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Abstract
Alloy-type anodes materials possess broad prospects for excellent electrochemical property lithium-ion
batteries owing to its high theoretical capacity and excellent electronic conductivity. However, this type
electrode materials experience poor kinetics and tremendous volume collapse during the repeated
lithiation-delithiation process. Herein, an e�cient method to provide a fast transmission channel and
suppress the volume collapse during the discharge/charge process by constructing the heterostructure
between porous TiO2-B nanoblets and few-layer SnS2 nanosheets interface, which provides high-active
sites for the nucleation and growth of SnS2 nanosheets, and inhibits the agglomeration of SnS2

nanosheets. Both experimental results and theoretical calculations de�nite that porous TiO2 nanobelts
provides more chemical active sites for the adsorption and transmission of lithium ion and then
effectively improve the stability the electrode structure. As a result, TiO2-B@SnS2 hybrid exhibits excellent
rate and cycle performance. This work paves a way to design and construction of high performance
alloy-type anode materials.

1. Introduction
Lithium ion batteries (LIBs) have been extensively used for portable electronics and electric vehicles, in
terms of high energy density and long cycling performance[1]. Currently, commercial graphite anode can
hardly satisfy the increasing demand for LIBs’ electrochemical performance due to its low discharge
capacity and poor rate capability[2]. Various electrode materials have been intensively investigated to
achieve a high electrochemical performance, such as metallic oxide (TiO2

[3], Co3O4
[4]), transition metal

compounds (SnS2
[5], MoS2

[6]) and simple substance (P[7], Si[8]), et al. Among them, transition metal
sulphide have attracted much attention due to their high theoretical capacity and excellent electronic
conductivity ability[1, 2]. In particular, as a typical 2D transition metal chalcogenides with a large interlayer
spacing of 0.60 nm and weaker van der Waals interaction, SnS2 demonstrates higher reversible

capacities due to better kinetics[1, 2, 9]. Unfortunately, similar to other alloy-type electrode materials, pure
SnS2 anode still suffers from inadequate rate property and large volumetric effect during the
discharge/charge process due to the low intrinsic electronic conductivity and alloy reaction
process[1,10−12].

So far, simple single-phase electrode materials are not enough to satisfy the requirement for reversible
capacity and cycling stability[11]. Many researchers have done a lot of research on the composite and
structural design of electrode materials, such as carbon coating[13–15], heterostructure construction[1] and
defective construction[16], et al. Conclusion, heterostructure construction has been proved to be an
effective technical tool to improve the charge and electronic transfer kinetics and suppress the volume
change during the electrochemical reaction process[17, 18]. Mai et al.[19] designed WS2/ZnS

heterojunctions that shows enhance ions and electronic diffusion kinetics. In additionally, Guo et al.[20]

constructed SnS/SnO2 heterostructures with internal electric �elds exchange between the SnS/SnO2
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interface, which can enhance the reversible degree of alloy reaction and boost the ions/electrons
transport in the electrode material structure. Furthermore, Wu et al.[1] designed H-TiO2@SnS2@PPy
hybrids with PPy-coating SnS2 nanosheets anchored on hydrogen treated TiO2. The speci�c

heterojunction structure not only can improve the Li+ diffusion kinetics, but also suppress the volume
change during the lithiation/delithiation process. Additionally, among the different crystalline phases of
TiO2 materials, TiO2-B has attracted much attention owning to the open channels in the lattice, which

making Li+ easier to transport inside the crystal structure and faster discharge/charge capability than
anatase or rutile[21, 22]. Meanwhile, TiO2-B possesses a higher theoretical capacity (335 mAh g− 1) than the

other polymorphs of TiO2
[21]. Che et al.[21] synthesize TiO2-B thin nanosheets with hierarchical porous

structure. As an anode for LIBs, TiO2-B electrode exhibits high reversible capacity, excellent cycling
performance and superior rate capability.

In this study, the TiO2-B@SnS2 hybrids has been prepared by a simple hydrothermal method, as
illustration in Scheme 1. First, nanobelts-constructed porous TiO2-B nanobelts was prepared by two-step
hydrothermal with NaOH and H2SO4 solution, respectively. Then, the SnS2 and TiO2-B@SnS2 hybrids were
synthesized by a one-step hydrothermal method, respectively. It is noted that thin SnS2 nanosheets were
uniformly coated on the surface of porous TiO2-B nanobelts which offers many active sites for the
nucleation and growth of SnS2 nanosheets. Meanwhile, combined electrochemical performance and
theoretical calculations, it is also well recognized that the heterojunction structure between the
SnS2/TiO2-B interface is one of the most strategy of choice to improve the Li+ diffusion kinetics and
suppress the volume change during the discharge/charge process. As an anode materials for LIBs, the
as-prepared TiO2-B@SnS2 electrode materials exhibits improved electrochemical performance in terms of
high rate capability and excellent cycling stability. More important, to fully explore the TiO2-B@SnS2

anode, it is necessary to understand the action mechanism of heterojunction structure so that improving
its electrochemical performances.

2. Results And Discussion
XRD patterns of TiO2-B nanobelts, SnS2 nanosheets and TiO2-B@SnS2 hybrids are displayed in Fig. 1a.
The diffraction peak position fully in agreement with the TiO2-B phase (PFD#74-1940), 2T-type layered

structure of SnS2 (PDF#22–0951), respectively[23]. Furthermore, no additional peaks were found in our
samples, indicating the high purity of product. For TiO2-B nanobelts, small amount of anatase phase was
obtained during the treatment process. Furthermore, the Raman spectrum of TiO2-B nanobelts, SnS2 and

TiO2-B@SnS2 is shown in Fig. 1b. The peaks at 142.8, 196.3, 395.8, 517.1, and 637.4 cm− 1 were good in

agreement with the Raman characteristics of TiO2-B nanobelts, and 310.7 cm− 1 correspond to the Raman

characteristics of SnS2
[24]. 
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The morphology of TiO2-B nanobelts, SnS2 and TiO2-B@SnS2 are con�rmed by scanning electron
microscopy (SEM). The TiO2-B nanobelts were 50–400 nm wide, about 18 nm thick and several
micrometers in length. After the acid treatment, many potholes were formed on the surface of TiO2-B
nanobelts(Fig. 2a). The potholes on the surface of TiO2-B nanobelts by acid-corroded process, which
offers many active sites for the nucleation and growth of SnS2 nanosheets. Typically, SEM images of
TiO2-B@SnS2 heterostructures is shown in Figs. 2b and c. The thin SnS2 nanosheets were uniformly
coated on the surface of TiO2-B nanobelts. Compared to the micron �ower-like structure assembled with
thin SnS2 nanosheets (Fig. 2d), the thin SnS2 nanosheets were vertically distributed on TiO2-B nanobelts

for TiO2-B@SnS2 heterostructure (Figs. 2b, c), leading to shorten Li+ diffusion distance. This phenomenon
indicated that TiO2-B@SnS2 heterostructure possesses excellent electrochemical performance. 

The microstructure of the TiO2-B@SnS2 heterostructure was con�rmed by transmission electron
microscopy (TEM). The thin SnS2 nanosheets covered the surface of porous TiO2 nanobelts (Fig. 2a)
because of the surface de�ciency caused by the acid-corroded process (Figs. S1a, b). This phenomenon
indicated that the excellent electronic conductivity of the TiO2-B@SnS2 heterostructure was effectively

improved by the shorten Li+ diffusion distance and high ionic conductivity of TiO2. A lattice fringe with a
d-spacing of approximately 0.36 nm and 0.60 nm are observed in the HRTEM images of TiO2-B@SnS2

heterostructure (Fig. 3b), which are consistent with the (110) and (001) crystal planes of TiO2-B and SnS2

nanosheets, respectively. Besides, a lattice fringe with a d-spacing of 0.172 nm, 0.357 nm, and 0.352 nm
are consistent with the (201) and (110) for TiO2-B, (011) for anatase (Fig. S1c), which is in agreement
with XRD results. For the TiO2-B@SnS2 hybrids and pure SnS2 nanoplates, the thickness of nanosheets is
estimated to 13 layers and 22 layers, respectively (Fig. 3b and Fig. S1f). Which indicating that the
reduction of stack phenomenon due to the introduction of TiO2-B nanobelts. Meanwhile, the coexistence
of S, Sn, and Ti elements are homogeneously distributed in the TiO2-B@SnS2 hybrids, which suggest the
formation of abundant TiO2-B@SnS2 heterojunctions. The unique heterostructures with a built-in electric

�eld and the few-layered SnS2 nanosheets can improve the insertion/extraction ability of Li+ during the
charge/discharge process, rendering a better rate capability and suppressing the volume collapse. 

XPS analysis was performance to obtain more details about the elemental information and surface
electronic states of pure SnS2 and TiO2-B@SnS2 hybrids. The results suggest that the hybrids contain the
main elements of Sn, S, Ti, and (Fig. 4a). The high-resolution Ti 2p spectrum (Fig. 4b) displays two major
peaks at 458.9, 464.6 eV and 459.6, 465.3 eV for TiO2-B nanobelts and TiO2-B@SnS2 hybrids,

respectively, which corresponding to Ti 2p3/2 and Ti 2p1/2 (Fig. 4b)[25, 21]. The separated XPS spectra of
Sn 3d (Fig. 4c) at 495.6, 487.2 eV for SnS2 and 495.4, 487.0 eV for TiO2-B@SnS2 hybrids, which are

attributed to Sn 3d3/2 and Sn 3d5/2
[26, 17]. Furthermore, the high-resolution S 2p peaks of (Fig. 4d) at

163.4, 162.2 eV for SnS2 and 163.2, 162.0 eV for TiO2-B@SnS2 hybrids, corresponding to S 2p1/2 and S
2p3/2. The above results show that the peaks shift to higher banding energy for Ti 2p, while the peaks
shift to lower banding energy for Sn 3d and S 2p after the introduction of TiO2-B nanobelts. This
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phenomenon indicated that the electrons transfer from TiO2-B nanobelts to SnS2 after incorporation,

con�rming the formation of n-n type heterojunction at the TiO2-B@SnS2 interface[1, 20]. The speci�c

heterojunction structure will be enhanced the charge transfer and Li+ diffusion kinetics at the TiO2-
B@SnS2 interface, leading to the improvement of electrochemical performance. 

In order to reveal the effect of unique heterojunction structure on the electrochemical performance for
TiO2-B@SnS2 hybrids. The electrochemical performance of TiO2-B@SnS2 hybrids as the anode materials
for LIBs has been evaluated using CV and discharge/charge tests. The CV pro�les of SnS2 and TiO2-

B@SnS2 electrode at a scanning rate of 0.1 mV s− 1 are shown in Fig. 5a and Fig. S2, respectively. Two
obvious oxidation peaks at around 0.50 and 1.65 V and three reduction peaks at 0.20, 1.25 and 1.71 V are
observed in the �rst cycle of CV pro�les for both SnS2 and TiO2-B@SnS2 electrode (Fig. 5a and Fig. S2).
Meanwhile, the conversion reaction process of SnS2 to Sn and Li2S is corresponded to the reduction peak
at 1.25 V, together with the formation of solid electrolyte interphase (SEI), while the broad peak at 0.20 V
should be attributed to the multi-step alloying reaction of Sn and Li. Compare to the CV pro�le of SnS2,
the reduction and oxidation peaks have no change for TiO2-B@SnS2 electrode, which indicated that the
introduction of TiO2-B nanobelts did not effect the electrochemical reaction. In the oxidation scan, a
broad peak at 0.50 V is originated from the multi-step dealloying reaction of LixSn. While the peak at 1.65
V is indexed to the conversion reaction from Sn to SnS2. Furthermore, the discharge/charge behavior of
SnS2 and TiO2-B@SnS2 hybrids anodes in the potential window of 0.01-3.0 V at 0.1 C is shown in Fig. 5b

and Fig. S3a. The SnS2 electrode exhibits the initial discharge capacity of 752.8 mAh g− 1, while it rapidly

decreases to 448.1 mAh g− 1 after three cycles. In contrast, the TiO2-B@SnS2 displays a higher discharge

capacity of 1056.6 mAh g− 1 at the �rst cycle and 622.3 mAh g− 1 after three cycles. This phenomenon
indicates the higher speci�c capacity because of improve reversibility of alloy reaction after the
construction of heterojunction structure. Meanwhile, the rate performance of the as-prepared SnS2 and
TiO2-B@SnS2 samples at various current densities from 0.1 to 15 C is displayed in Fig. 5c, d and Fig. S3b.
As expected, the TiO2-B@SnS2 shows the high discharge capacity of 1056.6, 488.3, 365.7, 270.2, 202.6,

146.9, and 110.4 mAh g− 1 at 0.1, 0.2, 0.5, 1, 2, 5, and 10 C, respectively. Even at a high rate of 15 C, a
discharge capacity 81.2 mAh g− 1 can be obtained. However, the discharge capacity decreased quickly for
the SnS2 electrode, particularly under high rate of 10 and 15 C, where it only exhibits 17.0 and 9.8 mAh g-
1, respectively. Furthermore, the cycling performance at high rate of 5 C is also studied (Fig. 5e). The TiO2-

B@SnS2 electrode exhibits a higher reversible capacity (127.7 mAh g− 1) after 200 cycles. In contrast, the
discharge capacity approaches to zero after 100 cycles for SnS2 electrode. The high rate capability and
excellent cycling stability of TiO2-B@SnS2 composite is attributed to the unique heterojunction structure

between the SnS2/TiO2-B interface, which could effectively improve Li+ kinetics and suppress the volume
change during the discharge/charge process. 

Additionally, the effect of multistep lithiation-delithiation on the ion diffusion and conductivity properties
of electrode was investigated. Figure 6a, b and Eq. S1 show the Galvanostatic Intermittent Titration
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Technique (GITT) curves for the �fth cycle of TiO2-B@SnS2 and SnS2 electrode materials. The increase in
DLi+ presented by the TiO2-B@SnS2 electrode is higher than that of SnS2, which is a result of conductivity
enhancement after the introduction of TiO2-B nanobelts. 

To obtain the fundamental insights of the excellent rate performance and cycling stability, the density
functional theory (DFT) calculations were performed to further explore the effect of the speci�c
heterojunction structure between the SnS2/TiO2-B interface (Fig. 7a-c). The TiO2-B possesses a direct
band gap of ~ 1.68 eV, and 1.60 eV for SnS2 semiconductor. As expected, the TiO2-B@SnS2 sample
exhibits a narrow band gap ~ 0.58 eV, indicating the improvement of electronic conductivity because of
the unique heterojunction structure between the SnS2/TiO2-B interface, which is desirable for high-rate
discharging/charging. 

3. Conclusions
In summary, nanosheets-constructed porous TiO2-B@SnS2 hybrids has been fabricated by a facile
hydrothermal method accompanying the formation hetrojunction structure between SnS2/TiO2-B

interface. The hybrids exhibits higher reversible capacity of 146.9, 110.4, and 81.2 mAh g− 1 at 5, 10, and
15 C, respectively. Moreover, the TiO2-B@SnS2 electrode exhibits a higher reversible capacity (127.7 mAh

g− 1) after 200 cycles at 5 C. The excellent rate capability and cycling stability of the composite is
attributed to the unique heterojunction structure between SnS2 and TiO2-B interface, which provides a

fast transmission channel for Li+ and improves structural stability of electrode material during the lithium
storage process. Additionally, few-layers SnS2 nanosheets were obtained due to the introduction of TiO2-

B nanobelts, which shorted the transmission distance of Li+.
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Figures

Figure 1

XRD patters (a) and Raman spectrum (b) of the TiO2-B nanobelts, SnS2 and TiO2-B@SnS2.
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Figure 2

SEM images of the TiO2-B nanobelts (a), TiO2-B@SnS2 (b, c) and SnS2 (c).
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Figure 3

High-magni�cation TEM image (a), HRTEM image (b), elemental mapping image (c, d, and e) of the TiO2-
B@SnS2, respectively.
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Figure 4

XPS spectra of SnS2 and TiO2-B@SnS2. (a) survey spectrum, and (b) Ti 2p, (c) Sn 3d, (d) O 1s and S 2p,
respectively.
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Figure 5

Electrochemical performance of SnS2 and TiO2-B@SnS2 electrode. (a) Cyclic voltammetry (CV) curves at
a scanning of 0.1 mV s-1 in the voltage range of 0.01-3.0 V versus Li+/Li, discharge/charge pro�les
during three cycles at a rate of 0.1 C (b), and the �rst discharge/charge cycle at different discharge
current densities (c) of TiO2-B@SnS2. Rate capability at various current densities from 0.1 to 15 C (d),
long-term cycling performance at a cyclic rate of 5 C (e) of SnS2 and TiO2-B@SnS2.
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Figure 6

Discharge/Charge curves of TiO2-B@SnS2 (a) and SnS2 (b) in GITT measurement and corresponding
diffusivity coe�cient (D) of Li+ in the discharge/charge process.
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Figure 7

Band structure for TiO2-B (a), SnS2 (b) and TiO2-B@SnS2 (c).
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Figure 8

Illustration of the fabrication of TiO2-B nanobelts and TiO2-B@SnS2 hybrids.
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