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Abstract
The world’s energy supply depends heavily on lithium-ion batteries due to the progressive depletion of non-renewable 
resources. The issue of raising the energy density of lithium-ion batteries must be addressed. We are all aware that the 
anode material is one area where lithium-ion batteries still have room for development. A new anode material, tin disulfide, 
not only has a high theoretical specific capacity (645 mAh  g−1), but also allows the formation of different microstructures 
through variable growth rates. In this study, we created three-dimensional nano-spheres of  SnS2 using solid-phase synthesis 
and then wrapped  SnS2 and  B4C in OUCNTs  (SnS2/B4C@OUCNT) using hydrothermal synthesis. Ascribed to the synergy 
between the highly chemical active  B4C and the conductive carbon network of the OUCNTs,  SnS2/B4C@OUCNT (149 
Ω) effectively overcomes the drawback of high impedance of pure  SnS2 (307 Ω) while exhibiting high capacity and cyclic 
stability. After 100 cycles at a current density of 100 mA  g−1, this material displayed good electrochemical properties as the 
anode for lithium-ion batteries, obtaining a reversible capacity of 1024.7 mAh  g−1 and a coulombic efficiency of 98.01%. 
The discharge capacity is 854.7 mAh  g−1 with a coulombic efficiency of 98.57% after 200 cycles at 1000 mA  g−1.

Keywords Tin disulfide · Boron carbide · Oxidative unzipped multi-walled carbon nanotubes · Lithium-ion battery · Anode 
material

Introduction

Due to the stark incongruity between the rising demand for 
fossil fuels and the ever-harsher greenhouse gas emissions 
standards, it is crucial for humans to create and employ high-
energy–density rechargeable batteries today [1–5]. While 
traditional and commercial lithium-ion batteries (LIBs) 
have cheap cost, extended cycle stability, and vast storage 
using graphite as the electrode materials, their limited prop-
erty (372 mAh  g−1) and subpar rate capacity narrow their 
potential to advance [6]. Therefore, there has been growing 

interest in exploring ideal electrode materials with superior 
electrochemical performance. The unique physicochemical 
properties of the transition metal disulfides have sparked an 
increase in research activity in recent years due to a variety 
of possible uses, including energy storage, catalysts, and 
electronics. Additionally, due to the Li-ion conversion or 
alloying storage mechanism reaction, such as  SnS2,  WS2, 
 MoS2, and  VS2 [7], their theoretically specific capacity is 
larger than that of conventional plug-in electrode materials 
[8–11]. Among these diverse active materials,  SnS2 has a 
layered CdI2-type model, similar to graphene, and is held 
together by weak van der Waals interactions. Sn atom layers 
are situated between two levels of S atom layers. [12].  SnS2 
has a greater specific capacity than other metal disulfides 
like  MoS2 and  WS2, which may be attributed to the special 
processes of the conversion and Li-Sn alloying/dealloying 
[13]. During course of the reaction,  SnS2 demonstrates a 
high theoretically specific capacity (645 mAh  g−1) [14], and 
has been investigated as a potential contender for LIBs elec-
trode material.
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Despite the fact that diverse  SnS2 nanostructures have 
been utilized as active electrodes, the limited electronic con-
ductivity of  SnS2 prevents their application in electrochem-
istry, particularly at high rates [15]. During charge/discharge 
cycles, the enormous volume change of  SnS2 would cause 
rapid capacity loss [16]. In order to get over these restric-
tions, it has been claimed that  SnS2 has been mixed with 
a variety of carbon materials, including carbon coatings, 
carbon nanotubes, and graphene [17–21]. Youn et al. syn-
thesized the matrix composite of nitrogen-doped graphene 
oxide reduction and nanocrystals tin sulfides as lithium-ion 
battery anodes which showed good performance with expan-
sion ratio reduced by 28%, retaining a reversible capacity 
of 562 mAh  g−1 at the 200th loop at 0.2 A  g−1 rate [22]. 
Yin et al. established the “double-sandwich-like” framework 
of  SnS2-reduced graphene oxide hybrid composite, which 
demonstrated superlative electrochemical performance, 
including a high initial or reversible discharge capacity and 
outstanding cyclic stability with superb coulombic efficiency 
of ∼96.9% [23]. Kim et al. prepared the carbon-coated  SnS2 
nanoparticles with a thickness of carbon coating about 5 nm 
which reduce volume change during the battery running pro-
cess, so following 50 rounds, the reversal capacity was 668 
mAh  g−1 with a superior rate property [24]. As a result, 
carbon materials have the ability to lessen volume expan-
sion caused by special layer structure in addition to improv-
ing electron transport. Among them, multi-walled carbon 
nanotubes are one of the important carbon-based materials 
whose mechanical and electronic properties depend on the 
structure, and researchers have been working to selectively 
improve its performance in certain aspects by blending its 
structure to meet specific needs. For example, the oxidative 
unzipping of multi-walled carbon nanotubes using a mix-
ture of  H2SO4 and  KMnO4 allows multi-walled carbon nano-
tubes to unfold along the axial direction, obtaining a larger 
specific surface area and more active sites while bonding a 
large number of oxygen functional groups at the edges and 
surfaces [25]. Therefore, oxidative unzipping multi-walled 
carbon nanotubes have good dispersion and conductivity and 
are suitable as carbon carriers for  SnS2.

Even so, researchers are still keen to find more novel 
electrode materials to a greater electrochemical perfor-
mance boost. Boron carbide  (B4C) is a lightweight, reason-
ably priced refractory ceramic material [26]. As a result of 
its great resistance to general corrosion, it may provide an 
excellent active area for cells such lithium-oxygen, lithium-
sulfur, and lithium-ion batteries [27–29]. Chen et al. cre-
ated a Si/B4C combination with a graphite covering that has 
an entire structure to increase the transport properties and 
durability of the rechargeable batteries. This combination 
exhibits outstanding cyclability by including a theoretical 
capacity of 822 mAh  g−1 with 94% capacity retention after 
100 cycles at 0.3 C charge/discharge speed [30]. Due to its 

light weight (≈2.5 g  cm−3), strong conductance, and superior 
catalytic action,  B4C is a suitable choice for electrochemi-
cal devices [26], good conductivity, and superior catalytic 
effect. To the best of our knowledge,  B4C is only very sel-
dom used in rechargeable batteries, despite having thrived 
and grown. In addition,  B4C has been used as a raw material 
for anodes in sodium ion batteries and has achieved excellent 
electrochemical performance [31]; thus, the integration of 
 B4C into tin-based anode materials for lithium-ion batteries 
is a very worthy study subject.

In this study, we described a straightforward hydrother-
mal technique for the synthesis of 3D  SnS2/B4C@OUCNT, 
in which many nanoflakes-assembly flower-shaped  SnS2 
nanomaterials and evenly distributed  B4C were wrapped 
in oxidative unzipped multi-walled carbon nanotube films 
(OUCNTs), where highly conductive  B4C is used as a filling 
agent added to flower-shaped  SnS2 and also as a conductive 
connector between  SnS2 and OUCNTs. The severe tension 
brought on by the lattice expansion caused the longitudi-
nal dimension of CNTs to modestly open under the com-
bined action of sulfuric acid and oxidant molecules [32]. 
The undamaged core CNTs were kept as the framework of 
electronic transmission at this time. In order to intercalate 
lithium cations, the target product develops a three-dimen-
sional space that offers more active surface area than the 
control sample. As a result, the lithium-ion battery with an 
optimized  SnS2 anode electrode produced a discharge capac-
ity of 1840 mAh  g−1 at 100 mA  g−1 rate.

Experimental section

Chemical materials

The following chemicals were used in the synthesis of  SnS2 
and  SnS2/B4C@OUCNTs: stannous chloride dihydrate 
 (SnCl2·2H2O, 98%), thiourea  (H2NCSNH2, AR), absolute 
ethanol  (CH3CH2OH, 99.7%), multi-walled carbon nano-
tubes (C139835, inner diameter: 5–10 nm, outer diameter: 
20–30 nm, length: 10–30 µm), boron carbide  (B4C, 99%).

SnS2 preparation

In an agate mortar, 2.25 g  SnCl2·2H2O and 1.9 g thiourea 
were placed, where they were uniformly ground into off-
white powdery mixture for 30 min. Then, the mixture was 
moved into 50-mL corundum crucible without cover react-
ing at 180 °C in the air blast drying oven for 2 h. After cool-
ing, the composition was soaked in distilled water standing 
for 10 h. The solids were then separated and extracted using 
centrifugation, which was carried out repeatedly with abso-
lute ethanol and deionized water. By drying at 80 °C in air, 
the yellow product  SnS2 was finally gained.
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Preparation of  SnS2/B4C@OUCNTs

The oxidative unzipped MWCNTs were synthesized as pre-
viously reported [33]. For 3 h, 0.125 g OUCNTs were ultra-
sonically dispersed in 60 mL ethanol. For 24 h, 0.0625 g 
 SnS2 and 0.0125 g  B4C were added into OUCNTs dispersion 
stirring. The aforementioned dispersion was then transferred 
to a 100-mL Teflon reactor, heated to 180 °C, and allowed 
to react for 12 h. The black precipitate that was eventually 
formed was then cooled to room temperature and repeat-
edly cleaned with deionized water and absolute ethanol. 
The target product,  SnS2/B4C@OUCNTs, was ultimately 
successfully abstained by drying it for 12 h at 60 °C in a 
low-pressure vacuum oven. The  SnS2@OUCNTs, for com-
parison, was created via a hydrothermal technique under 
identical conditions without the inclusion of  B4C.

Assembly of battery

The half-cell lithium-ion battery (LIBs) configuration was 
assembled so as to examine the electrochemical performance 
of  SnS2/B4C@OUCNTs composite material.  SnS2,  SnS2@
OUCNTs, and  SnS2/B4C@OUCNTs are respectively mixed 
with conductivity (SUPER P) and polyvinylidene fluoride 
(PVDF) in a mass ratio of 7:1.5:1.5 to obtain three kinds of 
homogenous slurry with N-methylpyrrolidone (NMP) sol-
vent. After drying in vacuum for 12 h, the dried slurry was 
cut into discs and adheres to the copper foil with a slurry of 
approximately 100 µm. The disc and lithium foil were used 
as the working electrode and the counter electrode, respec-
tively. The Celgard 2200 was acted as the separator, and 
1 M LiPF6 mixed with EC and DMC (1:1, v/v) (DodoChem, 
Suzhou, China) was used as the electrolyte. Assembly of 
the coin cell (CR2032) was carried out in a glove box with 

argon gas. Finally, discharge and charge measurements are 
performed by using LAND for testing.

Results and discussions

Physico‑descriptive information

The  SnS2/B4C@OUCNTs is prepared as shown in Fig. 1. 
The stannous chloride dihydrate compound was first ground 
with thiourea for 30 min into a homogeneous off-white pow-
der, then transferred to a corundum crucible, and reacted by 
heating at 180 °C for 2 h to produce 3D  SnS2 microspheres. 
A dispersed aqueous solution of OUCNTs was combined 
with  SnS2 and  B4C, and the mixture was constantly agitated 
for 24 h using a magnetic stirrer. A stainless steel hydrother-
mal synthesis reactor was then used to develop the homog-
enous solution into 3D materials, with OUCNTs wrapping 
 SnS2 nanoballs and  B4C, under high pressure and tempera-
ture conditions [34].

Scanning electron microscopy (SEM) and high-resolution 
transmission electron microscopy (HRTEM) were employed 
for characterization in order to more thoroughly examine the 
microscopic appearance and structure of the mixture. The 
SEM picture of pure  SnS2 is shown in Fig. 2a, which depicts 
microspheres made of a number of tightly assembled two-
dimensional  SnS2 sheets. The gaps between the layers of the 
sheets facilitate the storage of electrons or lithium ions in the 
battery during charging and discharging [35]. But  SnS2 has 
obvious shortcomings as an anode material for lithium-ion 
batteries, such as poor electrical conductivity, low energy 
storage density, and unstable long-term cycling. Figure 2b 
shows the SEM image of  SnS2@OUCNTs, which shows that 
 SnS2 grows wildly on OUCNTs, thereby improving the poor 

Fig. 1  Schematic illustration of 
 SnS2/B4C@OUCNTs fabrication
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electrical conductivity of pure  SnS2. The extended growth 
of  SnS2 nanosheets on OUCNTs is shown in Fig. 2c, show-
ing the microscopic morphology of  SnS2/B4C@OUCNTs, 
which successfully mitigates the disadvantage of  SnS2’s 
weak electrical conductivity [36]. At the same moment, the 
partially exposed OUCNTs indicate that  SnS2 nanosheets 
are present on the carbon matrix in moderate amounts, 
allowing the OUCNTs to still retain the function of storing 
electrons of ions. In terms of the overall structure, it offers 

enough room for electrolyte penetration and shortens the 
Li-ion transport path, strengthening the Li-ion’s adsorption 
capability and electrochemical characteristics. Therefore, 
this structure has the potential to further improve the rate 
performance of the battery.

Figure 2d is a TEM image of the composite  SnS2/B4C@
OUCNTs, revealing the intertwined OUCNTs that form a 
conductive carbon network wrapping around  SnS2 and  B4C. 
Additionally, Figure S1 illustrates the outer layers of the 

Fig. 2  a–c SEM images of pure  SnS2,  SnS2@OUCNTs, and  SnS2/B4C@OUCNTs, respectively; d–f the HRTEM, g elemental mapping images, 
and h EDX spectrum of  SnS2/B4C@OUCNTs electrode material
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multi-walled carbon nanotubes being axially oxidative cut 
and opened, thus creating additional anchoring sites for  SnS2 
and  B4C and improving the integrity of the composite [32, 
37]. Figure 2e further shows HRTEM image of  SnS2/B4C@
OUCNTs, clearly showing the lattice edges of  SnS2 and  B4C 
as well as the enlarged carbon layers. Notably, the interlayer 
spacing of 2.78 nm corresponds to the (101) crystal plane of 
 SnS2, 3.78 nm to the (012) crystal plane of  B4C, and 3.37 nm 
to the (002) crystal plane of the carbon layer. In addition, 
Fig. 2e shows that  SnS2 and  B4C are highly encapsulated by 
the oxidative unzipped multi-walled carbon nanotubes. The 
(012) face of  B4C, the (002) face of the OUCNTs, and the 
(101) face of  SnS2 are all visible in the matching selected 
area electron diffraction (SAED) pattern, which supports the 
polycrystalline nature of the trapped  B4C and  SnS2 with such 
a different orientation (Fig. 2f).

Figure 2g shows the elemental mapping images of the 
 SnS2/B4C@OUCNTs, which shows that the composites are 
homogeneous. The homogenous distribution of the compo-
nents Sn, B, C, and S is seen in Fig. 2g.  SnS2 and  B4C have 
apparently been effectively wrapped and disseminated in the 
network by the OUCNTs, as evidenced by the uniform distri-
bution of Sn and B on the carbon network framework created 
by the OUCNTs. In addition, the uniform dispersion of B 
element in the composite (Fig. 2g) indicates that the three 
materials,  SnS2,  B4C, and OUCNTs, are well bonded and 
can synergistically bring out the advantages of each other. 
Energy-dispersive X-ray microanalysis (EDX) was used to 
further analyze the content of C, S, B, and Sn elements in 
 SnS2/B4C@OUCNTs, and the results are shown in Fig. 2h. 
After quantitative analysis, the proportions of C, S, B, and 
Sn in  SnS2/B4C@OUCNTs can be estimated to be ∼46.52%, 
∼17.35%, ∼3.40%, and ∼32.73%, respectively, which are 
revealed the probable experimental ratio of final product 
 (SnS2:B4C:OUCNTs = 10:1:9).

X-ray photoelectron spectroscopy (XPS) was carried out 
on the  SnS2/B4C@OUCNTs to examine the chemical com-
position and bonding configuration of the composites. No 
additional impurities are seen in the entire XPS spectrum 
(Fig. 3a), which displays signals for Sn, O, C, B, and S. 
Two distinctive peaks can be seen in the high-resolution Sn 
3d XPS spectrum (Fig. 3b), which correspond to Sn  3d5/2 
and Sn  3d3/2 in  Sn4+, respectively, at 487.5 and 495.9 eV 
[38–40]. The high-resolution XPS spectrum of elemental 
boron is depicted in Fig. 3c. It is separated into two distinc-
tive peaks at 187.5 and 188.7 eV, which stand for the B-C 
bonds in  B4C and the B-B bonds, respectively [41]. Three 
unique distinctive peaks with binding energies of 162.2, 
163.8, and 165.0 eV, which correspond to S  2p3/2 and S 
 2p1/2 in  S2−, can be seen in the high-resolution S 2p XPS 
spectrum (Fig. 3d) [42, 43]. The three typical peaks in the 
high-resolution C 1 s XPS spectrum (Fig. 3e) have binding 
energies of 284.8, 285.6, and 288.5 eV, respectively, and 

correspond to C–C bonds, C-O bonds, and O-C = O bonds 
[36, 44, 45]. It is thought that the oxygenated carbon pro-
duced during the hydrothermal treatment makes it easier for 
the  SnS2 nanosheets to be anchored and dispersed through 
chemical and physical processes.

Pure  SnS2,  SnS2@OUCNTs (Figure S2), and  SnS2/B4C@
OUCNTs were subjected X-ray diffraction (XRD) examina-
tion to ascertain the structural properties of the composites. 
The  SnS2/B4C@OUCNTs composite’s XRD analysis pattern 
is depicted in Fig. 4a, where it displays the distinctive XRD 
diffraction peaks of the composite of hexagonal  SnS2 and 
rhombohedral hexahedral structured  B4C. These include the 
XRD peaks at 2θ values of 28.20°, 32.12°, 41.89°, 49.96°, 
52.45°, 60.62°, and 70.33° that are in accordance with the 
JCPDS data (JCPDS card number: 23–0677) and represent 
the (100), (101), (102), (110), (111), (201), and (113) crystal 
planes of hexagonal  SnS2. In addition, the typical diffrac-
tion peaks at 2θ values of 24.50°, 35.96°, 57.55°, 64.66°, 
and 76.58° are consistent with the JCPDS data (JCPDS card 
number: 35–0798) and correspond to the (012), (104), (107), 
(125), and (217) crystal planes of  B4C, respectively. As can 
be seen from Figure S2, the  SnS2@OUCNTs (Figure S2b) 
with the addition of oxide-cut carbon nanotubes only retains 
mainly the diffraction peak positions of pure  SnS2 (Fig-
ure S2a), but its diffraction peak intensity is significantly 
reduced. In contrast, the  SnS2/B4C@OUCNTs composite 
preserves the majority of the diffraction peaks of pure  SnS2 
(Fig. S3a) while also adding some of the distinctive dif-
fraction peaks of the dopant  B4C and reducing the strength 
of the diffraction peaks seen in  SnS2. However, this does 
not affect the fact that the characteristic diffraction peaks 
in Fig. 4a all have a sharp peak pattern, implying that the 
composite  SnS2/B4C@OUCNTs have high crystalline prop-
erties. Furthermore, the figure demonstrates that  SnS2 and 
 B4C are together successfully composited and encapsulated 
in oxide-cut carbon nanotubes.

The composite  SnS2/B4C@OUCNTs’ molecular struc-
ture is further illuminated by the Raman spectroscopy 
study. The Raman characteristic peaks of C-atom crystals 
at 1300  cm−1 and 1580  cm−1, respectively, are the D and G 
peaks. The G peak indicates in-plane stretching vibrations 
of the C-atom  sp2 hybridization, and the D peak represents 
defects in the C-atom lattice [46]. The inclusion of oxi-
dative unzipped carbon nanotube films effectively raises 
the degree of graphitization of the material, as shown by 
the comparison of the Raman spectrum of  SnS2@OUC-
NTs with an ID/IG of 0.96. However, when  SnS2/B4C@
OUCNTs and  SnS2@OUCNTs are compared, the ID/IG 
increases to 1.02, showing that the addition of boron car-
bide enhances the degree of flaws in the material’s faulty 
lattice and adds conductance and adsorption sites for 
lithium-ion store. Additionally, a pinnacle at 311  cm−1, 
which is thought to be the  A1g pattern of the  SnS2 phase, 
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can be seen in the Raman spectrum of  SnS2 [23, 47]. All 
Raman bands of  SnS2,  B4C, and OUCNTs can be seen in 
the Raman spectrum of  SnS2/B4C@OUCNTs, confirming 
their inclusion in the composite.

SnS2,  SnS2@OUCNTs, and  SnS2/B4C@OUCNTs 
underwent Brunauer–Emmett–Teller (BET) and Barrett-
Joyner-Halenda (BJH) studies to examine the specific sur-
face area and pore structure of the materials. Figure 5a 
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illustrates the adsorption/desorption isotherms of nitrogen 
for  SnS2/B4C@OUCNTs, which matches the characteris-
tics of the type IV adsorption/desorption isotherm. The 
material is a lamellar material with mesopores, as indicated 
by the visible hysteresis loop of type H3 in the relative 
pressure range of 0.4 to 1.0 [48]. The specific surface area 
of  SnS2/B4C@OUCNTs, determined by the BET method, 
is 94.23  m2  g−1, which falls between the other two samples, 
 SnS2 (40.96  m2  g−1) and  SnS2@OUCNTs (74.18  m2  g−1), 
as shown in Figure S3. The BJH pore size distribution of 
 SnS2/B4C@OUCNTs is presented in Fig. 5b, clearly indi-
cating that the material’s pore sizes are concentrated in the 
mesoporous region. The increased contact area of the elec-
trolyte with the materials enhances the migration channels 
for ions and shortens the routes, boosting the rate capa-
bility. This is facilitated by the moderate specific surface 
area and mesoporous structure of  SnS2/B4C@OUCNTs. 
Additionally, reducing the formation of the SEI film may 
increase the initial coulombic efficiency of LIBs.

In addition, thermogravimetric (TGA) analysis was 
used in this work to determine the compositional content 
of  SnS2/B4C@OUCNTs, which was heated in air from 30 
to 800 °C at a ramp rate of 10 °C/min, as shown in Fig. 6. 
The 1.4% heat loss within ~ 200 °C is due to the evapo-
ration of water and decomposition of oxygen-containing 
functional groups inside the material. Approximately 
8.67% heat loss from 200 to 450 °C is mainly attributed 
to the oxidation of  SnS2 in air to form  SnO2, and ~ 45% 
heat loss occurring from 450 to 800 °C is mainly due to 
the oxidation of carbon material [33, 49]. After combin-
ing the EDX calculations, the contents of  SnS2,  B4C, and 
OUCNTs in  SnS2/B4C@OUCNTs were obtained to be 
about 50%, 5%, and 45%, respectively.

D  SnS2/B4C@OUCNTs electrochemical property

The electrochemical property of LIB half-cell made from 
 SnS2/B4C@OUCNTs electrode components was evaluated. 
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In this case, the anode consisted of  SnS2/B4C@OUCNTs, 
while the counter electrode (cathode) was made of lith-
ium chips. First, cyclic voltammetry (CV) was used to 

assess the half-cell between 0.01 and 3.0 V (versus  Li+/
Li) at 0.1 mV  s−1 scan rate. Figure 7a displays five ini-
tial CV curves. Five distinct reduction peaks with centers 
at 1.65 V, 1.3 V, 1.0 V, 0.71 V, and 0.2 V are shown in 
the initial cathodic scan curves. The first peak at 1.65 V 
results from the entrance of lithium into the  SnS2 inter-
layer without phase disruption, which corresponds to the 
conversion reaction (1), SnS

2
+ xLi

+ + xe− ↔ LixSnS2 [50]. 
Li

x
SnS

2
+ (4 − x)Li+ + 4.4e

−
↔ Sn + 2Li

2
S (2) [51] is the 

conversion reaction mechanism that is responsible for 
the additional three reduction peaks at 1.3 V, 1.0 V, and 
0.71 V. Due to the deterioration of the electrolyte,  SnS2 
changes into Sn nanoparticles that are incorporated into 
the  Li2S substrate and create a solid electrolyte interface 
(SEI) [35]. The creation of the  LixSn alloy and the intro-
duction of  Li+ into the oxidatively unzipped multi-walled 
carbon nanotubes were credited causing the peak of about 
0.2 V. Three anodic peaks at 0.55 V, 1.89 V, and 2.37 V 
can be seen in the initial anodic scanning. The delithia-
tion process of the  LixSn is visible in the oxidation peak at 
0.55 V, accompanying by the reversible process of conver-
sion reaction (2). And the reversible process of conversion 
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reaction (1) causes the peak at 1.89 V, corresponding to 
the synthesis of  SnS2 and the partial Sn oxidation [52]. 
Lithium ions being removed from the  SnS2 sheet are likely 
what caused the oxidative peak around 2.37 V [53]. With 
the passage of scanning time, the other four laps gradually 
coincide which suggests that the lithium-ion half-cell with 
3D  SnS2/B4C@OUCNTs composite as anode electrode 
possesses stable electrochemical property.

Figure 7b depicts the charge/discharge graphs of  SnS2/
B4C@OUCNTs during the initial three cycles at a steady 
current density of 100 mA  g−1. The first three discharge pro-
cesses have specific capacities of 1813.3, 1606.6, and 1513.3 
mAh  g−1; meanwhile, the first three charge processes have 
specific capacities of 1510.6, 1426.6, and 1364.6 mAh  g−1. 
So the initial coulomb efficiency (ICE) of the  SnS2/B4C@
OUCNTs is then calculated as 83.46%. In accordance with 
the initial CV finding, this lower ICE of the first electro-
chemical charge/discharge curve is attributed to the develop-
ment of an SEI thin coating on the surface of active material. 
In second run, the corresponding coulombic efficiency value 
rises to 88.79%, and during the third run, it even reaches 
90.17%. Additionally, depictions of the charging/discharg-
ing curves of  SnS2 (Figure S4a) and  SnS2@OUCNTs (Fig-
ure S4b) at 100 mA  g−1 for the first three turns, where the 
ICEs are 59.39% and 83.20%, respectively, reveal that the 
components of OUCNTs and  B4C may successfully raise the 
ICE of the active electrode, hence enhancing the materials’ 
electrochemical performance. Furthermore, Fig. 7b demon-
strates that the voltage plateau and the redox peak of the 
CV curve in Fig. 7a are related. The composite electrode 
made of  SnS2 and  B4C@OUCNTs reached a voltage plateau 
during the first discharge process (lithiation course), which 
is consistent with the behavior of  Li+ when it embeds in 
the  SnS2 lamellas and undergoes transformation into  Li2S 
and Sn [54]. Then, the de-alloying of  LixSn, degradation of 
 Li2S, oxidation of metal Sn, and creation of  SnS2 all occur 
at the voltage plateau of the initial charge process (sulfation 
course), according to research conducted [55].

Figure 7c shows the rate capability of the  SnS2/B4C@
OUCNTs anode materials. The electrodes’ discharging 
specific capacities are respectively 1511, 1126, 806, 706, 
and 514 mAh  g−1 at 100, 200, 500, 1000, and 2000 mA  g−1 
current densities. It is interesting that after cycling at high 
current densities, the discharge specific capacity also recov-
ers to 79.5% of the original specific capacity when the cur-
rent density drops to 100 mA  g−1, demonstrating strong rate 
capability. By contrast, it shows the rate performances for 
pure  SnS2 and  SnS2@OUCNTs in figure S5, where their dis-
charge capacities respectively recover to 18.39% and 28.09% 
of the original specific capacities, much lower than the rate 
capability of  SnS2/B4C@OUCNTs. As a result,  SnS2/B4C@
OUCNTs exhibit high reversal capacity and durable cycla-
bility as an anode material for LIBs.

The charge/discharge graphs of various current den-
sities are displayed in Fig. 7d for  SnS2/B4C@OUCNTs. 
High sweeping rates do not substantially alter the curve’s 
shape, indicating that the  SnS2/B4C@OUCNTs anode has 
good rate performance. And below are the reasons for this 
exceptional property: (1) The unique oxidative unzipping 
of multi-walled carbon nanotube framework structure acts 
as a scaffold matrix to avoid collapsing and to offer a high 
active surface area, allowing for the fast passage of lithium 
ions in an unhindered manner [32, 37]. (2) The oxidating and 
unzipping of OUCNTs in  SnS2/B4C@OUCNTs materials 
incorporates hydrophilic functional groups, which improve 
the hydrophilicity of the active material and increase the 
contact area of the active electrode material and electro-
lyte to speed up the rate of chemical reaction [33]. (3) Elec-
trochemical impedance spectroscopy (EIS) evidences that 
doping of conducting material  B4C lowers the resistivity of 
the  SnS2/B4C@OUCNTs composite materials [29]. Herein, 
the  B4C of active material also acts as a catalyst, which is 
responsible for the rapid synthesis and decomposition of SEI 
films during charging and discharging process, indirectly 
boosting the reversible capacity and long lifetime upon the 
working electrode.

With an original discharge specific capacity of 1840 
mAh  g−1 at 100 mA  g−1,  SnS2/B4C@OUCNTs (Fig. 8a) 
exhibit strong energy storage that is much better than that 
of  SnS2 (1188 mAh  g−1) (Figure S6a) and  SnS2@OUC-
NTs (1640.8 mAh  g−1) (Figure S6b). After a further 100 
cycles, the  SnS2/B4C@OUCNTs electrode’s discharge 
specific capacity (1024.7 mAh  g−1) and coulombic effi-
ciency (98.01%) remain steady and continue to increase. 
And the respective discharge specific capacities of  SnS2 
and  SnS2@OUCNTs drop to 85.1 mAh  g−1 and 647 mAh 
 g−1 after 100 cycles, with coulombic efficiencies of 98% 
and 95.66%. And the cycling performance graph of pure 
 B4C is provided in Figure S6c. The initial capacity of  B4C 
in is not high (445.8 mAh  g−1) and only 73.4 mAh  g−1 
reversible capacity remains after 100 cycles, so  B4C is 
not suitable as a LIBs’ anode material alone. However, 
 B4C has catalytic effect and high conductivity, and the 
synergistic effect with  SnS2 and OUCNTs can make  SnS2/
B4C@OUCNTs achieve better cycling performance. Fig-
ure 8b reveals that  SnS2/B4C@OUCNTs material has good 
cycling stability as the electrode material for lithium bat-
tery, maintaining a reversible capacity of 854.7 mAh  g−1 
at 1000 mA  g−1 large current density with 98.57% cou-
lombic efficiency after 200 turns of charging/discharging 
processes. In addition, the specific capacities of the cells 
have a certain degree of decrease during approximately the 
first 60 turns of the charging and discharging processes. 
This is because the electrode material and the electrolyte 
are in the process of reacting at the solid–liquid phase 
interface to form a SEI film, resulting in the lithium ions 
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not getting a normal standard. The upward trend in capac-
ity is due to the construction of the SEI film and the expan-
sion of the contact area between the electrode material and 
the electrolyte. Although the construction of the SEI film 
consumes a portion of the lithium ions to increase the irre-
versible capacity, the organic insolubility of the SEI film 
prevents solvent molecules from damaging the electrode 
material, greatly improving the cycling performance and 
service life of the electrode. And the recovery of capacity 
after about 60 cycles should be attributed to the increased 
interlayer spacing via activating material, increasing dif-
fusion rate of  Li+ and lithium storage space [56]. This will 
help the material reduce the loss of irreversible capacity.

The CV curves of the material were kinetically studied 
to further understand the  SnS2/B4C@OUCNTs’ electro-
chemical characteristics and capacitive behavior. The CV 
curves for various sweeping rates, ranging from 0.1 to 
1.0 mV  s−1, are shown in Fig. 9a. The  SnS2/B4C@OUC-
NTs electrode demonstrates quick responsiveness since 
the CV curves’ form essentially does not change over time. 
The connection of peak current (i) and sweeping rate (ν) 
provides insight into the electrochemical kinetics of the 
anode, according to Eq. (1) [57, 58]:

where i represents the current of oxidation or reduction peak, 
ν represents the scan rate, and a and b serve as constants. 
Through Fig. 9a, Eq. (2) can be obtained by taking the loga-
rithm for different voltage scan rates and corresponding peak 
current values in both sides of Formula (1):

Consequently, b may be calculated by plotting the slope 
of the fitting log(i) versus log(ν). In principle, diffusion-
controlled cell properties are displayed by the electrode 

(1)i = a�
b

(2)log(i) = blog(�) + log(a)

material if b = 0.5, whereas capacity-controlled pseudo-
capacity properties are displayed by the electrode material 
if b = 1.

The slopes of the linear connection of log(i) and log(ν) 
from the peaks of the cathode and anode, respectively, are 
0.657 and 0.666 in Fig. 9b. These findings imply that dif-
fusion-controlled mechanisms and capacitive effects play 
a role in the electrochemical kinetics of the  SnS2/B4C@
OUCNTs anode. Additionally, Formula (3) may be used to 
determine the contribution of the pseudo-capacity [59]:

where V is the specific voltage, k1 and k2 act as the fitting 
constants, ν is the scanning rate of specific voltage, and 
k1ν and k2ν1/2 are respectively the pseudo-capacity con-
tribution and the diffusive contribution to the current at a 
given voltage. Figure 9c demonstrates that at scan speeds of 
0.1–1.0 mV  s−1, the electrode’s capacity contribution rises 
from 20 to 51%. The electrochemical action of the  SnS2/
B4C@OUCNTs electrode is mostly controlled by diffu-
sion at low current densities, whereas capacity control is 
more prominent at high current densities. Figure 9d shows 
the CV curve at 1.0 mV  s−1 and the closed curve of the 
pseudo-capacity contribution via fitting analysis, where the 
pseudo-capacity contribution is calculated as 51%. Because 
of the unique  SnS2/B4C@OUCNTs coating structure and 
the flower-like structure of the  B4C-doped  SnS2, the capaci-
tive contribution of  Li+ storage mechanism can gradually 
increase with increasing sweep rate. Thus, the strong capac-
ity contribution, as a result of the short diffusion route and 
quick transmission speed for ions and electrons, is one of 
the reasons why  SnS2/B4C@OUCNTs electrode can sustain 
great performance at high sweeping rates.

The electrochemical impedance spectroscopy tests allow 
a better comparative investigation of the good performance 
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1
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3965Ionics (2023) 29:3955–3969 

1 3

of the  SnS2/B4C@OUCNTs anode material. Meanwhile, by 
using a simulated equivalent circuit to match the electro-
chemical impedance spectra, it is possible to further exam-
ine the kinetic characteristics of the composite electrode. 
Figure 10d shows the fitted equivalent circuit model, where 
Rs stands for the resistance of the solution, electrode, and 
material; CPE and Rct refer to the charge transfer impedance 
at the contact area between electrode and electrolyte; and Zw 
is related to the Warburg impedance that is brought on by 
the diffusion of lithium ions. Figure 10a shows the Nyquist 
plots for three contrasting electrodes in which each curve 
consists of a tiny intercept point (Rs) and a semicircle of the 
high-frequency zone (Rct and CPE) and a sloping line (Zw) 
of the low frequency zone. In comparison to pure  SnS2 and 
 SnS2@OUCNTs, the semicircle of the  SnS2/B4C@OUC-
NTs electrode is obviously smaller. Obviously, the semicir-
cle of the  SnS2/B4C@OUCNTs composite is smaller than 
that of pure  SnS2 and  SnS2@OUCNTs. According to the 
fitting analysis, the fitted Rct value of  SnS2/B4C@OUCNTs 
is 149 Ω which is less than the fitted Rct value of pure  SnS2 
(307 Ω) and  SnS2@OUCNTs (150 Ω). This result clearly 

confirms that  SnS2/B4C@OUCNTs has a smaller transfer 
resistance while charging and discharging. To put it another 
way, the composite electrode made of  SnS2/B4C@OUCNTs 
material exhibits quicker charge transfer kinetics, indicating 
that better ionic diffusive channels are crucial for increasing 
lithium-ion store.

Figure 10b shows three linearly fitted Warburg plots (Z′ 
vs. ω−1/2), which can obtain accurate Li-ion diffusion coeffi-
cients. The Warburg coefficient of the  SnS2/B4C@OUCNTs 
composite electrode material is 170.76 Ω  s−1, which is much 
smaller than the Warburg coefficient of pure  SnS2 (780.19 
Ω·s−1) and  SnS2@OUCNTs (216.94 Ω·s−1). And the diffu-
sion coefficients of lithium ions are calculated by Eq. (4) as 
follows [60]:

where R denotes the gas constant, T stands for the abso-
lute temperature, A signifies surface area of the electrode 
sheet, n represents the sum of shifting electrons, F means the 
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Fig. 9  A  SnS2/B4C@OUCNTs CV curves at various scan rates; b a linear graph for log(i) vs. log(ν); c the ratio of diffusion and capacitive con-
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Faraday constant, Co is the ionic molarity, and σω expresses 
the Warburg coefficient. Formula (4) states that the Warburg 
coefficient, which is a deciding factor, has a square root rela-
tionship with the diffusion coefficient of lithium ions.  SnS2/
B4C@OUCNTs electrode has an estimated lithium-ion diffu-
sion coefficient of 8.02 ×  10−22 cm  s−1, which is greater than 
that of pure  SnS2 (3.83 ×  10−23 cm  s−1) and  SnS2@OUCNTs 
(4.96 ×  10−22 cm  s−1). Due to the high diffusion coefficient, 
the electrode performs well in terms of rate and charge/
discharge even at large current densities. Consequently, the 
inclusion of OUCNTs and  B4C boosts not only the electron 
conductivity but also the speed at which electrons transfer in 
during insertion and release of lithium ions at high current 
densities, greatly enhancing the electrochemical properties 
of the  SnS2/B4C@OUCNTs anode.

Moreover, Fig. 10c exhibits the comparison of electro-
chemical impedance spectra about the  SnS2/B4C@OUCNTs 
composite electrode before and after 100 turns of charging/
discharging at 100 mA  g−1. The semicircle in high-frequency 
zone of the impedance curve after cycling can be shown to be 

substantially smaller than that of the impedance curve without 
cycling, showing that the resistance of  SnS2/B4C@OUCNTs 
electrode’s charge transmission will decrease after 100 cycles 
at 100 mA  g−1. Repeated studies have consistently shown that 
the integration of OUCNTs and  B4C plays a significant role in 
cycling, increasing the diffusion and transfer of lithium ions 
and electrons during cycling, and producing favorable electro-
chemical characteristics as a result.

In this work,  SnS2/B4C@OUCNTs exhibits good cycling 
performance compared to the reported Sn-based sulfide-
based electrodes for LIBs, and the comparisons are shown 
in Table 1. This result indicates that  SnS2/B4C@OUCNTs 
is a potential and feasible anode material LIBs.

Conclusions

To sum up, three-dimensional oxidized chain-dissolved 
multi-walled carbon nanotubes encapsulating  SnS2 and 
 B4C were successfully synthesized by a straightforward 
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hydrothermal reaction. As an anode for LIBs, the results 
show that the  SnS2/B4C@OUCNTs electrodes exhibit 
better cycling performance with a specific capacity reten-
tion of 1024.7 mAh  g−1 cycling 100 times and higher rate 
performance with a high capacity of 854.7 mAh  g−1 at 
1000 mA  g−1 than the pure phase  SnS2 and  SnS2@OUC-
NTs (85.1 mAh  g−1 and 647 mAh  g−1 after 100 cycles at 
100 mA  g−1, respectively). This shows that the disadvan-
tages of poor  SnS2 conductivity and capacity decay can be 
effectively improved by combining conductive yet flexible 
oxidative unzipping carbon nanotubes and highly chemi-
cally active boron carbide with nanosheet self-assembled 
 SnS2 and even has potential for usage for LIBs as the high-
performance anode material.
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