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The novel SnO2eZnO nanofibers were successfully synthesized via a simple electro-

spinning technique. The influences of different amount of ZnO on the electrochemical

properties have been discussed. Compared with SnO2 nanofibers, the SnO2eZnO nano-

composites show the improved lithium storage capacity, cycling performance and rate

properties. The beneficial effects can be attributed to the addition of ZnO nanoparticles,

which can effectively buffer the volume exchange of SnO2 and create synergistic effects

between them. Thus, as-prepared SnO2eZnO nanofibers may hold great promise for the

development of high-performance lithium ion batteries, and this work can be enlightening

for material design and optimization.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The global energy shortage strongly demands highly efficient

clean energy, such as solar and wind powers, which further

require advanced energy conversion and storage devices. As

one of themost important energy storage devices, lithium-ion
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batteries (LIBs) have attracted increasing attention in both

scientific and industrial fields as well as people's daily life,

such as electric vehicles, cell phones, laptops and digital

cameras [1e7]. Although LIBs were developed for many years,

they still have not satisfied the application requirements in

terms of the energy density, cycle lifetime, and safety [8e12].
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The key factor for improving the LIBs performance is to

develop better electrode materials [13,14]. Nowadays, the

graphite is the most widely employed commercial anode

material for LIBs, but its relatively low theoretical capacity

(372 mA h g�1) limits further applications [15e18].

As one of the alternative anodes of LIBs, SnO2 has been

regarded as a promising candidate due to high theoretical

specific capacity of 781 mAh g�1 [19e21]. Numerous ap-

proaches have been attempted to solve the serious volume

changes and internal stress problems of SnO2 anodes. Among

the strategies, building unique SnO2 nanostructure is themost

effective one, including nanoparticles [22], nanowires [23,24],

nanotubes [25,26], nanosheets [27] and 3D nanostructure

[28e30]. Furthermore, it has been considered that the low-

dimensional nanostructures, such as wires, fibers and tubes,

exhibit better buffering effects of volume change [19,23,24].

Another effective approach is to introduce different inorganic

nanoparticles to create hybrid nanocomposites to enhance

the battery performance, like ZnO [31], In2O3 [32], Fe2O3 [33],

TiO2 [34], etc. It was reported that the heterostructures be-

tween ZnO and SnO2 provides an enhanced inner electric field

at the interface of nanoparticles, moreover, the inactive ZnO

can act as a buffering matrix for SnO2 to relief the strain and

stress during electrochemical process, which will effectively

enhance the performance [31].

The electrospinning is a simple and versatile approach to

create fiber-like nanostructures of metal oxides for different

applications, including LIBs, photocatalytic activities, gas

sensing properties, etc [35e41]. As a result, in this study, the

SnO2eZnO nanofibers were synthesized via the simple elec-

trospinning approach. The hybrid nanocomposites show the

improved reversible capacity, cycling performance and rate

capability than the pristine fibers. The obvious effects of ZnO

nanoparticles in the nanocomposites were discussed in detail.

It demonstrates that the as-prepared SnO2eZnO nanofiber is a

promising anode material of LIBs. Our study provides new

ideas to build hybrid metal oxide anodes with increased LIB

performance.
Scheme 1 e Schematic illustration for the formation

process of the ZnO/SnO2 nanofibers.
Experimental section

Materials synthesis

In the typical synthesis of SnO2eZnO NFs, the precursor so-

lution was prepared by dissolving 1.2 g of PVP

(Mw ¼ 1,300,000 g mol�1) and different molar ratio of

SnCl4$5H2O and Zn(NO3)3$6H2O in ethyl alcohol (6.6 ml) and

DMF (6.6ml). Themixturewas then stirred by vigorous stirring

for 24 h at room temperature to form a homogeneous solution.

During electrospinning, a high voltage of 20 kVwas applied

between the needle tip and aluminum collector. The needle

tip to the collector was 15 cm. The flow rate is 1 ml/h. Finally,

the as-spun fibers were sintered at 700 �C for 5 h in air. The

molar ratio of SnCl4$5H2O and Zn(NO3)3$6H2O was 2:1, 1:1, 1:2,

and the resultant samples were marked as SnO2eZnO-1,

SnO2eZnO-2 and SnO2eZnO-3, respectively. For comparison,

the pristine SnO2 nanofibers were synthesized without the

addition of Zn(NO3)3$6H2O, and the syntheses of pristine ZnO

was synthesized without the addition of SnCl4$5H2O. The
typical schematic illustration of the formation process ZnO/

SnO2 Nanofibers is shown in Scheme 1.
Materials characterization

X-ray diffraction analysis (XRD) (Bruker, D8 Advance) was

employed to characterize the structures of the prepared

samples. The surface morphologies of the composites were

determined using a TEM (JEOL JEM-3000F) and a scanning

electron microscope (SEM, SU8010, Hitachi Japan). X-ray

photoelectron spectroscopy (XPS, VG ESCALAB MK II) was

performed to analyze the distribution of element in the

samples.

A battery tester (LAND CT2001A) was used to evaluate the

electrochemical performance of CR2032-type coin cells. The

working electrodes consisted of samples (75 wt %) and acet-

ylene black (15 wt %), with PVDF (10 wt %) as a binder, dis-

solved in 1-methyl-2-pyrrolidinone (NMP) solution on a piece

of copper foil. Li foil was used as the counter electrode and the

reference electrode, and Celgard 2400 was used as a separator.

The elecstrolyte was a solution of 1 M LiPF6 in a mixture of

ethylene carbonate (EC), dimethyl carbonate (DMC) and

diethyl carbonate (DEC) (1: 1: 1, v/v/v). The loading of the

typical electrode active material is 1.0 mg cm�1. Cyclic vol-

tammetry (CV) was performed on Princeton Applied Research

Versa STAT 4 electrochemical workstation.
Result and discussion

The XRD patterns of the pristine SnO2, the pristine ZnO,

SnO2eZnO-1, SnO2eZnO-2, and SnO2eZnO-3 were compared

to confirm the component of the products, as shown in Fig. 1a.

When the original reactant is SnCl4$5H2O, all the diffraction

peaks of the product are in good agreement with the standard

SnO2 data (PDF#41-1445). The lattice constants of SnO2 NFs is

a ¼ 4.738 Å, b ¼ 4.738 Å, c ¼ 3.187 Å. After the addition of zinc

nitrate, the weak peaks positioned at 31.769�, 34.421�, 36.252�,
47.538�, 56.602�, 62.862�, 66.378�, 67.961� and 69.098� corre-

spond to ZnO (PDF#36e1451) with the lattice constants of

a ¼ 3.250 Å, b ¼ 3.250 Å, c ¼ 5.207 Å. It illustrates that the
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Fig. 1 e (a) XRD patterns of SnO2 NFs, SnO2eZnO-1 NFs, SnO2eZnO-2 NFs, SnO2eZnO-3 NFs and ZnO NFs; (b) EDX spectrum of

SnO2eZnO-1 NFs; XPS spectrum of (c) Sn 3d and (d) Zn 2p for the SnO2eZnO-1 NFs.
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hybrid product is the mixture of SnO2 and ZnO. When the

addition of zinc nitrate gradually increased, the peak intensity

of the ZnO NFs accordingly enhances with the feeble of the

peaks for SnO2. The XRD results confirm that the SnO2eZnO

composites were successfully synthesized via the electro-

spinning. The typical high-resolution XPS spectra of Sn 3d and

Zn 2p for the SnO2eZnO-1 NFs are shown in Fig. 1c and d,

respectively. Two obvious peaks at 487.6 and 496.1 eV in the Sn

3d spectrum (Fig. 1c) can be assigned to Sn 3d5/2 and Sn 3d3/2,

respectively [42]. Similarly, the peaks at 1044.5 and 1021.4 eV

correspond to the binding energies of Zn 2P1/2 and Zn 2P3/2,

respectively [43]. It further demonstrates that SnO2 and ZnO

co-exist in the samples.
Fig. 2 e Typical SEM images of a
The morphologies of all the samples were determined by

SEM examination. Fig. 2 shows the morphology of the as-

prepared PVP/SnCl2 fibers before sintering. It displays a

smooth fiber like structure with an average diameter of

~300 nm. Fig. 3 shows the SEM images of the SnO2 NFs,

SnO2eZnO-1 NFs, SnO2eZnO-2 NFs and SnO2eZnO-3 NFs.

Fig. 3a, b indicate that the as-prepared SnO2 NFs well inherit

from the unique fibrous. It clearly shows that the SnO2 NFs are

built by the small SnO2 nanoparticles with the mesoporous

structures. The average length of the fibers is about ~2 um,

and the diameter is about ~300 nm. After the addition of ZnO,

the morphologies of SnO2eZnO-1, SnO2eZnO-2 and

SnO2eZnO-3 still maintain the fibrous structure with the
s prepared PVP/SnCl2 fibers.
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Fig. 3 e Typical SEM images of (a, b) SnO2 NFs, (c, d) SnO2eZnO-1 NFs, (e, f) SnO2eZnO-2 NFs, (g, h) SnO2eZnO-3 NFs and the

resultant EDX elements mapping.
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nano-porous. Interestingly, the composite fibers of all three

samples become longer and thinner with the smaller particle

sizes after ZnO introduction. For example, the average length

and diameter of SnO2eZnO-1 nanofibers is more than ~5um

and about ~200 nmwith the smoother surface. The addition of

ZnO improves the mechanical strength of the nanocomposite

fibers, and results in the longer and thinner fibers. However,

there are no obvious differences of sizes and morphologies of

other two samples with the increasing amount of ZnO. It is

considered that the smaller particle sizes will effectively

reduce the pulverization and cracking of nanoparticles. The

reduced particle size can significantly increase the rate of

lithium insertion/extraction, originating from the short dis-

tances for lithium-ion transport within the particles [13,44,45].

The elemental mappings of Sn and Zn are compared in

Fig. 3 to clarify the distribution of SnO2 and ZnO in the

nanocomposites. The images convince the uniform distribu-

tion of Sn and Zn elements, which indicates that the SnO2 and

ZnO nanoparticles are uniformly distributed along the fibers.

Meanwhile, all three samples show the similar trend. The EDX

spectrum of SnO2eZnO-1 in Fig. 1d further confirms the

analysis of the elemental mapping in Fig. 3.

As shown in Fig. 4, TEM was performed to elucidate the

unique structural feature. Unique fiber-like morphology with

the length ofmore than ~5 mmand diameter of ~200 nm can be

clearly observed in Fig. 4a, b, which is in good agreement with

the SEM observation. Moreover, the HRTEM images confirm

that SnO2eZnO-1 nanofibers consists of nanoparticles of

about ~10 nm in size (Fig. 4c). The clear lattice fringe of

0.340 nm corresponding to (110) of SnO2, and the value of

0.280 nm is related to (110) of ZnO (Fig. 4d). Therefore, the

SnO2eZnO composites with the fiber like morphology were
successfully synthesized in this study via a simple electro-

spinning technique.

The mechanisms for SnO2eZnO nanocomposites during

the charge/discharge process are as follows:

SnO2 þ 4Liþ þ 4e-/Snþ 2Li2O (1)

Snþ xLiþ þ xe�4LixSn ð0<x<4:4Þ (2)

ZnOþ 2Li4Znþ Li2O (3)

Znþ xLi4LixZn

The electrochemical performance of all samples as

anode materials for LIBs are investigated in detail. Fig. 5

shows the charge/discharge voltage profiles of the SnO2

NFs, SnO2eZnO-1 NFs, SnO2eZnO-2 NFs and SnO2eZnO-3

NFs in the first two cycles in the voltage range of 2e0.01 V at

a current density of 100 mA g�1. In the first cycling, the

SnO2 NFs delivers a lithium insertion capacity of

1880.7 mAh g�1 and a reversible charging capacity of

780 mAh g�1. In the second cycle, the charge and discharge

capacities reach 825.1 and 745.1 mA h g�1, respectively,

with a coulombic efficiency of over 90%. The large irre-

versible discharge capacity in the first cycle is due to a side

reaction with the electrolyte, which forms Li2O and an SEI

film. It can be observed in the first discharge process that an

obvious plateau at 0.8 V corresponds to the electrochemical

lithium reaction of SnO2 and SEI formation. For the other

three profiles, the first discharge (charge) capacities of

SnO2eZnO-1 NFs, SnO2eZnO-2 NFs and SnO2eZnO-3 are

1417.4 (599.8), 1408 (774.8) and 1361 (715) mAh g�1,
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http://dx.doi.org/10.1016/j.ijhydene.2015.06.054


Fig. 4 e (a, b) TEM images and (c, d) HR-TEM images of SnO2eZnO-1 NFs.

Fig. 5 e Charge/discharge voltage profiles of (a) SnO2 NFs, (b) SnO2eZnO-1 NFs, (c) SnO2eZnO-2 NFs and (d) SnO2eZnO-3 NFs

for the first two cycles.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 4 3 3 8e1 4 3 4 414342
respectively. One can see that the initial capacities of the

nanocomposites decease with the increased amount of ZnO

due to its low theoretical capacity.

The cyclability comparison of SnO2 NFs, SnO2eZnO-1 NFs,

SnO2eZnO-2 NFs, SnO2eZnO-3 NFs and ZnO was carried out,

which is shown in Fig. 6a. After 5 cycles, the reversible ca-

pacity of ZnO fades rapidly into 60mAh g�1, indicating the low
electrochemical activity. For SnO2 NFs, the retained reversible

capacity is near 200 mA h g�1 after 20 cycles originating from

the large volume change of Sn and the poor kinetics of the

electrochemical conversion reaction. After the addition of

ZnO, the reversible capacity of SnO2eZnO-1 NFs, SnO2eZnO-2

NFs and SnO2eZnO-3 are 430.6, 302.1, and 248.5 mA h g�1,

respectively. Clearly, the SnO2eZnO-1 NFs indicates the best

http://dx.doi.org/10.1016/j.ijhydene.2015.06.054
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Fig. 6 e (a) The comparison of cycling performance of the SnO2 NFs, SnO2eZnO-1 NFs, SnO2eZnO-2 NFs, SnO2eZnO-3 NFs

and ZnO at a current density of 100 mA g¡1 in a voltage range of 0.01e2.0 V; (b) Rate capability of the SnO2 NFs and

SnO2eZnO-1 NFs in a voltage range of 0.01e2.0 V.
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improvement. Fig. 6b show the comparison of the rate per-

formance between SnO2 NFs and SnO2eZnO-1 NFs. At

different current densities of 200, 300, 500 and 1000 mA g�1,

the discharge capacities of SnO2eZnO-1 NFs are 350.5, 270.6,

200.1 and 125.7 mAh g�1. When the current densities back to

100 mA g�1, the capacity climbs up to 288.9 mAh g�1. Clearly,

the SnO2eZnO-1 NFs deliver the better rate performances

than the pristine SnO2 NFs, which demonstrate the advan-

tages of the hybrid nanoscomposites in LIBs. The performance

improvement is due that the two types ofmetal elementswith

different expansion coefficient have the synergistic effect.

ZnO functions as soft matrix buffering the volume expansion/

shrinkage during alloying/de-alloying. However, with the

further increased content of ZnO, the electrochemical per-

formances of the hybrid nanocomposites show the opposite

trend, which result from the low electrochemical activity of

ZnO.
Conclusions

The SnO2eZnO nanofibers were successfully synthesized by a

simple electrospinning method. It has been found that

SnO2eZnO composite is a promising anode material for LIBs,

as it exhibits an enhanced lithium storage capacity, cycling

performance and rate properties than the pristine SnO2 NFs

and ZnO NFs. The performance improvement can be ascribed

to the introduction of ZnO, which act as buffer matrix for the

huge volume change. Meanwhile, the influence of the content

of ZnO in the composites has been discussed. Thus, as-

prepared SnO2eZnO NFs shows its great potentials for the

applications in LIBs.
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