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Abstract Silicon is one of the most promising anode

materials for lithium-ion batteries (LIBs), but it suffers from

pulverization and hence poor cycling stability due to the

large volume variation during lithiation/delithiation. The

core–shell structure is considered as an effective strategy to

solve the expansion problem of silicon-based anodes. In this

paper, the double-shell structured Si@SnO2@C nanocom-

posite with nano-silicon as the core and SnO2, C as the

shells is synthesized by a facile hydrothermal method.

Structural characterization shows that Si@SnO2@C

nanocomposite is composed of crystalline Si, crystalline

SnO2 and amorphous C, and the contents of them are 42.1

wt%, 37.8 wt% and 20.1 wt%, respectively. Transmission

electron microscope (TEM) observations confirm the dou-

ble-shell structure of Si@SnO2@C nanocomposite, and the

thicknesses of the SnO2 and C layers are 20 and 7 nm. The

Si@SnO2@C electrode exhibits a high initial discharge

capacity of 2777 mAh�g-1 at 100 mA�g-1 and an excellent

rate capability of 340 mAh�g-1 at 1500 mA�g-1. The out-

standing capacity retention is 50.2% after 300 cycles over a

potential of 0.01 to 2.00 V (vs. Li/Li?) at 500 mA�g-1. The

resistance of solid electrolyte interphase (SEI) film (Rf) and

charge transfer resistance (Rct) of Si@SnO2@C are 7.68

and 0.82 X, which are relatively smaller than those of Si@C

(21.64 and 2.62 X). It is obviously seen that the SnO2 shell

can reduce the charge transfer resistance, leading to high ion

and electron transport efficiency in the Si@SnO2@C elec-

trode. The incorporation of SnO2 shell is attributed to the

enhanced rate capability and cycling performance of

Si@SnO2@C nanocomposite.

Keywords Lithium-ion batteries (LIBs); Silicon; Double-

shell structure; Nanocomposite; Hydrothermal method

1 Introduction

Lithium-ion batteries (LIBs) are promising high-efficiency

secondary batteries used for portable electronic and electric

vehicles [1, 2]. Commercial LIBs employing graphite

anodes cannot meet the growing energy demand due to

their low theoretical capacity (372 mAh�g–1) and energy

density (1–10 Wh�kg–1) [3]. In recent years, great efforts

have been devoted to exploiting new anode materials with

high-capacity, long cyclic performance and low cost, such

as silicon [4], tin [5] and metal oxide [6–8], and so on.

Among these, silicon is considered as an ideal substitute for

graphite materials due to its high-capacity (4200

mAh�g-1), low potential (370 mV (vs. Li/Li?)) [9], and

natural abundance [10]. Although it has high specific

capacity, the practical application of silicon-based material

in LIBs is restricted because of the large volume change

(300%–400%) during the charge–discharge process. It may

lead to the pulverization of silicon [11], contact failure

between the active material and the current collector as
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well as the unstable solid electrolyte interphase (SEI) film

[12]. Furthermore, the poor intrinsic conductivity of silicon

combined with the reduced electrochemical activity results

in unsatisfactory charging rate capability [13, 14].

According to studies, constructing nanostructure and

compositing silicon with other materials could effectively

improve the electrochemical performance of silicon by

buffering the volume expansion during the charge–dis-

charge processes [15] and could promote the conductivity

of silicon [16]. There are many successful cases of syn-

thesizing the silicon-based nanostructured composites,

such as yolk/double-shell silicon-based composite [17, 18],

ant-nest-like bulk porous silicon [19], hollow porous sili-

con microspheres [20] and carbon nanotube@silicon core–

shell wires [21]. Among the various materials, Sn is an

excellent active material owing to its superior electrical

conductivity, moderate potential and abundant reserves

[22, 23]. It can not only buffer the volume deformation of

Si, but also improve the dispersion of Si because of its high

ductility [24]. For instance, Lee et al. [25] designed a new

ternary composite anode material using core-cut nozzle

technology. Si and Sn nanoparticles were separated in

double-hole carbon nanofibers (Si-Sn-DHCNFs). The

specific capacity of Si-Sn-DHCNFs was 1000 mAh�g–1 at

100 mA�g–1, and rate performance was 720 mAh�g–1 at

10,000 mA�g–1. Yang et al. [26] fabricated a silicon/

tin@amorphous carbon-graphite (Si/Sn@C-G) composite

by high-energy ball milling. The initial Coulombic effi-

ciency of Si/Sn@C-G was as high as 81.5%. Even after 100

cycles, Si/Sn@C-G composite still exhibited a stable re-

versible capacity of 612.6 mAh�g–1. The results of cyclic

voltammetry (CV) and electrochemical impedance spec-

troscopy (EIS) demonstrated that Sn could be used as an

active matrix to significantly reduce the polarization

resistance [27].

Although the introduction of Sn can improve the con-

ductivity and electrochemical performance of Si [24, 28],

the large volume change of Sn may cause pulverization,

side reactions, as well as SEI propagation, further deteri-

orating the contact [5]. In addition, owing to the low

melting temperature of Sn, it is easy to form clusters and

two-phase regions. Especially in the case of compounding

of Sn and C, the high temperature heat-treatment required

during carbonization results in the agglomeration of molten

Sn, leading to volume mismatch during the cycling process

[29]. The core–shell structure is constructed using SnO2

with high melting point and hardness to replace Sn com-

pounding with Si, and it may improve the conductivity and

capacity while reducing the generation of Sn clusters [26].

More importantly, Li2O (SnO2 ? 4Li? ? 4e- $ Sn ?

2Li2O) formed by SnO2 in the conversion reaction is

expected to help alleviating the expansion stress during

alloying (Sn ? 4.4Li? ? 4.4e- $ Li4.4Sn) [5]. In recent

years, reports have highlighted the beneficial effects of the

combination of Si and SnO2 on the storage performance of

lithium [30]. For example, Zhou et al. [31] proposed a

facile self-assembly method to decorate silicon hollow

nanospheres with SnO2 nanowires. The results showed that

the Si@SnO2 core–shell structure exhibited a remarkable

synergistic effect in high-capacity reversible lithium stor-

age, delivering a high reversible capacity of 1869 mAh�g–1

at 500 mA�g–1 after 100 cycles. Ma et al. [32] designed

SnO2@Si nanospheres with a novel hollow structure. It not

only had high volumetric capacity as anode of LIBs, but

also protected Sn aggregation and suppressed SEI thick-

ening. The above results demonstrated that Si-SnO2 based

composites had excellent electrochemical kinetics and

lithium storage properties as potential anode materials.

Despite the great achievements, extensive SEI formed on

the high interface area of SnO2 in the first discharge pro-

cess when SnO2 contacted with the electrolyte directly, and

this resulted in the high irreversible capacity loss [33].

Therefore, further work is required to design and optimize

the microstructures of high-capacity electrodes to make

them stable during the lithiation-delithiation process.

Although Si-Sn-C composite anode has shown

improvement in the electrochemical performance, Sn is

mostly composited with Si-C materials for its low melting

point. As a result, Si-Sn-C composites still have problems

such as volume expansion, poor cycle stability, and low

Coulombic efficiency, which are the main reasons affecting

their electrochemical performance. In this work, we con-

structed a double-shelled structured Si@SnO2@C

nanocomposite. As an intermediate layer between Si and C,

the SnO2 shell may improve electrochemical reaction

dynamics. Because intermediate layer allows the

nanocomposite to form a conductive network from inside

to outside, it can effectively facilitate the transportation of

lithium ions and electrons between the active material and

the electrolyte. SnO2 is reduced to a ductile Sn during the

electrochemical reaction, which can effectively relieve the

surface tension during the lithium process. The outermost

carbon shell can prevent the contact between silicon, SnO2

and electrolyte, improving the structural stability of the

material. This structure is expected to provide the new

ideas for the improvement of silicon-based composite for

LIBs anode.

2 Experimental

2.1 Preparation of Si@SnO2@C nanocomposite

Figure 1 shows a schematic diagram of the preparation of

Si@SnO2@C nanocomposite. Si@SnO2@C was prepared

by a two-step hydrothermal process. The core–shell
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structured Si@SnO2 nanocomposite was prepared in the

first step. In a typical experiment, a clear solution was

obtained by dissolving 0.848 g Na2SnO3 and 7.2 g urea in

136 ml of deionized water. 72 ml ethanol was then added

to the solution. Next, 0.52 g silicon nanopowder was added

to the solution and dispersed by ultrasonication for 10 min.

The resulting dispersion was placed in a 300 ml teflon-

lined autoclave and heated in an airflow electric oven at a

temperature of 165 �C for 12 h. Si@SnO2 powder was

collected by centrifugation, washed with deionized ethanol

and water, and dried under vacuum at 80 �C overnight. The

double-shell structured Si@SnO2@C nanocomposite was

prepared afterward. Typically, 1.5 g glucose was dissolved

in 50 ml deionized water to make a precursor solution.

Then, 1.0 g Si@SnO2 nanocomposite was added to the

precursor solution and ultrasonically dispersed for 10 min

before the mixture was hydrothermally treated in a teflon-

lined autoclave at 190 �C for 12 h to form the Si@S-

nO2@C nanocomposite. Finally, a carbonization treatment

was carried out at 500 �C for 3 h in N2 atmosphere. For

comparison, Si@C nanocomposite was prepared under the

same experimental conditions.

2.2 Characterization

The microstructural characterization of the nanocomposites

was conducted by scanning electron microscopy (SEM,

Hitachi S-4800) and transmission electron microscopy

(TEM, Tecnai G2 F30). Thermogravimetric analysis (TG,

TGA Q500) was performed with flowing air at tempera-

tures up to 900 �C (10 �C�min–1 heating ramp) to deter-

mine the carbon content in nanocomposite. Inductively

coupled plasma-optical emission spectrometer (ICP-OES)

was used to measure the elemental contents of samples

(Spectro Genesis ICP). The phases of nanocomposite were

identified by an X-ray diffractometer (Rigaku D/MAX) at

2500 V.

2.3 Electrochemical measurements

The coin cells (CR 2032) were used to test the electro-

chemical performance of Si@SnO2@C nanocomposite.

The electrodes were prepared by mixing Si@SnO2@C

nanocomposite, binder (carboxymethylcellulose sodium/

polymerized styrene butadiene rubber, CMC/SBR) and

conductive carbon (super P) with weight ratio of 8:1:1. The

electrolyte consists of 1 mol�L–1 LiPF6 in ethylene car-

bonate (EC), dimethyl carbonate (DMC), and ethyl methyl

carbonate (EMC) with volume ratio of 2:6:2. Lithium

metal was as the counter electrode of the coin-type (CR

2032) cells with a glass fiber membrane as the separator.

The process of assembling is in an argon-filled glove box.

The Land battery system (CT2001A) was used to test the

galvanostatic charge–discharge (GCD) measurements at a

constant current density in a voltage window of

0.01–2.00 V (vs. Li/Li?). CV and EIS test were carried out

by CHI600E electrochemical workstation.

3 Results and discussion

Figure 2a shows XRD patterns of Si, Si@C, Si@SnO2 and

Si@SnO2@C powders. For all the four samples, the

diffraction peaks at 2h of 28.4�, 47.3�, 56.1�, 56.6�, 68.9�
and 76.3� are indexed to the (111), (220), (311), (400),

(331) and (422) planes of Si (JCPDS No. 27-1402) [34, 35].

As for Si@SnO2 and Si@SnO2@C nanocomposites, the

weak diffraction peaks at 2h of 26.6�, 33.9� and 51.8� are

indexed to the (110), (101) and (211) planes of SnO2

(JCPDS No. 41-1445) [36]. The synthesized SnO2 has an

average crystalline size of 5.23 nm, as calculated by the

Debye–Scherrer formula. No peaks from carbon are

observed for Si@C and Si@SnO2@C, and it indicates that

the C shell is amorphous [37].

TG analysis is performed to determine the contents of C

for Si@C and Si@SnO2@C nanocomposites, as shown in

Fig. 2b. The weight loss below 100 �C is 2.5 wt%, which is

attributed to the removal of physical adsorbed water in

powders [33]. The weight loss in the temperature range of

100–600 �C is attributed to carbon oxidation [20]. Based

on the TG results, the C contents of Si@C and Si@S-

nO2@C are about 24.0 wt% and 20.1 wt%, respectively.

The weight gain beyond 600 �C maybe due to the oxida-

tion of silicon [38]. In addition, ICP-OES test of the

remaining solution after hydrothermal synthesis of

Si@SnO2 showed that the contents of elemental Si and Sn

were less than 3 9 10–6. ICP results indicate that Na2SnO3

is converted into SnO2. Therefore, the contents of Si, SnO2

Fig. 1 Schematic illustration of preparation of Si@SnO2@C nanocomposite
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and C in the Si@SnO2@C nanocomposite are calculated as

about 40.7 wt%, 39.2 wt% and 20.1 wt%, respectively.

Figure 3 shows SEM images of Si, Si@C, Si@SnO2 and

Si@SnO2@C. The particle sizes of Si powders are in the

range of 50–100 nm. There is no significant microstruc-

tural difference between Si and Si@C powders, indicating

the relatively low layer thickness of carbon in Si@C

nanocomposite. The surface of Si@SnO2 seems to be

rougher than that of the Si particles. This phenomenon

suggests that there is a layer made of SnO2 nanoparticles

being formed on the surface of Si particles. The surface of

Si@SnO2@C nanocomposite is the roughest among these

powders, and amorphous carbon forms a carbon layer on

the rough surface of Si@SnO2 particles. According to the

theory of hydrothermal growth [39, 40], SnO2 and C

nanoparticles were assembled on the particle surface

through the Ostwald ripening process [41]. During the

hydrothermal process, Na2SnO3 decomposes to form SnO2

[42]. In order to decrease the total energy of the system, the

generated SnO2 nanoparticles spontaneously form a uni-

form shell on the surface of the silicon particles, which

results in the formation of Si@SnO2. Similarly, C is coated

on the surface of Si@SnO2 particles to form a Si@S-

nO2@C double-shell structure.

The microstructure of Si@SnO2@C nanocomposite is

characterized by TEM, as shown in Fig. 4. The double-

shell structure of Si@SnO2@C can be clearly discerned

under the scanning TEM mode in Fig. 4a. In Fig. 4b, the

thicknesses of carbon and SnO2 shell is determined to

be * 20 and * 7 nm. The carbon shell is found to be

amorphous, which is identified with XRD results. In

addition, HRTEM images of Si@SnO2@C show the dis-

tinct crystal lattice fringes with interplanar spacings of 3.35

and 3.13 nm, which belong to the (110) plane of SnO2 and

(111) plane of Si [31]. Figure 4c–g shows EDS mapping

results of the spatial distributions of Si, O, Sn and C ele-

ments, which further proves the double-shell structure of

Si@SnO2@C nanocomposite.

The electrochemical performance of the synthesized

nanocomposites as LIBs anode is evaluated by GCD

measurements using half cells. The rate capacity of the

electrode is tested in the voltage range of 0.01–2.00 V (vs.

Li?/Li). Figure 5a illustrates the rate capacity of the Si@C

and Si@SnO2@C electrodes at different current densities

from 100 to 1500 mA�g–1 and then back to 100 mA�g–1.

The rate performance of the Si@SnO2@C electrode shows

a significant improvement compared to Si@C. At current

densities of 100, 200, 500, 1000 and 1500 mA�g–1, the

reversible capacities of Si@SnO2@C nanocomposite are

1098, 875, 701, 515 and 340 mAh�g–1. After 50 cycles, the

capacity remains 919 mAh�g–1 at 100 mA�g–1, and the

capacity recovery rate reaches 84%, demonstrating its

outstanding reversibility and cycle stability [31]. In the

meantime, the capacities of Si@C anode are only 249, 200,

158, 125 and 106 mAh�g–1 at current densities of 100, 200,

500, 1000 and 1500 mA�g–1. To further analyze its rate

Fig. 2 a XRD patterns of Si, Si@C, Si@SnO2 and Si@SnO2@C; b TG curves of Si@C, Si@SnO2 and Si@SnO2@C

Fig. 3 SEM images of a Si, b Si@C, c Si@SnO2,
d Si@SnO2@C
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performance, Fig. 5b shows the charge–discharge curves of

the Si@SnO2@C electrode at different current densities.

Even at a high current density of 1500 mA�g–1, the

charging and discharging plateaus have no obvious hys-

teresis growth, demonstrating the superior electronic/ionic

transport properties of the Si@SnO2@C anode [43].

Figure 5c shows the stabilities of the Si@SnO2@C and

Si@C anodes during the charge–discharge process. The

galvanostatic cycling performances of Si@SnO2@C and

Si@C anodes were tested at 500 mA�g–1 in the voltage

range of 0.01–2.00 V (vs. Li?/Li) for 300 cycles

(100 mA�g–1 for the first five cycles). In the initial

Fig. 4 Images of Si@SnO2@C: a TEM image, b HRTEM image, c–g EDS element mappings of marked area

Fig. 5 a Rate performance of Si@C and Si@SnO2@C electrodes at various current densities; b GCD profiles of Si@SnO2@C
electrode at increasing discharge current density from 100 to 1500 mA�g-1; c cycling performance and Coulombic efficiency of
Si@SnO2@C and Si@C anodes at 500 mA�g–1 for 300 cycles (100 mA�g–1 for the first five cycles)
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discharge, the Si@SnO2@C electrode exhibits a high dis-

charge capacity of 2777.5 mAh�g–1. The capacity is

retained 554.3 mAh�g–1 after 300 charge–discharge cycles,

showing outstanding capacity retention of 50.2% of its

highest discharge capacity of 1104.2 mAh�g–1 at

500 mA�g–1. Furthermore, the Coulombic efficiency of the

Si@SnO2@C electrode exhibits a significant increase in

initial cycles and maintains approximately 98% after six

cycles. The cycling figure of the Si@C electrode is similar

to that of the carbon anodes. The reason of the poor elec-

trochemical performance of Si@C electrodes still needs to

be further explored.

The electrochemical performance of the nanocomposite

and the changes of surface morphology during cycling

processes are further investigated by SEM characterization.

Figure 6 shows SEM images of the Si@C and Si@S-

nO2@C electrodes before and after 300 charge–discharge

cycles at 500 mA�g–1. Si@SnO2@C and Si@C particles

maintain the spherical shape after cycling, and there are

almost no agglomerations and SEI blocks on the surface.

This is mainly due to the protection of the carbon outer-

most layer. The results show that the Si@SnO2@C anode

has good stability and the double-shell structure can help

withstand the mechanical stress during the repeated elec-

trochemical cycles. Both Si@SnO2@C and Si@C materi-

als undergo volume expansion which causes the increase of

the impedance of the electrode, since the conductivity

between the active materials and the copper is gradually

decreasing as cycling proceeds [43–46]. The structural

integrity of electrode is maintained after long-term elec-

trochemical cycling tests. Thus, the core–shell structure of

nanocomposites is beneficial for the electrode–electrolyte

interface stability for long-term cycling and stable electri-

cal energy delivery. The stable reversible reaction between

Li? and the active material in the electrode in each cycle is

guaranteed.

Figure 7 shows typical SEM images of the cross sec-

tions of the Si@C and Si@SnO2@C anodes before and

after 300 charge–discharge cycles. All electrodes maintain

good integrity despite thickening of both electrode sheets

after 300 cycles. The thickness of Si@C electrode increa-

ses from 16.2 to 19.4 lm. Combined with the electro-

chemical performance of the Si@C electrode, it further

confirms that the silicon in the Si@C electrode does not

participate in the electrochemical reaction. Compared with

the reported Si-Sn based electrodes [17, 26, 47], the dou-

ble-shell structure of Si@SnO2@C can effectively alleviate

the volume expansion, and the thickness of electrode is

increased by 90.57% after 300 cycles, which is mainly

attributed to the dual protection of the high reactive SnO2

interlayer and uniform carbon outer layer.

Figure 8 shows CV curves of Si@SnO2@C and Si@C

electrodes at a scan rate of 1 mV�s-1. As for Si@SnO2@C

electrode, in the first cathodic (lithium insertion) scan, the

reduction peak at 0.9 V is attributed to the formation of

Li2O and SEI. It disappears from the subsequent cycles as a

result of stability of the SEI film [43]. The electrode

exhibits one discernible reduction peak near 0 V, corre-

sponding to the superposition reactions of Si, Sn with Li.

To be specific, the process involves Li? intercalation with

Si and Sn to form amorphous LixSi alloy [34] and LixSn

alloy [20]. The reduction peak at 1.3 V is due to Li?

intercalation into Sn [5]. During delithiation processes, the

oxidation peak at 0.35 V is related to the delithiation

reaction of Li-Si alloy, and the peak at 0.7 V is caused by

the delithiation process of LixSn and LixSi alloy [46, 48].

The two weak peaks at 1.26 and 1.87 V correspond to the

oxidation reaction of Sn to SnO and SnO to SnO2,

Fig. 6 SEM images of Si@C electrodes a before and c after 300
charge–discharge cycles at 500 mA�g-1; SEM images of
Si@SnO2@C electrodes b before and d after 300 charge–
discharge cycles at 500 mA�g-1

Fig. 7 Cross-sectional SEM images of electrode layers of
Si@C: a before and c after 300 cycles; Si@SnO2@C: b before
and d after 300 cycles
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respectively [43]. With continuous cycling, the shapes of

CV profiles remain similar, except for a slight shift and

gradual broadening of the redox peak. It shows that the

electrode active material is gradually activated, and more

active electrode materials participate with the progress of

cycling [5]. The reason for the large capacity loss in the

first three cycles is the irreversible electrochemical reac-

tions during the initial discharge, the reaction between the

super P and electrolyte decomposition [31]. After the first

five cycles, all the additional CV curves almost coincide,

indicating that the lithiation and delithiation reactions for

the Si@SnO2@C nanocomposite are highly reversible [33].

The electrochemical reactions of Si@SnO2@C

nanocomposite are as follows [42, 49]:

2Liþ þ SnO2 þ 2e� $ Li2O þ SnO ð1Þ

2Liþ þ SnO þ 2e� $ Li2O þ Sn ð2Þ

Sn þ xLiþ þ xe� $ LixSn ð0� x� 4Þ ð3Þ

Si þ xLiþ þ xe� $ LixSi ð0� x� 4:4Þ ð4Þ

C þ xLiþ þ xe� $ LixC ð0� x� 6Þ ð5Þ

On the basis of the above results, it can be concluded

that the introduction of SnO2 into the silicon-based

composite effectively enhances both the electronic

conductivity and the ionic diffusion efficiency in the

anode [42]. However, SnO2 forms the irreversible phase

(Li2O) during the first lithiation, causing the formation of

dead lithium and a poor Coulombic efficiency [47, 50].

This is probably the main reason that the Coulombic

efficiency is low for Si@SnO2@C nanocomposite at early

cyclings. As a comparison, CV measurement of Si@C is

also implemented as shown in Fig. 8. The coincidence of

the curves is much poorer compared with that of

Si@SnO2@C, indicating a severe polarization in Si@C

and resulting in a poor reversible stability [51]. These

consequences provide evidence for a more

stable reversibility of Si@SnO2@C.

Fig. 8 CV curves at a scan rate of 1 mV�s-1 in range of 0.01–3.00 V (vs. Li/Li?): Si@SnO2@C nanocomposite at a the first 5 cycles
and b 6–10 cycles; Si@C nanocomposite at c the first 5 cycles and d 6–10 cycles
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To investigate the impedance changes of the Si@S-

nO2@C nanocomposite, EIS measurement is used to per-

form with the new cells and the cells after 3 galvanostatic

charge–discharge cycles at the current density of

500 mA�g–1 for Si@C and Si@SnO2@C nanocomposites.

The Nyquist plots of Si@C and Si@SnO2@C cells are

shown in Fig. 9. All curves consist of two suppressed

semicircles at high frequencies and a slope at low frequen-

cies corresponding to the SEI resistance (Rf) [52], the charge

transfer resistance (Rct) and the slash at low frequencies is

called Warburg impedance [53]. The inset in Fig. 9 is the

equivalent circuit in the form ofRs (CPE1,Rf) (CPE2,Rct)Wo

[54]. Rs is the resistance of the cell. CPE1 and Rf are the

charge transfer capacitance and resistance. CPE2 and Rct are

the capacitance and resistance of Li? transition through the

SEI. Wo represents the Warburg impedance associated with

the diffusion of Li? into the bulk electrodes [55]. The data

are fitted to the equivalent circuit and the fitted values are

reported in Table 1. The Rf and Rct values of Si@SnO2@C

before cycling are 7.68 and 0.82 X, which are smaller than

those of Si@C (21.64 and 2.62X). The result implies that the

architecture of Si@SnO2@C facilitates the transfer of

charge on the interface [56]. The introduction of SnO2 can

greatly improve the conductivity of the silicon anode and

enhance the connection between the active material and the

current collector. The Rct and Rf values of Si@SnO2@C

after 3 cycles are close to those before cycling, indicating

that the double-shell structure is conductive to the formation

of a stable SEI and facilitates electrochemical reaction

dynamics. On the contrary, the Rct value of Si@C electrode

increases significantly after cycling. Thus, the EIS results

show that Si@SnO2@C electrode exhibits an excellent

stability during cycling.

4 Conclusion

In summary, the double-shell structured Si@SnO2@C

nanocomposite has been prepared successfully by a two-

step hydrothermal method. Si@SnO2@C nanocomposite is

composed of crystalline Si, crystalline SnO2 and amor-

phous C, and the thicknesses of SnO2 and C layers are 20

and 7 nm, respectively. The nanostructured Si@SnO2@C

anode exhibits excellent specific capacity, rate capability

and high electrical conductivity. The initial capacity of

Si@SnO2@C nanocomposite is as high as

2777.48 mAh�g–1 and retains 544.3 mAh�g-1 after 300

cycles. Si@SnO2@C nanocomposite delivers a high

capacity of 1098, 875, 701, 515 and 340 mAh�g–1 at 100,

200, 500, 1000 and 1500 mA�g–1. The outstanding elec-

trochemical performance of Si@SnO2@C is owing to the

SnO2 shell which generates Sn in the electrochemical

reaction and acts as a conductive network during cycling.

This Sn can reduce the charge transfer resistance and thus

lead to high ion and electron transport efficiency. Consid-

ering the high abundance of Si and SnO2, Si@SnO2@C

may serve as a high-energy–density anode material in Li-

ion batteries.

Fig. 9 Nyquist plots of a Si@C and b Si@SnO2@C nanocomposites after initial and the 3rd cycles

Table 1 Impedance parameters of Si@C and Si@SnO2@C
electrodes

Sample Rs / X Rf / X Rct / X

Si@SnO2@C Initial 6.31 7.68 0.82

3rd cycle 6.40 8.49 1.45

Si@C Initial 6.69 21.14 2.62

3rd cycle 6.99 29.21 19.00
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