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ABSTRACT

Nanostructured transition metal oxides are promising anode materials for
lithium-ion batteries. Nevertheless, the problem of high volume expansion rate
limits its further application. In this paper, we present a 3D hierarchical SnO,
hollow nanotubes material by calcining C@SnS, materials in the air. This
structure combines the advantages of both the hollow nanotubes and the outer
staggered nanosheets structure, in which the hollow nanotube can provide more
lithium ion transport channels, the space between the tubes can buffer the
volume change, and the staggering nanosheets structure can effectively improve
the relative specific surface area of the material and improve the storage
capacity. As a result, the SnO, hollow nanotubes anode exhibits the highly
reversible capacity of 1079 mAh g~ at a current density of 100 mA g~ ', while
the reversible specific capacity of 770 mAh g~' was obtained after 100 cycles.
The research results obtained in this work provide a feasible strategy for syn-
thetic nanoscale transition metal oxide as high-performance lithium anode
material.
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a lower theoretical capacity (372 mAh g~) of gra-
phite anode. As an anode material, transition metal

1 Introduction

Nowadays, with the rapid development of advanced
technology, more and more lithium-ion battery
products are widely used in everyday life (smart-
phones, cameras, automobiles, computers, and so
on). The best future promising for energy storage
devices will be lithium-ion batteries with higher
energy density, longer working life, and excellent
cycling stability. However, the development of
lithium-ion batteries has been restricted because it is

Address correspondence to E-mail: zhangpenghaligong@163.com

@ Springer

oxide usually has a relatively high theoretical storage
capacity [1]. Common transition metal oxides (M;O,)
include Mn [2], Fe [3], Sn [4], Ni [5], Cu [6], Co [7], etc.

Because of its low potential of lithium-ion de-in-
tercalation, the high theoretical storage capacity of
lithium-ion (781 mAh g '), abundant natural
resources, environmentally friendly and convenient
preparation, SnO, has been considered as an ideal
anode material in transition metal oxide [8].
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Nevertheless, as SnO, material produces large vol-
ume expansion during the lithium-ion de-intercala-
tion process, resulting in the attenuation of storage
capacity. The chief cause of the current phenomenon
is the phase transition during the reaction process.
The effect is exacerbated by the concentration dif-
ference in the direction of lithium ion diffusion [9].
The decreasing of storage capacity and rate perfor-
mance is caused by the slow diffusion of lithium ions
in the phase. The concentration difference of lithium-
ion diffusion can result in stress concentration and
aggravate volume change.

In order to conquer these defects, the usual method
to improve it is to prepare new nano-structured
[10-12]. Nanostructured material has a high specific
surface area advantage over other materials and has
effectively increased storage capacity. Double-shelled
nanostructure of SnO,@C tube shows an outstanding
electrochemical performance that 462.5 mAh g~ are
retained at 1 A g ' after 450 cycles [13]. SnO,/
TiO,@CNFs carbon nanofibers exhibit a remarkable
specific capacity of 766.1 mAh g~ after 200 cycles.
The flexible and conductive carbon nanofiber matrix
accommodates volume changes and increases overall
electronic conductivity [14]. While nanostructured
material can substantially improve storage capacity,
it is not good structural stability. The cyclic stability
of nanomaterials can be effectively improved by
reasonably designing the hollow structure. Porous
5Sn0O,/graphene composite thin films exhibit capacity
retention of 551.0 mAh g~ after the 100th cycle at 200
mA g~ [15]. Porous SnO, hollow microspheres as
anodes deliver a capacity of 602 mAh g~' after the
100th cycle at 200 mA g~ ' [16]. Therefore, the elec-
trochemical properties of SnO, materials can be
greatly improved through the rational design of
hierarchical hollow nanomaterials.

This paper designs a new type of LIBs anode
materials of hierarchical SnO, hollow nanotubes. This
structure combines the advantages of both the hollow
nanotubes and the outer staggered nanosheets
structure. The hierarchical structure has a higher
relative specific surface area. It provides more active
sites for redox reaction and improves the storage
capacity of lithium ions. At the same time, the hollow
tube structure can effectively lithium-ion transport
performance and buffer the volume change during
the charging and discharging process. As a result,
this electrode material exhibits enhanced specific
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capacity, as well as favorable rate capability and
cycling stability.

2 Experimental section

2.1 Materials and characterization
equipment

Polyvinylpyrrolidone (PVP; Mw 1,300,000 g mol™)
and dimethylformamide (DMF, > 99 %) were pur-
chased from Aladdin Co. Ltd. Stannic chloride pen-
tahydrate (SnCly-5H,O, > 99 %) and thioacetamide
(TAA) were provided by China National Pharma-
ceutical Industry Co. Ltd. All the chemicals and
materials were used without further purification.

The microstructure and morphology of the samples
were observed by SEM (Apreo). The crystal
microstructures of the samples were characterized by
powder XRD on PANalytical X'Pert (Cu-Ka radia-
tion; 4 = 1.54178 A). The electrochemical test was
carried out by the electrochemical workstation of the
Shanghai Chenhua Company (CHI600E), and the
lithium battery test was carried out by a blue battery
test system (CT3001A).

2.2 Material preparation
2.2.1 Synthesis of carbon nanofibers

In a typical procedure, an electrospinning solution
containing PVP (3.5 g) and DMF (20 mL) was dis-
solved with vigorous magnetic stirring for over 6 h at
ambient temperature. During the spinning process, a
DC voltage of 15 kV was applied to form a high
potential difference, and the flow rates were con-
trolled at 0.6 mL h™". The distance between the nee-
dle tip and the grounded aluminum sheet was 15 cm.
Afterward, the spun fibers were torn off using
tweezers and placed as a thin layer on a clear glass
slice. Finally, the spun fibers were cured at 300 °C for
1h in a tubular furnace at a heating rate of 5 °C
min~!. Besides, the fibers were annealed at 600 °C for
1.5 h in a tubular furnace with a heating rate of 5 °C
min~" under Ar/H, atmosphere in the whole process
and cooled naturally at room temperature.
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2.2.2  Fabrication of C@5nS, nanotubes

5SnCly-5H,0 (0.35 g) and TAA (0.8 g) were dissolved
in ethanol (80 mL) with vigorous magnetic stirring.
The prepared carbon fibers were cut into a size of
2 x 5 cm with mixed solution added and then
transferred into a 100 mL Teflon-lined autoclave.
Then heated at 160 °C for 12 h. After cooling down
naturally, the obtained C@SnS, samples were washed
with deionized water and alcohol for three times
respectively. Finally, the C@SnS, nanotubes were
obtained via drying at 60 °C for 6 h in a vacuum
oven.

2.2.3 Fabrication of hierarchical SnO, hollow nanotubes

The C@SnS, nanotubes were calcinated at 600 °C for
2 h in a tubular furnace with a heating rate of 2 °C
min~' in the air atmosphere. The hierarchical SnO,

hollow nanotubes were fabricated.

2.2.4  Fabrication of SnO, nanoparticles

5SnCly-5H,0 (0.35 g) and TAA (0.8 g) were dissolved
in ethanol (80 mL) with vigorous magnetic stirring.
Then transferred into a 100 mL Teflon-lined auto-
clave, and later heated at 160 °C for 12 h. After
cooling down naturally, the obtained nanosheets
cluster SnS, obtained C@SnS, samples were washed
with deionized water and alcohol for three times
respectively. The nanosheets cluster SnS, were calci-
nated at 600 °C for 2 h in a tubular furnace with a
heating rate of 2 °C min~' in the air atmosphere.
5nO; nanoparticles were fabricated.

2.3 Electrochemical measurement

The samples (SnO, hollow nanotubes, C@5SnS, nan-
otubes, and SnO, nanoparticles), the conductor
(acetylene black), and the binder (PVDF) were
ground uniformly at a ratio of 8:1:1. The mixed
material was dripped with NMP (N-methyl pyrroli-
done) solution and evenly applied to the copper foil
collector. It was dried at 60 °C for 12 h and cut into a
12 mm diameter wafer as the cathode electrode. The
mass loading of active materials was approximately
1.2 mg per wafer. The other key materials of the
battery were pure lithium sheets with a diameter of
12 mm serving as the electrode and 20 mm PE (Cel-
gard 2400) serving as the diaphragm. 1 M LiPF, was
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used as the electrolyte in the mixed solution of vinyl
carbonate (EC), Methyl carbonate (EMC), and dime-
thyl carbonate (DMC) (V:V:V = 1:1:1). The half but-
ton cells (CR2032) were assembled in a glove box
Galvanostatic curves, cycling performances, and
rate performances were carried out in the potential
range of 0.01-3.0 V at different current densities of
0.1 to 2 A g~'. The measurements of cyclic voltam-
metry (CV, 0.01-3.0 V with a scan rate of 0.1-1 mV
s7!) and electrochemical impedance spectroscopy
(EIS, 100 k-0.01 Hz with an amplitude of 5 mV) were
performed on an electrochemical workstation.

3 Results and discussion

The synthetic process of hierarchical SnO, hollow
nanotubes is shown in scheme 1. Firstly, the carbon
nanofibers have been obtained by electrostatic spin-
ning with PVP and DMF. Subsequently, the as-trea-
ted carbon nanofibers are used as substrate material
for the growth of SnS, sheets by the hydrothermal
method with thioacetamide TAA as the S source and
SnCly-5H,0O as the Sn source. Finally, the carbon
fibers inside the C@SnS, composite material disap-
pear in high-temperature oxidation, and the SnS,
sheets material is oxidized to form hierarchical SnO,
hollow nanotubes. SnO, nanoparticles samples are
synthesized by hydrothermal method and high-tem-
perature oxidation for comparison of SnO, hollow
nanotubes.

Firstly, the microstructure of different samples was
observed by a scanning electron microscope (Fig. 1).
Figure 1a, b clearly show the structural morphology
of carbon nanofibers prepared by electrostatic spin-
ning. By observing the SEM picture of carbon nano-
fibers, it was found that carbon nanofibers are about
190 nm in diameter uniform and exquisite. This fiber
is 40 times less than the diameter of carbon cloth
[17, 18]. Electrospinning carbon nanofibers can pro-
vide more growth locations in the same area. The
carbon nanofibers are densely crossed and arranged
with interstitial space, which provides a suit-
able substrate for SnS, nanosheets to grow. The
microstructure of the C@SnS, can be seen that the
original carbon nanofibers surface is densely covered
with SnS, nanosheets from Fig. 1c, d. C@SnS, com-
posite material has a uniform linear thickness and
reasonable clearance. It is about 390 nm in diameter.
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Fig. 1 Scanning electron microscope (SEM) morphologies of different samples a, b carbon nanofibers; ¢, d C@SnS, nanotubes; e,

f SnO, hollow nanotubes; g, h SnO, nanoparticles

Figure le, f show the microstructure of hierarchical
SnO, hollow nanotubes. Its hollow structure has an
inside diameter of 187 nm and an outside diameter of
437 nm. After oxidation, its shape remains unchan-
ged and the texture becomes robust, which will play
a better supporting role during the cycle test. At the
same time, increasing relative specific surface area
will provide more lithium-ion attachment sites. SnO,
nanoparticle material is composed of abundant
stacked nanosheets structure from Fig. 1g, h.
According to the EDS spectrum of the SnO, hollow
nanotubes in Fig. 2, it can be seen that the SnO,
sample mainly consists of Sn and O elements, while C
and S elements remain very little. This proves that
C@5SnS; is completely reacted in the process of high
temperature conversion.

Crystal structure and phase composition of hier-
archical SnO, hollow nanotubes are characterized by
the XRD test (Fig. 3). The main diffraction peaks can
exactly match the SnO, standard JCPDS card (No.
41-1445). The main peaks 26.6°, 33.89°, and 51.78°

correspond to (110), (101), and (211) respectively.
There are no impurities peaks in the XRD patterns.
This would indicate that the hierarchical SnO, hollow
nanotubes have purified SnO, crystal material
composition.

According to the above characterization, it is seen
that SnO, materials with hierarchical hollow nan-
otubes structures which have been successfully pre-
pared possess evident advantages over the common
5nO; nanomaterials including larger interface area,
abundant hollow channel spaces, and highly hierar-
chical robust structure.

Half-cells assembled with different samples are
used for electrochemical performance testing (Fig. 4).
The CV curves of SnO, hollow nanotubes tested are
shown in Fig. 4a. The reaction mechanism of SnO,
has two chemical reactions during charging and
discharging (Egs. 1 and 2) [19, 20]. Equation 11 is
dominated by the forward reaction. SnO, is trans-
formed into Sn metal and Li,O, which is reflected by
a reduction peak of about 1 V in the CV curve [15].
The SnO, nanostructured will make reaction 1
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Fig. 2 EDS mapping (Sn, S, C and O elements) of the SnO, hollow nanotubes
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Fig. 3 XRD patterns of SnO, hollow nanotubes

partially reversible. A small amount of Sn is trans-
formed into SnO and SnO, (weak oxidation peak
around 1.25-1.7 V) [21]. It causing the test capacity to
exceed the theoretical specific capacity and improv-
ing cycling stability. The second step is that the metal
Sn reacts reversibly with the lithium-ion to form
Li,Sn (Eq. 2). Reduction peaks near 0.3 and 0.55 V
represent the lithium intercalation process in which
Sn and Li" are alloyed to form Li,Sn [21-23]. The
oxidation peak near 0.5 V represents the de-interca-
lation process of Li,Sn alloy. When x is 4.4 in Li,Sn,
the theoretical capacity reaches a maximum of 781
mAh g*1 [24, 25]. In the comparison between the first
cycle and subsequent cycles of the CV curve, it is

@ Springer

observed that some peaks reduce (reduction peak
around 1 and 0.3 V) and disappear (oxidation peak
around 0.6 V), which is due to the formation of SEI
(Solid Electrolyte Interphase) films in the first cycle
(Li* + e~ + electrolyte — SEI (Li)). The initial irre-
versible capacity loss is related to the inevitable for-
mation of a solid electrolyte interface (SEI) film. The
reaction process of the material can also be reflected
by the specific capacity-voltage curves of the first five
turns of different samples in Fig. 4c—e.

SnO, + 4Li" + 4e” — Sn + 2LiO (1)
Sn +xLit +xe” « LiSn (0 <x< 4.4) (2)

Figure 4b shows the rate performance of SnO,
hollow nanotubes, SnO, nanoparticles, and C@5SnS,
samples with different current densities (at 0.1-2 A
g ). The rate performance of SnO, hollow nanotubes
is optimal as a whole, with a specific capacity of
about 1024 mAh g ' at 0.1 A g~'. SnO, nanoparticles
have the worst rate performance, with a specific
capacity of about 25 mAh g~ ' at a high current
density of 2 A g~ '. The circulation capacity loss in the
early stage is mainly caused by the formation of a
solid electrolyte interface (SEI). The excellent rate
performance of SnO, hollow nanotubes is mainly due
to the hierarchy. The hollow tubular structure, as a
lithium-ion transport channel, can effectively
improve transport efficiency and alleviate volume
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Fig. 4 Electrochemical performance of C@SnS, nanotubes,
SnO, nanoparticles, and SnO, hollow nanotubes: a CV curves
of SnO, hollow nanotubes at a scan rate of 0.1 mV s~ '; b rate

expansion. The poor rate performance of C@SnS; is
mainly due to the structural damage caused by
excessive material volume change during charging
and discharging. Although SnO, nanoparticles have a
higher relative specific surface area, it has not sup-
port structure and corresponding transmission
channel, which delays the movement of lithium ions,
resulting in a fast attenuation of specific capacity and
difficult recovery.

The cyclic performance test results of C@SnS,
nanotubes, SnO, nanoparticles, and SnO, hollow
nanotubes samples are shown in Fig. 5. The specific
capacity of SnO, hollow nanotubes is around 1079
mAh g~ (an initial coulombic efficiency of 56.7 %),
and the specific capacity still reaches 770 mAh g™
after 100 cycles (the capacity retention rate of 77 %).
The cycling stability of SnO, hollow nanotubes is also
relatively good under high current density (Fig. 5b).
The initial specific capacity is about 473 mAh g~ ',
and the specific capacity remains around 283 mAh
g ! after 200 cycles (the capacity retention rate of
64.1 %). The initial specific capacity of C@SnS, is
about 660 mAh g at 0.1 A g, and the specific
capacity remains around 280 mAh g' after 100
cycles (the capacity retention rate of 42.4 %), and the
specific capacity is about 72 mAh g™ after 200 cycles

Specific Capacity( m.\h'g" )

Specific (‘npuci(_\(m.\h'g'l)

performance of samples; ¢, d, e specific capacity-voltage profiles
of samples at 0.1 A g~*

at 2 A g~'. The cyclic stability of SnO, nanoparticles
is the worst, with the specific capacity remains
around 210 mAh g~ " after 100 cycles at 0.1 A g~' and
25 mAh g~ after 200 cycles at 2 A g~ '.

The excellent cycling stability of SnO, materials is
attributed to the hierarchical SnO, hollow nanotubes,
which improve the contact relative specific surface
area and effectively reduces the volume variation of
materials during charging and discharging. Some
relevant studies show that the volume expansion rate
of SnO, and SnS, exceeds 200 % [26-28]. The hollow
tubular structure not only relieves the pressure of
volume expansion but also effectively improves the
efficiency of lithium-ion transport. The surface of
C@SnS, material is densely crisscrossed with
nanosheets. When the volume changes too much,
SnS; is easy to fall off the carbon nanofibers, resulting
in capacity attenuation. SnO, nanoparticle material
nanosheets are closely distributed and have no sup-
port structure. Although the initial specific capacity is
high, the capacity attenuation is extremely serious,
resulting in the worst performance of cyclic stability.
The material of the hierarchical SnO, hollow nan-
otubes greatly improves its electrochemical perfor-
mance and measured against previous studies
(Table 1).
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Fig. 5 Electrochemical
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Then the EIS Nyquist plots of C@SnS, nanotubes,
5SnO; nanoparticles, and SnO, hollow nanotubes were
tested (Fig. 6). The curves are composed of half-circle
arcs in the low-frequency region and 45° oblique lines
in the high-frequency region as a whole, which is
related to charge transfer resistance (R.) and solid
state diffusion (Z,,) of lithium-ion, respectively [35].

Cycle number

The charge transfer resistance (R.) of the SnO, hol-
low nanotubes (25 Q) is the smallest, indicating a
faster electron transfer process during the reaction.
The large resistance (R.) of SnO, nanoparticles is
caused by their loose structure. C@SnS, nanotubes
sample has the highest resistance. The smaller semi-
circle diameter of the SnO, electrode can be indicated
that the hierarchical hollow nanotubes structure is

Table. 1 Recent studies on electrochemical properties of SnO, lithium-ion batteries

Materials First cycle specific capacity

Specific capacity after cycle Retention ratio (%)

1079 mAh g ' at 0.1 A g™
900 mAh g~' at 0.2 mA g~
700 mAh g~ at 0.2 A g!
850 mAh g~ ' at 0.2 A g!
915 mAh g ' at05 A g!
1700 mAh g~' at 0.2 A g™
849.7mAh g 'at1 A g

~ 1000 mAh g7' at 02 A g~'
723 mAh g~! at 20 mA g~

SnO, (in this paper)
Porous SnO, [16]
Graphene SnO, [29]
SnO,@C/EG [30]
P-Sn0,@G [31]
SnO,@C@GN [32]
SnO,@C DHNWs [13]
SnO,@C nanosheet [33]
SnO, NRS/G [34]

N R

770.8 mAh g~! (100 cycles) 77
504 mAh g=' (100 cycles) 56
695 mAh g~' (500 cycles) 99
662 mAh g~' (100 cycles) 77
860 mAh g~' (50 cycles) 94
882 mAh g~! (70 cycles) 52
462.5mAh g~' (1000 cycles) 54.43
821mAh g=' (100 cycles) 54.43
About 200 mAh g~ (80 cycle) 27.7
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Fig. 6 EIS Nyquist plots of C@SnS, nanotubes, SnO,

nanoparticles, and SnO, hollow nanotubes

conductive to rapid charge transfer, thus providing
better electrochemical performance for LIBs.

In conclusion, the excellent electrochemical per-
formance of SnO, structural materials is influenced
by the following factors. The synthesized SnO,
material is a kind of hollow nanotubes structure with
interlaced sheets stacked. This structure combines the
advantages of both the hollow nanotube and the
outer staggered nanosheets structure. This nanotube
structure has a rich and reasonable void space
structure, which can effectively shorten the lithium-
ion transport path and extend the rate performance.
This kind of interlaced sheets stacked hollow struc-
ture has a higher relative specific surface area, which
can effectively provide more attachment sites for the
lithium-ion de-intercalation, thus improving the
specific capacity of the material. At the same time, the
hierarchical SnO, hollow nanotube structure has
reasonable space for buffer volume change, which
effectively improves the cycle stability of the anode
material.

4 Conclusions

In summary, interlaced sheets stacked SnO, hollow
nanotubes were successfully fabricated by air cal-
cining C@5SnS, materials. Due to the unique hollow
nanotube nanostructure, the nanocomposite displays
excellent electrochemical performance as an anode
material in lithium-ion batteries. The SnO, hollow
nanotubes anode exhibits the highly reversible
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capacity of 1079 mAh g~' with an initial coulombic
efficiency of 56.7 % at a current density of
100 mA g~ ', while the reversible specific capacity of
770 mAh g~' was obtained after 100 cycles. This
unique SnO, material provided in this work mani-
fested a synthesis method of transition metal oxide
nanomaterials to promote the performance of lithium
electrodes.
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