively to mitigate this problem due to the enhanced kinetics and 

structural stability for lithium storage. 4-16 The interior space allows 

volume variation upon insertion/extraction of lithium ions to be 

better accommodated and thus leads to improved cycling stability. 

Recently, considerable efforts have been devoted to the fabrication 

of SnO2 hollow structures such as hollow nanospheres and 

nanoboxes based on the soft-/hard-template methods. 17-21 The shell 

of the hollow structures has been constructed precisely, hoping to 

form permeable thin walls to make lithium ion diffusion much easier 

by shortening the diffusion length. It should be noted that the interior 

space is particularly worthy to being further explored by filling with 

appropriate active materials to improve Li+ ion storage capacity 

without impairing the electrode stability. For example, hollow core-

shell mesospheres of crystalline SnO2 nanoparticles developed by 

Deng et al. demonstrated very high Li+ storage capacities and 

improved electrochemical characteristics when used as the anode 

material in lithium ion test batteries.22 The experimental values for 

the first-cycle discharge and charge capacities were 2358 and 1303 

mAh g-1, respectively, and kept nearly 800 mAh g-1 at the end of the 

30th cycle. It has been reported that SnO2 particles with mesoporous 

structure exhibit enhanced electrochemical properties in comparison 

with its bulk counterpart.23 It can be expected that mesoporous SnO2 

would be particularly beneficial for the overall lithium storage 

capacity after being sealed inside. Herein, we described a facile 

template-engaged method to grow SnO2 loose floccules (LAs) on the 

inner surface of SnO2 hollow spheres (CH-SnO2) to form 

hierarchical double-shelled SnO2 hollow spheres to further improve 

the overall lithium storage capacity without impairing the structural 

stability. Due to their larger surface areas and larger number of 

lithium-storage sites, CH-SnO2 exhibits improved electrochemical 

properties when evaluated as anode materials in LIBs.  

 
Scheme 1. Schematic illustration of the experimental procedure for the 

hierarchical double-shelled SnO2 hollow spheres. 

Scheme 1 illustrates the typical sequential template-engaged 

procedures for the synthesis of CH-SnO2 hierarchical structures. 

SnO2 nano-size floccules were firstly formed inside the channels of 
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mesoporous silica (MS) based on hydrolysis of potassium stannate. 

Subsequently, SnO2-filled MS was used as template for the further 

deposition of SnO2 layer on the outer surface of MS by further 

hydrolysis process. After the silica removal process, hierarchical 

loose floccules-encapsulated spherical SnO2 hollow structure was 

obtained. Corresponding TEM images (Fig. S1) and more 

experimental details are provided in supporting information. 

 
Figure 1. (a, b) SEM and cross-sectional TEM image of CH-SnO2 particles. 

(c) HRTEM image showing the hierarchical double-shelled structure. (d) 

Selected SEM image of a broken CH-SnO2. 

The charged surface of MS determines the initial nucleation and 

confined growth owing to the electrostatic adsorption and the 

homogeneous nucleation could be suppressed totally during the 

hydrolysis reaction. The first hydrothermal process would lead to the 

formation of SnO2 nano-size floccules within the channels with a 

very small size of the crystalline domains of ~2 nm, as derived from 

the HRTEM and the peak broadening in the XRD patterns shown in 

Figure S2. After the secondly hydrolysis and template removal 

processes, electron microscopy demonstrates obvious evidence that 

the hollow structure is highly hierarchical with mesoporous network 

that attaching to the inner surface of the dense shell (Fig. 1b and 1c). 

The shell was constructed by small nanoparticles and the shell 

thickness is about 100 nm. In virtue of the unique hollow structure 

and small crystallite size, the CH-SnO2 particles possess a relatively 

large Brunauer-Emmett-Teller (BET) surface area of around 134 m2 

g-1. From a broken CH-SnO2 particle chosen randomly (Fig. 1d), it is 

clear that a fluffy layer could be observed on the inner surface of the 

shell. For comparison, hollow SnO2 spheres without loose layer 

inside (H-SnO2) derived directly from hydrolysis reaction taken solid 

silica sphere as template showed a rather smooth inner surface (Fig. 

S3).24 Due to this special configuration, much better structural 

stability will be granted with consequently buffering 

the pulverization while increasing specific capacity of electrode 

when used as anode materials in LIBs. 

Under the secondary hydrolysis process, the MS templates may act 

as the aggregation centers for the primary SnO2 nanocrystals in view 

of the minimization of interfacial energy. However, excessive fast 

hydrolysis will be expected to cause formation of abundant irregular 

impurities inevitably and the secondary hydrolysis processes have to 

be controlled precisely when allowing the structure and morphology 

of the CH-SnO2 particle being rationally controlled. Therefore, a 

proper concentration of precursor (potassium stannate) solution 

should be introduced into the reaction system to slow down the 

hydrolysis of Sn4+ so that nanoscale deposition can occur 

preferentially on the accessible surface of templates to construct 

conformal shells. In this work, the tin precursor concentration is 

optimized to be 8mM in case of templates concentration of 4.2 mg 

ml-1, ensuring the precipitation of SnO2 to take place at an 

appropriate rate. When the precursor concentration is insufficient 

(4mM) or excessive (16mM), aggregated SnO2 particles and 

nodules-decorated spherical structures instead of conformal shells 

would be formed (Fig. S4). The latter could be attributed to the 

occurrence of homogeneous nucleation with the formation of SnO2 

nanocrystals in the system due to the excess precursor. Driven by 

energy minimization, the formed primary SnO2 crystals may 

aggregate into bigger nanoparticles of ~ 200 nm, and then attached 

to SnO2 shells through rotations caused by various interactions such 

as Brownian motion. 

 
Figure 2. (a) Charge-discharge profiles of HC-SnO2 and H-SnO2 . (b) The 

discharge capacities as a function of cycle numbers for CH-SnO2 and H-SnO2 

at 100 mA g-1 and 5 mV - 2 V. 

The electrochemical performances were evaluated by galvanostatic 

measurement. Figure 2a shows the first and second cycle charge-

discharge voltage profiles for the CH-SnO2 and H-SnO2 samples at 

100 mA g-1 within a cutoff window of 0.005-2 V. Two slope regions 

can be identified in the discharge process of the first cycle, which are 

in good agreement with those of SnO2-based anodes, indicating the 

same electrochemical pathway. For CH-SnO2, the discharge and 

charge capacities for the first cycle were estimated to be 1885 and 
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1028 mAh g-1, respectively (Fig. 2a). Such a high initial lithium 

storage capacity might be associated with the unique hierarchical 

structure with mesoporous network comprised by nano-size 

floccules. Compared with other hollow structures such as SnO2 

hollow nanosphere reported by Ding et al. and hollow core-shell 

mesospheres of crystalline SnO2 nanoparticles by Deng et al., our 

results show better performance. 18,22 The apparently large disparity 

between charge and discharge capacities in the first cycle mainly 

ascribes to the initial irreversible formation of Li2O, and other 

irreversible processes such as trapping of some Li+ in SnO2 LAs 

inside of the shells and electrolyte decomposition. 2,25-28  

Compared to H-SnO2, CH-SnO2 showed a sharp increase in 

Coulombic efficiency, from 52.4% to 94.5% after 3 cycles. From the 

second cycle onward, the capacity fades gradually to about 500 mAh 

g-1 over 50 cycles (Fig. 2b), which is much higher than the 

theoretical capacity of graphite. At the same discharge/charge rate 

(100 mA g-1), it is clear that the initial discharge and charge 

capacities of H-SnO2 are 1192 mAh g-1 and 739 mAh g-1, 

respectively, much lower than the performance of CH-SnO2. The 

specific discharge capacity at the end of the 50th cycle is 347 mAh 

g-1, nearly 70% to the value of CH-SnO2. Due to the equal mass of 

loose floccules network inside and SnO2 shell, the first-time 

discharge and charge capacities derived from the SnO2 LAs network 

are estimated to be as high as 2578 and 1317 mAh g-1, respectively 

(calculation section in S.I.). Such high capacity improvement could 

be ascribed to the contribution of the mesoporous structure of the 

filled loose floccules: size in nanometer scale enables more active 

sites and solid attachment for super conductivity. The filled SnO2 

LAs could accommodate Li+ more easily, and this would be 

strengthened after resistance was decreased more over by converting 

semiconducting SnO2 into metallic Sn and forming LixSn alloys with 

Li. To further investigate stability of the hierarchical double-shelled 

structure, the electrode (without any removing of carbon black or 

PVDF) after 50 cycles has been examined. Although most of the 

CH-SnO2 had expanded and some of them had collapsed with 

noticeable aggregation of SnO2 nanoparticle floccules (Fig. S3-c), 

there were still unbroken spheres retained. The extended shadow 

(Fig. S3-d), compared to TEM images before cycles (Fig. S1-d), has 

clearly showed how intense was the electrochemical process during 

cycles. 

The lithium insertion/extraction process in the CH-SnO2 samples 

were further analyzed through cyclic voltammograms (CVs) at a 

scan rate of 5 mV s-1 in the potential range from 2.5 V to 0.005 

V. As shown in figure 3a, three reduction peaks can be observed 

around 1.67, 1.23, 0.67 V, respectively, in the initial cathodic side. 

These peaks can be ascribed to the formation of the solid electrolyte 

interphase (SEI), the decomposition of SnO2 to Sn and Li2O 

nanocomposites, and finally the alloying reaction between Sn and Li, 

respectively. The first two reactions are irreversible and responsible 

for the large irreversible capacity of the first cycle. In the anodic side, 

one peak is observed at 0.68 V, indicating the highly reversible 

dealloying reaction of Li-Sn alloys. Another oxidation peak around 

1.54 V is also observed for the CH-SnO2, which is most likely due to 

the partial deformation of Li2O. 29,30 Moreover, the CV curves 

increase in peak intensities in the first few cycles, suggesting the 

alloying of Li with Sn is gradual.  

 
Figure 3. (a) Cyclic voltammograms of HC-SnO2 at the first 3 cycles. (b) 

Nyquist plots obtained from the impedance spectroscopy of HC-SnO2 before 

and after cycling for 50 cycles. AC voltage, 5 mV amplitude. Frequency 

range, 10 mHz to 100 kHz. 

As the EIS results shown in figure 3b, the resistance of HC-SnO2 

was not very large even after 50 cycles. The increase of initial 

interfacial resistance (first semi-circle at high to middle frequency) 

and charge transfer resistance (second semi-circle or inclined line at 

middle to low frequency) could partially result from the formation of 

solid electrolyte interphase (SEI) and iterative lithium insertion / 

extraction. This is consistent with other reports. 30 

In summary, hierarchical loose floccules-encapsulated SnO2 

hollow spheres were prepared based on a facile sequential 

template-engaged method. This novel hierarchical structure 

exhibits a great improvement in electrochemical performance 

as an anode material for LIBs, such as higher capacity and good 

cycle performance in comparison with pure SnO2 hollow 

spheres. The nano-size loose network inside would provide 

more active sites for Li-Sn alloying-dealloying reaction and fast 

insertion/extraction of Li+ ion with superb conductivity, helping 

the hierarchical structure to store more lithium with great 

cycling stability, thereby, a prominent Li+ ion storage capacity 

improvement was exhibited. This loose structure filling strategy 

has helped to enhance the performance of hollow structure 

remarkbly. The route could also be extended to prepare other 

metal oxide materials, which would have various applications 

in realm like energy storage, sensing and catalysis, to provide 

great performance.  
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