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SnO2-based lithium-ion batteries suffer from capacity fades rapidly during lithiation and delithiation at
high current density due to the aggregation and cracking of active materials. This work proposes a novel
architecture of antimony-doped SnO2 (ATO) hollow nanospheres using hydrothermal and hard template
methods. The crystal structure, morphology, and surface elemental composition of ATO are tested by
XRD, SEM TEM and XPS, respectively. Notably, the electrochemical tests results indicate that the ATO
negative materials exhibit a significantly improved cycling and rate performance than that pure hollow
SnO:2 nanospheres. After 100 cycles, ATO still maintains a high capacity retention of 709 mAh gt at 0.1
A gt and delivers 286 mAh g even at 5 A g™*. These consequences reveal that the Sb modified SnO:
hollow sphere electrodes have good implications for the design of high-power-density negative materials
of the next-generation lithium-ion batteries.
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1. INTRODUCTION

Transmission metal oxide such as SnO2, Co304 and Fe3O4 have been regarded as promising
candidate for graphite anode because they have much higher specific capacity than graphite [1-5].
Among these materials, SnO2 shows attractive characteristics as the negative materials of LIBs for its
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high volume density of 6.5g cm™, high theoretical capacity (=782 mAh g™!), safe working potential (=0.6
V vs Li"/Li), and low cost [6-9].

Unfortunately, SnO2-based electrodes have some fatal weaknesses owing to large irreversible
reaction and the huge volume expansion that accompany the lithium-ion insertion/extraction process
[10-12]. The repeated volume expansion/contraction results in severe stress that may easily cause the
pulverization and agglomeration of electrode, which finally leads to rapid irreversible capacity fading
and thermal run-away during long-term cycling [13]. The intrinsic conductivity of SnO2 is poor with a
wide energy bandgap (Eg = 3.62 eV) which is another reason of poor cycling performance and rate
capability [14, 15].

To overcome the poor durability and boost the cycling stability of SnO2-based electrodes, several
modification strategies such as hollow structural fabrication have been reported [10, 16, 17]. The
shortened diffusion pathway for electron and Li*, and empty interior space provide better conductivity
and cycling stability than other nanostructures [18]. However, although the hollow SnO2 nanospheres
can improve SnO:2 based anode electrochemical performance to some extent, SnO:2 still has the
possibility of cracking, aggregation, and collapse after long-term cycles at high current density.
Elemental doping is an effective strategy to increase the intrinsic conductivity of SnO2, several
modification strategies have been reported [19]. Wang et al. prepared Mo-doped with 16 at% Mo doping
SnO:> hollow spheres, which display a favorable specific capacity of 525 mAh g™ after 60 cycles at a
current density of 100 mA g [20]. Ma et al. obtained Co-doped SnO2 nanoparticles through sol-gel
methode, which also exhibit favorable electrochemical performance of 493 mAh g'! under 100 mA g!
after 50 cycles [21].

As we all know, SnSb alloys is a typical intermetallic compound containing two lithium reaction
centers and is considered to be one of the most intermetallic compounds with lithium storage prospects
[15, 22]. Therefore, the antimony doping has a positive effect on Sn-based negative material performance.
Herein, we have fabricated a hollow nanospheres of antimony-doped SnO2 (ATO) through a facile
hydrothermal method which may further prevent the issues associated with cracking, aggregation, and
collapse of hollow SnO2 nanospheres to some extent. The volume expansion and conductivity are
effectively buffered and improved by introducing heteroatoms. Hance, the ATO hollow nanospheres
exhibit an outstanding reversible capacity of 709 mAh g' at 100 mA g after 100 cycles, delivers a
remarkable rate performance of 286 mAh g even at 5 A g'. Compared with pure tin dioxide hollow
nanospheres, the electrochemical performance is significantly improved through antimony doping.

2. EXPERIMENTAL

2.1 Preparation of hollow Sb-doped SnO2 (ATO) nanospheres.

The hollow ATO nanospheres were fabricated by following combined three-step sol-gel process
and one-step hydrothermal process. (1) SiO2 templates were prepared by well-known Stéber method
[23]. 3.14 mL of 28% ammonia solution was dropped in a mixture of 74 mL ethanol and 10 mL deionized
water under stirring for 0.5 h. After that, 6 mL teraethylorthosilicate (TEOS) was injected to the solution,
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then the mixture was reacted under 300 rpm stirred 22 h, subsequently, the SiO2 nanospheres were
collected by centrifugation and washed with ethanol 3 times. (2) The as-prepared colloidal SiO2
nanospheres (0.2 g) were dispersed in a mixture of ethanol (9 mL) and water (19 mL), Then, stannous
chloride (SnCl2-2H20, 0.12 g), urea (0.9 g) and antimonous chloride (SbCls, 0.014 g) were added to the
suspension, and the suspension continuously stirred for 1 hour. (3) The homogeneous was shifted into a
Teflon autoclave and heated at 200°C for 2 h, yielding SiO2@ATO nanospheres, the obtained products
were annealed at 500°C for 4 h under air atmosphere. (4) Finally, the SiO2 nanospheres were etching by
HF solution (5%, 40 mL), the ATO hollow spheres were collected and washed with deionized waters
for 3 times. The synthesis route of the ATO is schematically illustrated in Figure 1. As a control, the
SnO:2 hollow nanospheres (SNO) was fabricated in the same condition without added SbCls.
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2.2 Sample characterization.

The structure of as-prepared products were conducted by X-ray diffraction (XRD, Bruker D8
Advanced X-ray diffraction, Cu Ka radiation (A=1.5406 A)). The morphology and microstructure of
smaples were examined by transmission electron microscope (TEM, FEI Tecnai G2 F20 S-TWIN) and
field-emission scanning electron microscope (FE-SEM, LEO 1530Vp). The valence state of ATO and
SNO were determined through X-ray photoelectron spectroscopy (XPS, PHI5000 Versaprobe-I1).

2.3 Electrochemical Measurements.

The electrochemical properties of the ATO and SNO as a negative material for LIBs were
explored through the CR2025-type coin cells. Pure lithium metal was used as the counter electrode. The
working electrodes were composed of the 80% active material, 10% acetylene black and 10%
polyvinylidene (PVDF). The electrolyte was LiPFs (1M) in a mixed solution of dimethyl carbonate (DC),
ethylene methyl carbonate (EMC), and ethylene carbonate (EC) (1:1:1 by volume). All of these
composites were packaged in a glovebox among argon atmosphere. Charge-discharge characteristics
were conducted by LAND CT-3008 battery tester (Wuhan, China), the cycling performance and rate
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capability were carried out in the same tester with a voltage range of 0.05 and 3 V at different current
density from 0.1 A g* to 5 A g*. Electrochemical impedance spectroscopy (EIS) was implemented on
CHI 660D electrochemical workstation in the frequency range from 100 kHz to 0.01 Hz with an
amplitude of 5 mV.

3. RESULTS AND DISCUSSION

The crystallographic properties of the ATO, SNO hollow nanospheres was conducted by X-ray
diffraction (XRD) and The results are shown in Figure 2a. The diffraction peaks of the SNO sample
presents a typical tetragonal rutile SnO2 (PDF 41-1445) [24-26]. After Sb doping, the crystal structure
of SnOz2 is not changed. The XRD patterns of the SNO, ATO samples are basically in agreement with
that of tetragonal rutile SnOz2, and no other obvious peaks of impurities are detected such as Sb oxides
(Sb203, Sh20s) [27]. Figure 2b presents the magnified (110) diffraction peak of ATO samples, it can be
clearly seen that the (110) peak shifts to the larger angles. The reason for the Sb incorporation into SnO2
causing the decrease in lattice constant is since the smaller radius of the Sb® ion (0.62 A) than that of
the Sn** (0.69 A) ion [25]. The XRD results indicate that Sb was successfully incorporated into the SnO>
lattice.
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Figure 2. (a) XRD pattern of ATO, SNO hollow nanospheres, (b) high-resolution (110) peak of two
samples.

To further investigate the valence state of Sn, Sb and O in ATO samples, XPS has been employed
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to analyze all composites, as shown in Figure 3. The wide survey spectra of as-prepared anode materials
are given in Figure 3a. The XPS spectrum indicate that the ATO involves only the O, Snand Sb elements.
Figure 3b-c present the high-resolution XPS spectra of individual elements. Figure 3b plots the XPS
spectrum of Sn 3d, the two symmetric peaks located at 487.5 and 495.9 eV can be attributed to Sn 3da2
and Sn 3ds2 lines [28], respectively. The values indicate the presence of the Sn**. Interestingly, an
negative shift with approximately 0.2 eV in the sample of ATO indicates a lower binding energy
according to less O around the Sn [29]. Figure 3c shows the XPS spectrum of O 1s and Sb 3d of the two
samples. Although the Sb 3d peaks were partially coincides with that of O 1s, the spectrum of Sb 3d
were easily identified through deconvolution of O 1s peak. The Sb 3ds2 and Sb 3ds/2 are assigned to
binding energies 531 and 540.3 eV, respectively, which exhibited that the largest fraction of Sb has a
valency of 5* [27, 30]. In addition, the existence of Sb>* will increase the concentration of free electron
in SnO2 nanocrystals, thus contributing to the electrical conductivity of bulk materials [31].
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Figure 3. (a) XPS survey spectra of the ATO, SNO hollow nanospheres. (b) Sn 3d XPS spectra of ATO
and SNO hollow nanospheres (¢) Sb 3d XPS spectra of ATO, SNO hollow nanospheres.

To explore the morphology and microstructure of the as-prepared samples, the FESEM and TEM
characterization were conducted. as shown in Figure 4. Figure 4a presents the FESEM image of ATO,
and we can seen the sample has a uniform spherical structure from 360-380 nm with a smooth surface.
To further investigate the inner structure of ATO, the TEM images in Figure 4b were captured to further
confirm that with hollow nanosphere structure of the ATO samples., the thickness of the shell is
approximately 30 nm. In the magnified image (inset Figure 4b), clear lattice fringes with a d-spacing of
0.335 nm are detected and can be ascribed to the (110) plane of rutile SnO2 (JCPDS card No. 41-1445)
[7,32].
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Figure 4. (a) FE-SEM image of ATO hollow nanospheres. (b) TEM image of ATO hollow nanospheres.
Inset in part ¢ is the HRTEM image of ATO hollow spheres.

To further evaluate the cycling stability and rate performance, galvanostatic technique was
carried out. Figure 5a, b shows the 1st, 2nd, 10th, 20th and 30th charge/discharge performance of the
SNO and ATO electrodes at a current density of 0.1 A g* between 0.05 and 3 V. The initial discharge
capacities of SNO and ATO samples are 1521 and 1529 mA h g*. Both of subsequent discharge and
charge-specific capacities of SNO and ATO suffer serious capacity losses. The initial capacity fade is
caused mainly by the irreversible reaction of SnO2 and the Li ions to produce Sn and Li2O [33, 34]. It’s
worth noting that the ATO sample displays a higher capacity retention after 30 cycle as compared with
that of SNO (735 mAh g instead of 618 mAh g1). This observation results from the positive effects to
the charge-discharge stability after Sb doping.

(a) (b)

3.0 T 3.0 e
' nd n
2.5} —2 i 2.5} 2 dh
—10 —10
S thi o th
=) 2.0 20lh S 2.0 zoh
g | 30 o 30"
s 1.5 s 1.5
S 2
1.0 1.0
0.5 0.5
0.0 s L : . L L L 0.0
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Specific capacity (mAh g™") Specific capacity (mAh g™

Figure 5. (a) Charge/discharge curves of the ATO hollow spheres at a current density of 100 mA g™'. (b)
Charge/discharge curves of the SNO hollow spheres at a current of 100 mA g
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Figure 6a shows the cycling performance of the SNO and ATO at a galvanostatic current density
of 0.1 A gL. It can be seen that the discharge capacity of SNO rapidly decays until 60 th cycle, shows a
poor retention rate of only 52% after 100 cycles, while the ATO exhibits a favorable capacity retention
of 72.7% up to 100 cycles. Its coulombic efficiency always remains at approximately 100% except for
the first cycle. The better cycling performance is because that the Sb react with Li* will before the Sn
counterpart due to their thermodynamics properties, which is good for keeping the structure integrity of
ATO from volume change [15], thereby further improving the lithium storage capability. Moreover, we
have compared the capacity retention of ATO hollow nanospheres with some previous reports of SnO2
based negative materials in LIBs, as shown in Table 1. It is noted that even after 100 cycles, the ATO
negative materials exhibit superior reversible capacities to other cationic doped nanostructures.

Table 1. The comparison of the cycling performance with previous literatures of cationic doped SnO2
negative materials

Cycle  Reversible capacities Voltage

Sample number (mAh g?1) range (V) Ref

This work 100 709 (80 mA g1) 0.05-3V
Mo-doped SnOz2 hollow spheres 60 801 (100 mA g1) 0.01-3V [20]
Co-doped SnO2z nanoparticles 50 493 (100 mA g1 0.005-3V [21]
Co/N-doped SnO2 nanocrystals 50 716 (80 mA g}) 0.005-3V [35]
Al-doped SnO2 hollow spheres 50 443 (80 mA g) 0-3V [24]
Ni/N-doped SnO2 Nanoparticles 50 664 (80 mA g1) 0.005-3 V [36]
CNF/ATO/C 100 705 (100 mA gt 0.05-3V [25]
Sb-doped SnO2 microspheres 100 194 (80 mA g}) 0.005-3 V [30]

Ni-doped SnO2 nanoparticles 35 674 (160 mA g1) 0.05-2 V [37]
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Figure 6. (a) Cycling performances of ATO and SNO samples at a constant current density of 100 mA
g’l. (b) Rate performance of ATO hollow spheres and SNO hollow spheres at different current
density from 0.1 A g to 5 A g'!. (¢) Nyquist plots of ATO hollow spheres and SNO hollow
spheres.

The rate capabilities of the ATO and SNO at various specific current densities from 100 to 5000
mA gt are illustrated in Figure 6b. It can be seen that ATO delivers higher retention capacities than that
of the SNO at all kinds of current density from 0.1 to 5 A g1. In particular, the Sb doped sample displays
a discharge capacity of 286 mAh g* at 5 A g%, which is almost 2 times more than that of the undoped
one. The excellent rate and cycling performance of ATO are mainly attributed to Sb doping can
significantly improve intrinsic conductivity of SnO2 anode and reduced residual stresses during cycles.

To further explore the kinetics during the electrochemical reaction of ATO and SNO,
electrochemical impedance spectroscopy (EIS) was conducted after 5 cycles. As shown in Figure 6c,
each of the plots consists of a semicircle in high-medium frequency region, which presents charge
transfer impedance (Rct), and the inclined line in the low frequency assigned to lithium-ion diffusion
processes [38-40]. The fitting data was inserted in the Table 2. The Ohmic resistance (Rs) of ATO is
simulated as 3.3 Q, which is lower than that of the SNO (4.1 Q). The calculated charge-transfer resistance
of ATO is 28 Q, which is also lower than that of SNO (47 Q). The results indicate that the Sb doped
SnO2 hollow nanospheres can enhance the electrochemical kinetics and facilitate the lithium ion
diffusion.

Table 2. The fitted results of the Ohmic resistance (Rs) and charge transfer impedance (Rct) for ATO

and SNO.
Samples ATO SNO
Ret(Q) 28 47
Rs(Q) 33 4.1

4. CONCLUSION

In summary, ATO hollow nanospheres was successfully synthesized through a facile strategy



Int. J. Electrochem. Sci., Vol. 14, 2019 9120

combined hard template and hydrothermal methods The antimony doping has no obvious effect on the
nanosphere morphology. Compared with the undoped SnO2 samples, the as-prepared ATO electrodes
deliver outstanding cycle stability and favorable rate performance, exhibit an outstanding reversible
capacity of 709 mAh g* after 100 cycles and deliver 286 mAh g™ even at 5 A g*. EIS measurements
also show that ATO electrodes have better electrochemical kinetics than that of the undoped one. All
results suggest that the antimony doping is an useful strategy to improve electrochemical performance
of Sn-based negative materials.
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