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An efficient synthesis method is developed by combining hydrothermal and pyrolysis methods to
fabricate the TiO,@SnO; film electrode with a special three-dimensional (3D) nano-network structure. In
the present study, the TiO, network can offer a 3D scaffold for the SnO; nanoparticles against the drastic
pulverization problem and also support a fast charge transport path. When being assessed as an anode
for lithium-ion batteries (LIBs), the unique structure eventually brings relatively stable cycling processes
(834 mAh g can be maintained after 100 cycles with high capacity retention of 120%) and a remarkable
rate performance (796, 705, 564 and 464 mAh g~ at 200, 400, 800 and 1600 mA g~ !, respectively).

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

LIBs are regarded as one of the best sources of energy with a
high conversion efficiency of chemical energy to electric energy
without any pollution. Among the different types of commercial
anode materials for LIBs, tin dioxide materials are considered as
promising anode materials owing to their relative abundance, low
cost, compatibility, and high theoretical capacity (782 mAh g~ 1),
which is more than twice that of graphite (370 mAh g ') [1].
Furthermore, tin dioxide offers a relatively high lithiation potential,
which can control the electroplating of lithium leading to high
safety of the materials.

Nevertheless, while SnO, shows good specific capacity, it suffers
from large volume expansion (300%) [2] and the formation of a
solid electrolyte interface (SEI) film on the surface of electrode [3,4],
which leads to rapid deterioration and pulverization during cycling.
Furthermore, the low conductivity of SnO, affects the
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electrochemical performance, especially at high current densities.
Many research studies have been carried out to solve those prob-
lems through a unique morphological design for pure SnO, anodes.
Unfortunately, there is little advancement for pure SnO; anodes
with these designs.

Developing hybrid nanostructures has been regarded as another
effective method. Among the hybrid nanostructures, TiO, hybrid
nanocomposites are encouraging electrode materials for LIBs due to
their integral safety and excellent electrochemical performance.
Among the hybrid nanostructures, TiO, hybrid nanocomposites,
including nanotubes, nanowires, double-shelled nano-spheres and
hollow micro-tubes etc., are encouraging electrode materials for
LIBs due to the inherent safety and excellent electrochemical per-
formance [5—8].

Table 1 summarizes the electrochemical performance of SnO,-
based materials from the various literature sources. Interestingly,
similar morphologies can result in radically different electro-
chemical performances [9—29]. By comparison, pure SnO; with a
unique nanostructure usually shows a relatively unstable cycling
performance [9,10]. In order to resolve this problem, many re-
searchers have simultaneously introduced graphene and TiO, to
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Table 1

Recently reported LIBs systems based on SnO, and SnO; hybrid electrodes.
Materials Rate performance Cycling performance Ref.
Mesoporous hollow SnO, nanococoons 360 mAh g~ for 5C 666 mAh g~ for 0.3 C [9]
Mesoporous SnO, microspheres 200mAh g ! for2Ag! 370mAh g ! for 1Ag™! [10]
Graphene—TiO,—Sn0, 250 mAh g~ for 1000 mA g~! 537 mAh g~ ! for 50mAg~! [11]
TiO,—Sn0, @graphene 388mAh g ! for 1.5Ag™" 617mAh g~! for 0.4Ag™! [12]
TiO,-Sn0,-graphene aerogels 470mAh g ' for 1Ag™" 750 mAh g~! for 0.1Ag™! [13]
Sn0,@Ti0, 200 mAh g~ for 2000 mA g~! 445 mAh g~ ! for 800mAg~! [14]
Sn0,—TiO,@ graphene 611 mAh g~ for 2000mAg~! 1276 mAh g~ ! for 200mA g~! [15]
Graphene-based TiO,/Sn0O; hybrid nanosheets 260 mAh g~ for 4000 mA g~! 600 mAh g~! for 160mA g~! [16]
Graphene/SnO; nanorod/carbon nanostructures 540 mAh g~ for 3C 983 mAh g~ for 0.1C [17]
Sn0, encapsulated TiO, hollow nanofibers 244 mAh g~ for 10C 517 mAh g~ ! for 0.2C [18]
Graphene nanoribbon and nanostructured SnO, 580 mAh g~ ! for2Ag™! 825mAh g~ ! for 100mA g~! [19]
Carbon encapsulated SnO,@ graphene/TiO, nanocomposites 476 mAh g~ for 1000 mA g~! 1131 mAh g~ ! for 100mAg~" [20]
Sn0,@TiO, nanospheres 536 mAh g~ for 1000mA g~! 838.1 mAh g ! for 200mAg~! [21]
N-doped a-TiO, nanotube 100 mAh g~! for 10C 200 mAh g~ for 0.1 C [22]
hierarchical TiO,/SnO, hollow 440 mAh g~ for 1000mA g~ 644.7 mAh g~ for 100mAg~! [23]

spheres coated with graphitized carbon

Ternary SnO,-Co-C composite
Graphene/SnO,/polyacrylamide nanocomposites
Carbon-riveted graphene/SnO,

Hierarchical hollow SnO, microspheres
PAN-based carbon fiber@SnO-,

Bamboo carbon fiber@SnO,@carbon composites
3D nano-network TiO,@SnO,

463 mAh g~ for 5C

225 mAh g~! for 2000 mA g~!
409.1 mAh g~ for 1000 mA g~}
464 mAh g~ ! for 1600 mA g’

218 mAh g~ for 5000 mA g~!
610 mAh g~ for 2000 mA g~ after 1000 cycles 780 mAh g~' for 200 mA g~ ! after 400 cycles [24]
376 mAh g~ for 5Ag~" after 300 cycles

445 mAh g~ for 1000 mA g~ after 250 cycles

989 mAh g~ for 0.2Ag™! [25]
815mAh g~' for 100 mA g~ ! after 150 cycles  [26]
659 mAh g~ for 0.1 C after 50 cycles [27]
433 mAh g~' for 100mAg™! [28]

627.1 mAh g~! for 100 mA g~ ! after 100 cycles [29]
836 mAh g~ ' for 200mAg! Our work

improve the electrochemical performance [11—-17]. However, the
related preparation processes are very complicated and costly. In
our work, 3D network TiO, was simply prepared via a facile hy-
drothermal method, which can be used as stable barriers via facile
to effectively prevent SnO, from agglomeration. The superior
electrochemical performance of the prepared TiO,@SnO, anode
was better than that of the most recently reported works on SnO;
nanostructures and SnO; hybrid composite anodes.

In the present work, we use a self-organized TiO, network to
tightly hold SnO, nanoparticles. The TiO, network can offer a 3D
scaffold for the SnO, nanoparticles and a charge transport path.
Here, the porous structure was expected to provide short pathways
for lithium ions, electronic diffusion, and the facile electrolyte in-
filtrations. As a result, the electronic and ionic conductivity of the
self-organized TiO, thin film were promoted to a large extent.

2. Experimental section
2.1. Material preparation

The TiO, film electrode was prepared via a typical hydrothermal
procedure, as we previously reported [30—32]: A piece of clean Ti
substrate (with a thickness of 0.05mm, 99.5% in purity) was
transferred into a 100-mL Teflon-lined stainless steel autoclave
with 10 mL of ethanol and 80 mL of 0.5 mol/L NaOH solution. The
sealed autoclave was heated to 220°C and maintained for 16 h
(with a heating rate of 3 °C/min). After washing with deionized
water several times, the precursor was treated with ion exchange to
substitute Na™ into H* in 100 mL of 0.1 M HCI for 6 h. Finally, the as-
prepared hydrogen titanate was heated to 400 °C for 4 h (with a
temperature ramp of 3 °C/min) to obtain the free-standing TiO»
film.

In the following synthesis, SnCls-5H,0 (20 ¢g) and 8 mL of HCl
were added to 100 mL of isopropyl alcohol and stirred for 10 min to
form a homogeneous solution. The solution was then coated on the
as-prepared TiO, film electrode gently with a soft brush. After
drying at 90 °C for 5 min, the hybrid film electrode was calcined in
air at 500 °C for 1 h. After repeating the coating process twice more,
the final electrode was obtained when the sample cooled to room
temperature.

2.2. Materials characterizations

Powder X-ray diffraction patterns were tested on a Rigaku
MiniFlex600 X'pert. Morphologies of the samples were examined
with a HITACHI S-4800 and JEM-2100. Area's Energy Dispersive
Spectra was conducted using an energy dispersive X-ray device
attached to a HITACHI S-4800 SEM.

2.3. Electrochemical performance characterization

The electrochemical performances were characterized in
CR2016 coin cells with Celgard 2400 (Celgard, Inc., USA) as the
separator and 1 mol/L LiPFg in a 1:1:1 (V: V: V) mixture of EC, DMC
and DEC as the electrolyte. Galvanostatic charge/discharge experi-
ments were performed at different current densities between 0.01
and 3.0V (vs Li/Li*) by using the Land battery test system (LAND-
V34, Land Electronic Co., Ltd., Wuhan). Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were measured
with an Autolab electrochemical workstation (PGSTAT302 N,
Switzerland). CV tests were conducted with a scan rate of
01mVs~! between 0.01 and 3.0V (vs Li/Li*). For EIS tests, the
frequency range was from 10° to 10~2 Hz.

3. Results and discussion

The TiO,@Sn0, network film electrode was synthesized by a
three-step process, as illustrated in Fig. 1. Firstly, H,Ti307 nanowire
film electrode was prepared by a typical hydrothermal procedure.
Followed by a calcination step in air, the TiO, nanowire film elec-
trode was successfully obtained. Then, SnO, nanoparticles were
dispersed on the surface of the TiO, nanowires via a pyrolysis
process in air.

Fig. 2 presents the X-ray diffraction patterns of TiO, and
TiO,@Sn0, network film electrodes. Both TiO; and TiO,@SnO,
electrodes showed the characteristic peaks of anatase crystalline
form of TiOy (JCPDS No. 89-4921) [33—35], which were found at
20 =25.2°,37.8°,48.4°, 62.8°, 76.0°, except for the sharp diffraction
positions at 26 =40.2°, 53.0°, 70.6° that belonged to the metal ti-
tanium current collector (JCPDS No. 89-2762). For TiO,@SnO,, three
small and broad peaks were located at 26.7°, 34.1° and 51.9°.
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Fig. 1. Schematic illustration of the synthetic process of the TiO,@SnO, network film electrode.
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Fig. 2. XRD patterns of TiO, and TiO,@SnO, network film electrodes.

According to the literature, such peaks are related to the nano-scale
rutile-phase SnO; (JCPDS No. 72-1147) [36]. From these results, it
was obvious that the loading of SnO; on the TiO; film electrode via
the pyrolysis process would be successful and effective without any
negative impact on the crystallinity of the TiO, during the SnO,
loading.

Fig. 3 shows the scanning electron microscope (SEM) images of
TiO, and TiO,@SnO, electrodes. Here, all of the samples showed a
3D nano-network structure, composed of many homogeneous 1D
nanowires, of which the column diameter was approximately
20—30 nm. After the SnO, pyrolysis reaction, it was observed that
Sn0, was successfully adhered to the surface of the TiO, nano-
network structure (Fig. 3d ~f). SnO, was deposited not only on
the single TiO, nanowires but also on the joint of the TiO, nano-
wires. Finally, a more integrated and uniform conductive network
was formed for the TiO,@SnO,, film electrode. The special 3D nano-
network structure and the tight connection between TiO, and SnO,
could be expected to provide short pathways for lithium ions,
electronic diffusion and the facile electrolyte infiltration
throughout the thin film electrode.

The distribution of crystalline SnO, nanoparticles within the
TiO, network was further characterized by transmission electron
microscopy (TEM), as show in Fig. 4. The TEM images clearly show
that the size of the uniform SnO, nanoparticles adhered to the
surface of the nanowires (Fig. 4a and b) was approximately
10—20 nm. Fig. 4b shows the high-resolution TEM image recorded
from the selected area, which revealed the lattice fringes of 0.341
and 0.186 nm, corresponding to the (110) plane of rutile-phase SnO;
and (200) plane of anatase-phase TiO;, respectively [37,38].

Furthermore, the SAED pattern illustrated clear (101) lattice
spacing of 0.349 nm and (200) lattice spacing of 0.185 nm, which
were consistent with the d-spacing of an anatase-phase TiO,
structure [32,39—41]. All of these results further confirmed that the
SnO; loading did not have any negative impact on the crystallinity
and purity of the TiO,.

The distribution of SnO; nanoparticles on the TiO,@Sn0O; com-
posite was further confirmed by a high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM) and
line scan energy dispersive X-ray spectroscopy (EDX) of the arrow
position shown in Fig. 5. According to the HAADF-STEM image, the
uniformly distributed SnO, decorated on the surface of the
TiO,@SnO, composite was clearly distinguishable. The corre-
sponding line-scan EDX profile further indicated that the TiO;
nanowire width was approximately 50 nm and that there was a
uniform deposition of a 10-20-nm-thick SnO, layer on the TiO;
nanowire, which matched well with the above-mentioned
inference.

Fig. 6 shows the galvanostatic cycling performance of the
TiO,@SnO, electrode at the current density of 200 mA g~ ! between
0.01 and 3.0 V. In the first cycle, SnO, displayed the initial charge/
discharge capacity of 691/1099 mAh g~! with an enhanced
coulomb efficiency of 62.9%, which was approximately 30%—40%
for the SnO, electrode as reported in the recent literature [42—44].
The capacity loss in the first cycle may be attributed to the irre-
versible reaction from SnO, and Li to metallic Sn and Li,O, which
leads to the formation of SEI film and the LixTi;-xO, phase by the
reduction of TiO,. However, the LixTi;.xO2 would not oxidize again
during the subsequent cycles and furthermore served as a favorable
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Fig. 4. (a) TEM image of TiO,@SnO, composite, (b) magnified TEM image of TiO,@SnO, composite, (c) the corresponding SAED pattern.

ionic and electronic conductive layer. Thus, the improved initial
coulombic efficiency could be due to the TiO, setting a protective
layer to restrict the irreversible reaction. As expected, the hybrid
electrode also improved the cycle stability for SnO, [45—48] and
delivered a reversible capacity of 834 mAh g~! after 100 cycles with
a capacity retention of 120%, showing outstanding performance
and stability.

Along with the excellent cycling stability, the TiO,@SnO, elec-
trode also exhibited a perfect rate capability. As shown in Fig. 7, the
initial reversible capacity was 939 mAh g~ at the current density of
100 mA g~ 1. After 10 cycles, the reversible capacity was maintained
as 930 mAh g~! with a high coulombic efficiency of 99.1%. When
the current density increased from 200 to 400, 800 and
1600 mA g1, the hybrid electrode also exhibited relatively high
capacity, varying from 796, 705, 564 to 464 mAh g~!. When the
current density was reversed back to 100mA g, the reversible
capacity recovered a high value of 840 mAh g~ ! with a coulombic
efficiency of 98.7%. Fig. 7b shows the corresponding discharge/
charge profiles. The initial plateau of SnO; in the potential ranged

from 1.10 to 0.50V, representing the typical conversion reaction
between SnO; and Li*, which resulted in the formation of Sn and
Li;0. The other region had a plateau that was observed at 1.75V,
which belonged to the classic Li* insertion/extraction in TiO; [49].

In Fig. 8, there are four main couples of oxidation-reduction
peaks. The obvious couple of peaks located between 2.0 and 1.5V
was attributed to the Li* storage of SnO, and TiO,. The cathodic/
anodic broad peaks located at 1.5 and 1.7 V represented the typical
Li™ insertion/extraction process in the anatase TiO; [32]. The pro-
cess was divided into two parts: The first part, from 3.0 to 1.75V,
was the formation of a solid solution phase, which was dependent
on Li* insertion into the I4 1/amd tetragonal anatase lattice (Lix-
TiO;) [50,51]. The second voltage region was the platform at 1.75V,
which belonged to a two-phase reaction between the Li-poor
tetragonal anatase LixTiO, and orthorhombic LigsTiO, phases
[52,53]. The couple of oxidation-reduction peaks between 1.5 and
0.8V were related to the dealloying reaction of LixSn and the
oxidation of the metallic Sn particles. The big oxidation-reduction
peaks at around 0.8V in the initial cycle were ascribed to a two-
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Fig. 6. Cycling performance of the TiO,@SnO, electrode with a current density of
200mA g~ based on the total mass of the hybrid.

part reactions: One part was the irreversible reaction between SnO;
and Li*, as shown in equation (1) [54]. The other part was caused by
the formation of SEI film. Since the total process loses many active
LiT, the related peaks get rapidly weaker and even disappear in the
subsequent cycles. The broad oxidation-reduction peaks at around
0.05 V were attributed to the alloying between Sn and Li*™ as shown
in equation (2) [54—56].

4Li* 4 SnO, + 4e~ = Sn + 2Li»0 1)

XLiT + Sn + xe™ =LixSn (0 < x < 4.4) 2)

To further investigate the process kinetics of electrode materials,
EIS tests were performed at the open circuit voltage before cycling
and after the 20th cycle. As displayed in Fig. 9, before cycling, the
Nyquist plots of the electrode included a semicircle in the high
frequency range and a slope line in the low frequency range. For the
cycled electrode, the Nyquist plots included a small semicircle in
the high frequency range, a large semicircle in the middle fre-
quency range and a slope line in the low frequency range. The
equivalent circuit is shown in the inset. The concave semicircle may
represent the sum of the ohmic resistance (related to the transport
of lithium ions and electrons through electrolytes, porous mem-
branes, wires, and active material particles, Rs) and the charge
transfer resistance (Rc). The formation of the SEI film during
cycling of the electrode increased the diffusion resistance of the
lithium ions through the SEI film (R¢) [57—59] and resulted in the
one small extra semicircle in the high frequency range. The slope
simultaneously corresponded to the Warburg impedance related to
the diffusion of lithium ions into the bulk electrodes (Z), and the
constant phase element (CPE) was used to substitute an ideal
double layer capacitor.

Table 2 shows the fitting results; the small error (less than 5%)
represents the accuracy of the analog circuit. It can be found that
the Ry + Rf value after cycling increased (15.335Q) somewhat
compared with that before cycling (1.730 Q), which indicated the
formation of the SEI film [60,61]. In addition, the increase in R¢
indicated that the activity of the insertion/extraction reaction of
lithium ions was reduced and that the electrochemical reaction
process is more difficult, which caused the capacity of the electrode
to decay [62].

In order to illuminate the superiority of the 3D network
TiO,@Sn0; film structure, we have analyzed the post-cycling
microstructure characterization by SEM. As shown in Fig. 10,
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compared with the TiO,@SnO, film electrode and pure TiO, film
electrode, after 20 cycles, the SnO; nanoparticles tightly adhere to
the TiO, nanowires and the volume change is restrained to a great
extent. Based on the above results, we can conclude that the 3D
TiO, nano-network can act as a stable barrier to prevent SnO,
nanoparticles from agglomerating and serve as a buffering space to

a
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300 °
g °
=
3 [)
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Table 2
Impedance parameters of the SnO, hybrid electrodes before cycling and after the
20th cycle.

Sample Rs + Re(Q) Error% Ree (Q) Error%
Before cycling 1.730 1.031 73.300 0.556
After cycling 15.335 3.837 78.290 2.110

accommodate the pulverization of SnO,, thus resulting in the sta-
bility of the structure and electrochemical performance.

4. Conclusions

Assisted by the hydrothermal and pyrolysis synthesis method,
we have developed an efficient approach to fabricate the
TiO,@Sn0; film electrode with a special 3D nano-network struc-
ture. The porous netlike TiO,@SnO; film electrode exhibits superior
electrochemical performance with a favorable combination of long
cycle life (834 mAh g~! can be maintained after 100 cycles at a
current density of 200 mA g~ ') and remarkable rate capability (796,
705, 564 and 464 mAh g~!at 200, 400, 800 and 1600mAg~ ',
respectively). The outstanding electrochemical properties can be
attributed to the special 3D nano-network structure, the well-
dispersed SnO, nanoparticles and the compact connection be-
tween the TiO; and SnO; particles. The hybrid network could act as
stable barriers to prevent SnO, from agglomeration and serve as a
space to buffer the specific pulverization of SnO,.

Rs Ret Zw
before cycling AL
Rs R Ret Zw
after cycling s g

Fig. 9. (a) Electrochemical impedance spectra of the as-prepared electrodes before cycling and after the 20th cycle; (b) equivalent circuits used for fitting the experimental data.
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Fig. 10. SEM and magnified SEM images of TiO,@SnO, film electrodes after 20 cycles at a current density of 200mAg~".
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