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The rational design and synthesis of electrode materials with tailored structures is especially attractive
for energy storage and conversion. Herein, we develop a new point-to-point on-demand designed and
synthesized strategy to overcome SnO> anode material suffers from the low ion/electron conductivity
and huge volume change (~300%) problems. We demonstrate that Ni-doped SnO2 hollow spheres
multilevel structure exhibit high reversible capacity and excellent cycle stability: the initial specific
discharge capacity is up to 1581 mAhg™ and the reversible capacity remains 542 mAhg* after 300
cycles, which is much higher than that of the commercial graphite (372 mAhg™). These satisfactory
electrochemical properties are mainly attributed to unique structure of Ni-doped SnOz hollow spheres in
which Ni-doped SnO: leads to good electron transfer efficiency and structural stability, the nanostructure
can effectively reduce the lithium ion diffusion activation energy and band gap width, moreover hollow
spheres structure is able to improve the comprehensive transmission efficiency and avoid pulverization
associated with volume changes. This work provides new insights into the practical use of SnO; anode
material for lithium-ion batteries.

Keywords: Doping engineering; SnO; hollow sphere; lithium-ion batteries; multi-scale structure;
volume change

1. INTRODUCTION

The design and synthesis of electrode materials with high electrochemical performance,
especially high reversible capacity and excellent cycle stability, are critical to respond to the increasing
demand for portable electronic devices and electric vehicles [1,2]. Among the available anode materials,
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tin oxide (SnO2)-based materials are particularly promising candidates due to their high theoretical
capacity (1494 mAg?), safe lithiation potential, natural abundance, low cost and environmental
friendliness [3-5]. However, the large volume expansion (>300%) and agglomeration of SnO; inevitably
occur during the conversion reaction process, which can result in severe pulverization and large capacity
fading [6,7]. Furthermore, the poor ionic and electronic conductivity of SnO> must also be urgently
solved [8,9], because SnO-based materials applied in Li-ion batteries are seriously limited by poor
electronic conductivity.

In order to address these limitations, two applied strategies can be utilized [10]. The first
approach is the rational use of nanostructured electrode materials; for instance, the development of
various nanowire, nanotube, nanoneedle and hollow structures [11-13]. The second promising approach
Is hybridization with carbonaceous or metallic materials, which can effectively increase the
ionic/electronic conductivity and avoid the pulverization associated with volume changes [14,15].
Although these two strategies provide an important basis and reference for SnO-based anode materials,
they are still not entirely satisfactory [9]. For example, it remains challenging to rationally design
nanostructures based on nanophysics and nanochemistry and high carbon contents reduce the theoretical
specific capacity of electrode materials [16,17]. Therefore, the design and synthesis of SnO, electrode
materials with rational multilevel structures is a very difficult problem [18-20].

To date, some synthesis strategies for multilevel structures have been considered. Yu et al. [21]
confirmed that SnO> hollow spheres with a thickness of 15 nm greatly improved the structural stability
of the anode material, increased the specific surface areas between the electrode and electrolyte and
simultaneously shortened the transport distances between electrons and Li ions. Yang et al. [22] found
that the Li-ion storage capacity and electronic conductivity of SnO, electrodes could be improved by a
three-dimensional graphene-caged carbon hybridized structure, which retained a reversible capacity of
474 mAg* after 300 cycles. Aragon et al. [23] showed the effect of Ni doping on the volume expansion
and electronic conductivity of SnO2 nanoparticles and reported that the crystallite size and electronic
conductivity decreased with increasing Ni content, while the unit cell volume and residual strain did not
show any clear dependence. The above research illustrated that synthesis strategies for multilevel SnO;
nanomaterials were essential for obtaining high battery performance.

Unfortunately, it remains a challenge to integrate and design the variation regularity of the
volume expansion and ionic and electronic conductivity of SnO. by first principles,
nanothermodynamics and nanodynamics. This is because the specific relationship between the
electrochemical performance, nanostructure, grain size and doping content remains unclear.
Furthermore, the integrated design ideas achieved experimentally are too difficult to carry out.
Consequently, the development of a new point-to-point on-demand design and synthesis strategy to
overcome the challenges in the synthesis process of multilevel structures is necessary.

Here, we developed an ingenious strategy to synthesize Ni-doped SnO2 hollow spheres with a
multilevel structure by first principles and nanothermodynamic calculations. Considering the electronic
conductivity, volume expansion and diffusion transport energy of SnO3, the atomic radii of the transition
metal dopants should be close to the Sn ions, while first principles simulations and previous reports
strongly suggested that Ni should be considered [23]. In addition, the band gap and Li-ion diffusion
activation energy were affected by the cohesive energy and size, and our nanothermodynamic model
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showed that a thickness of ~20 nm displayed good electronic conductivity and ionic electrons for metal
oxides [24-26]. More importantly, the methods for reducing volume expansion should include hollow
spheres, which can improve the comprehensive transmission efficiency and avoid the pulverization
associated with volume changes [9]. As a simple example of multiscale design, our Ni-doped SnO-
hollow spheres exhibited a high reversible capacity and excellent cycle stability that was much higher
than that of commercial graphite. Consequently, our work provides guidance to improve the
electrochemical performance of nanomaterials by controlling their multilevel structure.

2. EXPERIMENT SECTION

2.1 Synthesis of SiO; spheres

SnO- spheres were synthesized via the Stober method [27]. Specifically, 100 mL of ethanol and
15 mL of 28% ammonia were mixed evenly by magnetic stirring for 30 min at room temperature. Then,
7.5 mL of tetraethyl orthosilicate were added dropwise and maintained under mild magnetic stirring for
10 h. After centrifugation, washing and drying, the SnO> spheres were obtained.

2.2 Synthesis of Ni-doped SnO: hollow spheres

NTO coating Calcination at 500°C
and template remova
02220202024 02220202024
OSnO, sphere ® Sn particles @ Ni atoms NTO hollow sphere

Figure 1. Schematic illustration of the formation process of Ni-doped SnO; hollow spheres.

Ni-doped SnO2 hollow spheres were prepared using a hydrothermal reaction, as schematically
depicted in Figure 1. First, 0.13 g of sodium stannate (Na2SnOs-3H-0), 0.9 g of urea and a certain amount
of nickel nitrate hexahydrate (NiNOz-6H,0) were dissolved in 9 mL of ethanol and 15 mL of a deionized
water mixed solution. After stirring for 30 min at room temperature, 0.12 g of SnO spheres were added
to the mixed solution, followed by ultrasonication for 30 min. Afterwards, the white suspension produced
was poured into a reactor and heated at 170 °C for 36 h. Finally, the centrifuged and washed materials
were etched with 20% hydrofluoric acid and annealed at 500°C for 4 h under argon protection to obtain

the Ni-doped SnO: hollow spheres. The synthesized samples were named as NTO-0, NTO-1, NTO-2
and NTO-3, corresponding to their Ni:Sn molar ratios of 0:1, 0:2.5, 1:5 and 1:10, respectively.
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2.3 Sample characterization

Scanning electron microscopy (SEM, TESCAN VEGAZ3), field emission scanning electron
microscopy (FESEM, FEI Nova NanoSEM450) was used to investigate the low magnification
morphology. The morphologies of the Ni-doped SnO. hollow spheres were characterized by high
resolution transmission electron microscopy (HRTEM, Tecnai G2 20 S-TWIN). Their elemental
distribution was analyzed by X-ray energy dispersive spectroscopy (EDS). X-ray diffraction (XRD,
D/MAX-2200), using Cu-Ka as the X-ray source, was carried out to investigate the phase structures.
The valence states of the surface elements were obtained by X-ray photoelectron spectroscopy (XPS,
PHI 5000).

2.4 Electrochemical measurements

In order to test the electrochemical performance, CR2025 coin cells were assembled in an Ar-
filled glove box. A lithium sheet and the Ni-doped SnO> hollow spheres acted as the cathode and anode,
respectively. A composite membrane of porous polyethylene/polypropylene (Celgard-2300) was used
as the separator. Lithium hexafluorophosphate (1 mol/L) dissolved in a dimethyl carbonate, ethylene
carbonate and diethyl carbonate mixture with a volume ratio of 1:1:1 was used as the electrolyte. After
completing the assembly, a manual tablet press (MRX-YP180) was carried out to seal the battery. A
LAND-2010 instrument was used to test the galvanostatic charge-discharge cycling. An electrochemical
workstation (CH Instruments) was used to perform cyclic voltammetry (CV) and electrochemical
impedance spectroscopy.

2.5 Calculation details

All calculations were completed using the Vienna Ab initio Simulation Package (VASP), which
utilizes density functional theory [28,29]. The projector augmented wave approach [30] and the
generalized gradient approximation based on the Perdew-Burke-Ernzerhof scheme were used [31]. The
Brillouin zone was sampled with Monkhorst-Pack k-point meshes with a density of 2rx0.02 A and the
planewave cutoff energy was set to 500 eV [32]. In our calculations, the convergence criteria for the
energy and force components were 1x10°6 eV and 1x10° eVA™, respectively. For the Ni-doped SnO;
structure, a 2x2x2 supercell model was used to illustrate the doping effect (48 atoms).

3. RESULTS AND DISCUSSION

3.1 Multi-scale design method

In order to reduce the volume expansion and increase the electron concentration simultaneously,
the crystal structures and electrical properties of the SnO> materials before and after Ni doping were
assessed by first principles. Figure 2 displays the electronic energy band structure and crystal structure
of pure (Figure 2a) and Ni-doped SnO; (Figure 2b). Compared with pure SnO,, the crystal structure and
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lattice constant of Ni-doped SnO> remained constant (a=b =0.47 nm,c=0.32nmand o = =y =90°)
with increasing Ni content [33]. This result is consistent with previous experimental studies [23]. In
addition, the added Ni took part in energy level hybridization with Sn, thus resulting in a band gap after
doping of 0.71 eV, which was less than for pure SnO2 (1.15 eV). In other words, the amount of electrons
and the probability of electron transition in SnO2 materials increased with the addition of Ni.

Due to the specific relationship between the electrochemical properties and the nanoscale still
being not fully understood, it is a challenge to design high-performance electrode nanomaterials.
Fortunately, our previous nanothermodynamic model [24,25] has proven that the self- and interdiffusion
activation energies of alloys exhibited a size effect that was approximately inversely proportional to the
nanoscale, suggesting that a suitable nanometer size could optimize the ionic conductivity
(Supplementary Note 1). For example, the relationship between the self-diffusion activation energy,
nanoparticle radius and vacancy formation energy of gold nanoparticles has already been proved, which
might be because of the synergistic effects of dangling bonds and defects (Supplementary Note 2) [25].
Moreover, the chemical reactivity of anatase TiO2 nanotubes and MgO and ZnO nanoparticles was also
verified and it was predicted that a thickness of ~20 nm should display good ionic and electronic
conductivity [34]. Recently, the influence of this size effect on the band structure has also been studied,
with the band gap decreasing with increasing film thickness (Supplementary Note 3) [24,35]. Therefore,
based on previous theoretical works, a structure with a thickness of ~20 nm was carefully chosen, which
can effectively improve the ionic and electronic conductivity of SnO..

Energy (eV)
Energy (eV)

Figure 2. Electronic energy band structure and crystal structure of (a) pure SnO; and (b) Ni-doped SnO,.

In addition to doping and nanosizing, nanostructures must also be considered. In 2005, Qi et al.
[36] proposed a shape-factor concept and indicated that the particle shape should be taken into
consideration when calculating the surface activity. Furthermore, Kumar et al. [37] calculated the
vibration and thermodynamic properties of nanostructures with different dimensions, indicating that the
shape factor of a spherical nanosolid was three times that of a nanofilm. Furthermore, we found from
nanothermodynamics and electrochemical experiments that hollow spheres were able to improve the
comprehensive transmission efficiency and avoided the pulverization associated with volume changes
(Supplementary Note 4) [9,24]. In conclusion, Ni-doped SnO> hollow spheres may be a satisfactory
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basic structure without considering coating modifications based on first principles and
nanothermodynamics.

3.2 Structure and chemical composition of materials

The microstructures of the SnO, powder and Ni-doped SnO2 hollow spheres were imaged by
SEM, FESEM and EDS (Figure 3). As illustrated in Figure 3a and its inset, the SnO2 powder was
constructed of well-dispersed and uniformly sized nanoparticles with a diameter of ~500 nm. In addition,
the SEM images of the NTO-0, NTO-1, NTO-2 and NTO-3 samples are shown in Figure 3b, displaying
a hollow spherical structure.

Number of particles

460-480 520-540 580-600 S
¥ Diameter (nm)

Figure 3. Morphology of (a) SnO> powder, (b) the NTO-0, NTO-1, NTO-2 and NTO-3 samples (c) fine
microstructures of NTO-2. (d) morphology and corresponding energy-dispersive X-ray
elemental mappings of NTO-2.

The samples exhibited different wall thickness due to the change in Ni doping concentration,
which was of benefit for alleviating the volume expansion. Figure 3c displays the morphology and
surface microstructures of NTO-2. It can be clearly seen that the wall thickness was ~20 nm and the
surface presented nanostructures, indicating that this sample may have satisfactory electrochemical
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activity. Moreover, Figure 3d shows the morphology and corresponding energy-dispersive X-ray
elemental mappings, which proved that Sn, O and Ni were uniformly distributed in NTO-2.

Figure 4. HR-TEM images of SiO> spheres (a), NTO-0 sample (b~d), and NTO-2 sample (e, f). Inset in
(d) shows the corresponding SAED pattern.

TEM was used to characterize the interior microstructures of the SnO2> powder and Ni-doped
SnO2 hollow spheres, as shown in Figure 4. The image of the SnO2 powder in Figure 4a shows that the
particle size was basically consistent with Figure 3. Furthermore, Figure 4d shows the selected area
electron diffraction images of the crystal structure of NTO-0. As can be seen from Figure 4d, five bright
diffraction rings were indexed as the (301), (211), (200), (101) and (110) planes of the rutile phase of
SnOy, illustrating that the sample exhibited good crystallinity. Meanwhile, the lattice plane spacing of
0.212 nm corresponded to the (1-20) planes of rutile SnO., implying that the crystal structure of SnO>
was complete.

The images of NTO-0 and NTO-2 are given in Figures 4b and e, respectively, where a hollow
sphere structure can be clearly seen. Hong et al. [38] reported that porous hollow SnO2 nanospheres
exhibited better cycling stability than other nanostructures, owing to the shortened diffusion pathways
for electrons and Li ions and the reduced volume variation. This was also seen in the images of NTO-0
and NTO-2 (Figures 4c and f). By comparing the wall thicknesses of the two samples, we found that the
wall thickness of NTO-0 was close to double of that of NTO-2 and this was because Ni doping inhibited
the growth of the SnO. hollow spheres. Furthermore, several studies, including a previous investigation
from our laboratories, have shown that the smaller grain size not only restrains the volume expansion
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during the charge-discharge process, but also makes the wall thickness of the hollow sphere thinner, thus
improving the electrochemical performance of the SnO, materials [34,39,40].
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Figure 5. XRD patterns of Ni-doped SnO; hollow spheres: NTO-0, NTO-1, NTO-2 and NTO-3 samples
(a). The magnified image of the (110) peak of the four samples (b).

An XRD analysis was utilized to characterize the crystal structures and compositions of the
samples. As detailed in Figure 5a, the diffraction peaks of the SnO, materials before and after Ni doping
corresponded to tetragonal rutile SnO, (JCPDS no.41-1445), confirming that the Ni atoms were
incorporated into the SnO> crystal. According to the Scherrer equation (& = ki/fcosé), the average
particle sizes of NTO-0, NTO-1, NTO-2 and NTO-3 were 16.3, 12.9, 7.7 and 6.8 nm, respectively. The
average particle sizes of SnO. therefore became smaller with increasing Ni content increases, in
agreement with the conclusion reached from Figures 4c and f and our design theory [24,25]. This
decrease strongly helped in relieving the volume expansion during the charge-discharge process. It is
noteworthy that the peak at 26.7° gradually shifted towards higher angles because the ionic radius of
Ni%* (0.056 nm) was smaller than that of Sn** (0.069 nm) (see Figure 5b).

XPS characterization was conducted to reveal that the composition of NTO-1 (Figure 6a) only
contained O, Sn and Ni. On this basis, we noticed that the Sn 3d peaks was decomposed into two main
peaks (Figure 6b), corresponding to Sn 3dsz and Sn 3ds. In addition, the O 1s peaks were also
deconvoluted into two main peaks with binding energies of 531.9 and 530.2 eV, respectively (Figure
6¢). The peak at 531.9 eV corresponded to the oxygen vacancies of SnO, and the peak at 530.2 eV
corresponds to O%. Notably, the Ni 2p curve could fit to two typical peaks at 860.6 and 854.9 eV,
corresponding to Ni 2pss2, while the peaks at 872.8 and 880.2 eV corresponded to Ni 2p1. (Figure 6d)
[41]. These results demonstrated that there were two main forms of Ni in the Ni-doped SnO. hollow
spheres, namely, Ni?* and Ni®*.
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Figure 6. XPS spectra of NTO-0 and NTO-2 samples: (a), survey spectrum, (b) Sn 3d, (c) O 1s, and (d)
Ni 2p.

3.3 Electrochemical performance analysis

The electrochemical performance of the Ni-doped SnO- hollow spheres for Li-ion batteries was

also investigated. The charge-discharge properties of the first ten cycles of the samples at a current
density of 100 mAg™ in the voltage range of 0.01-3 V are presented in Figure 7. It can be seen that the
NTO-0, NTO-1, NTO-2 and NTO-3 samples displayed initial discharge capacities of 1203, 1470, 1581
and 1463 mAg* and initial coulombic efficiencies of 61.6%, 62%, 62.1% and 58.8%, respectively. This
was expected because of the decomposition of the electrolyte and the formation of a solid electrolyte
interface (SEI) film on the surface of the electrode [42,43]. It is important to note that the coulomb
efficiency of NTO-2 increased to almost 100% in subsequent cycles. In addition, the discharge capacities
of NTO-0, NTO-1, NTO-2 and NTO-3 were 466, 679, 851 and 730 mAg?, respectively, which showed
that the performance of the Ni-doped SnO> electrode was better than that of the pure SnO- electrode.
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Figure 7 The initial 10 charge-discharge curves between 0.05 V and 3 V at the current of 100 mA-g’!
for the NTO anode electrodes: (a) NTO-0, (b) NTO-1, (c) NTO-2 and (d) NTO-3 samples.

Figure 8 presents the CV curves for the first five cycles of the NTO-0, NTO-1, NTO-2 and NTO-
3 electrodes between 0.01 and -3.00 V at a scan rate of 0.1 mVs, which are essentially consistent with
the constant current charging-discharging platform. On the first cycle of NTO-0 (Figure 8a), the cathodic
peak showed two components located at 0.94 and 0.23 V. The first was attributed to the formation of the
SEI film on the surface of the anode, followed by the formation of LixSn alloys (Sn+xLi*+xe < LixSn
(0<x<4.4) [44]. Figure 8b also shows two main anodic peaks at 0.48 and 1.24 V, which corresponded to
the dealloying and oxidation processes of NTO-0, respectively. Therefore, the electrode reaction process
was partially reversible. Similarly, two cathodic and anodic peaks were observed in Figures 8b-d. By
comparing the CV curves of Figure 8a, the cathodic and anodic peaks were slightly shifted to 0.89, 0.18,
0.53 and 1.23 V, respectively, while the intensity of the oxidation peak was stronger than NTO-0,
probably because of the Ni doping of the SnO> hollow spheres. Moreover, the integral area of the NTO-
2 electrode was also greater than NTO-0, meaning that more Li ions participated in the NTO-2 electrode
reaction.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220737

(a) 0.50 4

Current (mA)

~
]
~—

Current (mA)

-0.75 1

Figure 8. CV curve of the first five cycles between 0.01 and 3.0 V for the NTO anode electrodes: (a)
NTO-0, (b) NTO-1, (c) NTO-2 and (d) NTO-3 samples.
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Typically, SnO2-based materials undergo an alloying reaction at low voltages (<0.85 V) and a

conversion reaction at high voltages (>1.25 V). The charge-discharge specific capacity of the NTO anode
materials was analyzed in Figure 9a. As can be seen, the conversion reaction of NTO-1, NTO-2 and

NTO-3 was much higher than for NTO-0, with the total charge of NTO-2 up to 66.1%, while NTO-0
was only 35.5%. This result implied that Ni doping not only improved the conductive performance of
the material, but also helped to improve the reversibility and cycle stability of the battery and reduce
capacity attenuation.
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Figure 9. (a) Charge capacity of NTO-0, NTO-1, NTO-2 and NTO-3 samples at the first, second, fifth
and tenth cycles from the conversion and alloying reactions and the charge capacity retention of
the conversion reaction at the same cycles. (b) Rate performance of NTO samples. (c) Nyquist
plots of NTO samples. (d) Comparison of specific capacity of typical SnO2 anode materials. (e)
Cycling performance of NTO samples at a current density of 100 mA-g™.

The charge-discharge cycle stability of the NTO electrode materials was assessed using
galvanostatic charge-discharge measurements. The cycle performance curves for NTO-0, NTO-1, NTO-
2 and NTO-3 at 100 mAg™ are presented in Figure 9e. It was evident that the cycle stability and specific
capacity of NTO-1, NTO-2 and NTO-3 were significantly improved. These satisfactory electrochemical
properties were mainly attributed to the unique structure of Ni-doped SnO2 hollow spheres, which leads
to good electron transfer efficiency and structural stability, as well as a reduction in the Li-ion diffusion
activation energy and band gap width. Moreover, the hollow sphere structure was also able to improve
the comprehensive transmission efficiency and avoid the pulverization associated with volume changes.
The discharge specific capacitance of NTO-2 was maintained at 781 mAg™ after 50 charge-discharge
cycles, which was much higher than the 236 mAg™ for NTO-0. Compared with the improvement in
cycle stability, the changes in rate performance of NTO-1, NTO-2 and NTO-3 were even more obvious
(Figure 9b). In particular, at a high current density of 3,200 mAg™, NTO-2 could still deliver a reversible
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capacity of ~440 mAg™, while at a current density of 50 mAg?, NTO-2 could also return to a reversible
capacity of 706 mAg™.

The relevant comparison with the cycling performance of similar anode materials is shown in
Table 1 [44-48]. It was noted that the Ni-doped SnO: hollow sphere anode material exhibited good rate
performance and cycling performance compared to other similar anode materials. This proved that the
multiscale design was an effective method to improve the electrochemical performance of Ni-doped
SnO: hollow spheres for Li-ion batteries.

Table 1. Comparison with cycling performance of similar anode materials

Materials Rate performance Cycling performance Ref.
SnO,@TiO, nanospheres 536 mAh g'! for 1000 mA g”' 838 mAh g'! for200 mA g! 44
644.7 mAh g for 100 mA g
Hierarchical TiO»/SnO; hollow 440 mAh g! for 1000 mA ¢! 1 45
TiO2-SnO@graphene 388 mAh g'! for 1.5A g 617mAh g' for 0.4 A g! 46

PAN-based carbon fiber@ SnO, 225 mAh g! for 2000 mA g! 433 mAh g for 100 mA g! 47
3D nano-network TiO>@SnO> 464 mAh g! for 1600 mA g' 836 mAh g! for 200 mA g 48
This

Ni-doped SnO; hollow spheres 706 mAh g! for 50 mA g! 613 mAh g'! for 100 mAg! .
wor

The electrochemical performance of the Ni-doped SnO, anodes was evaluated by alternating
current impedance testing, as shown in Figure 9c. It was shown that at the high frequency region, the
impedance spectra of Ni-doped SnO, were composed of a semicircle, while it was an oblique line at the
low frequency region. This can be explained by the fact that at the high frequency region, the typical
Nyquist semicircle represented the impedance Rct, which was attributed to the charge transfer at the
interface between the electrode and electrolyte. Simultaneously, the oblique line at the low frequency
region was caused by the Warburg impedance Zy, of the Li-ion diffusion in the solid-phase active material
[49]. It was clearly illustrated that the impedance Rct and Zyw of NTO-2 were smaller than that of NTO-
0, which was mainly due to the good electronic and ionic conductivity of our unique nanostructure. It
can be expected that Ni-doped SnO> hollow spheres achieved satisfactory performance compared with
similar materials (Figure 9d) [50-53].

4. CONCLUSIONS

In summary, a new point-to-point on-demand design and synthesis strategy to overcome the low
ionic/electronic conductivity and huge volume change problems associated with SnO2 anodes was
developed. According to the electrochemical test results, the Ni-doped SnO2 hollow sphere multiscale
structure exhibited a highly reversible capacity and excellent cycle stability, with an initial specific
discharge capacity of up to 1581 mAg™ and a reversible capacity that was retained at 542 mAg™ after
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300 cycles. These results were attributed to the unique structure of Ni-doped SnO. hollow spheres, which
led to good electron transfer efficiency and structural stability. Furthermore, the nanostructure
effectively reduced the Li-ion diffusion activation energy and band gap width and the hollow sphere
structure was able to improve the comprehensive transmission efficiency and avoid the pulverization
associated with volume changes. Therefore, this work provided new insights into the practical use of
SnO; anode materials for Li-ion batteries.
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