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Carbon nanotubes coupled with layered graphite
to support SnTe nanodots as high-rate and ultra-
stable lithium-ion battery anodes+

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 3782

Huanhui Chen,*° Guanxia Ke, 1 Xiaochao Wu,® Wanqing Li,> Hongwei Mi, &
Yongliang Li, 2% Lingna Sun, {2 # Qianling Zhang, {2 * Chuanxin He (2% and
Xiangzhong Ren (2 *2

SnTe exhibits a layered crystal structure, which enables fast Li-ion diffusion and easy storage, and is con-
sidered to be a promising candidate for an advanced anode material. However, its applications are hin-
dered by the large volume variation caused by intercalation/deintercalation during the electrochemical
reaction processes. Herein, topological insulator SnTe and carbon nanotubes (CNTs) supported on a
graphite (G) carbon framework (SnTe-CNT-G) were prepared as a new, active and robust anode material
for high-rate lithium-ion batteries by a scalable ball-milling method. Remarkably, the SnTe-CNT-G com-
posite used as a lithium-ion battery anode offered an excellent reversible capacity of 840 mA h g~ at
200 mA g~* after 100 cycles and high initial coulombic efficiencies of 76.0%, and achieved a long-term
cycling stability of 669 mA h g‘1 at 2 A g‘1 after 1400 cycles. The superior electrochemical performance
of SnTe-CNT-G is attributed to the stable design of its electrode structure and interesting topological

Received 14th October 2020, transition of SnTe, combined with multistep conversion and alloying processes. Furthermore, in situ X-ray
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diffraction and ex situ X-ray photoelectron spectroscopy were employed to study the reaction mecha-
nism. The results presented here provide new insights to design and reveal the reaction mechanisms of

rsc.li/nanoscale transition metal telluride materials in various energy-storage materials.
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1. Introduction

Developing high-capacity and high-density rechargeable bat-
teries is the key to meeting increasing demand for energy
systems."? Despite their commercial success in the portable
electronics market, the application of lithium-ion batteries
(LIBs) is still limited in many fields due to the low theoretical
capacity of commercial graphite anodes.>” Thus, it is impera-
tive to develop new anode materials with high energy density
and long cycle life.® A multitude of anode materials, such as
transition metal oxides, transition metal sulfides and tran-
sition metal selenides,”® have been investigated for LIBs.
Unfortunately, their intrinsic thermodynamic restrictions and
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kinetic limitations plague the practical applications of many of
these anode materials in LIBs.'®"! In addition, their intrinsic
low conductivity, agglomeration and pulverization in circula-
tion lead to poor cycling performances of many anode
materials.'>"® Recently, transition metal telluride has shown a
sufficient potential for high-performance lithium-ion battery
anodes due to its high conductivity and large theoretical
specific capacities.'*"?

Topological insulators are a new quantum state. Due to
their unique physical characteristics, they have huge and
important application value in spintronics and quantum
computing.'®'” In particular, the topological insulator SnTe
with high energy density can be used in related fields of
national defense and the military industry, even if this
material is not so inexpensive.'® In addition, elemental Te pos-
sesses high metallic characteristics (2 x 107 mS m™"), making
SnTe have extremely high conductivity.'® Moreover, SnTe has a
typical layered structure, providing excellent structural flexi-
bility for rapid Li" diffusion. Furthermore, the density of SnTe
(6.445 g cm™>) is much higher than that of other Sn-based
materials, which allows SnTe to exhibit a large volumetric
capacity when used in LIB electrodes.>® Nonetheless, similar
to other alloying-type anode materials, the practical appli-
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cation of SnTe is still restrained by its inherent large volume
variation, resulting in the pulverization of active particles,
which produces an unstable solid electrolyte interface (SEI)
layer and thus results in an undesirable electrochemical per-
formance.?! Designing a stable electrode structure with short
and efficient Li'-ion and electron pathways, a large contact
area with the electrolyte and determining the barrier to allevi-
ate the significant volume strain are key to solving these
problems.*

In an effort to tackle the foregoing drawbacks, various strat-
egies have been proposed, and much research progress has
been achieved. For example, Son et al.>* designed a SnTe-TiC-C
composite by heat-treated and high energy ball-milling
methods, and this composite was evaluated as high-perform-
ance anodes for lithium-ion batteries and showed improved
electrochemical performances. Further, Son et al. demon-
strated that increasing the TiC contents resulted in better per-
formance. This study identified that modifying the large
volume expansion material with an inert material is a feasible
pathway to enhance the electrochemical performance and
achieve a long cycle stability. However, the synthetic approach
usually involves complex multi-step processes, and the litera-
ture lacks a mechanism. Another effective strategy to improve
the performance is via the effect of mixed cations combining
to give inert component protection. For instance, Wu et al.>*
designed SnSb,Te, nanodots with highly doped graphene as
the anode for LIBs, and owing to the rapid ion transport accel-
erated by the p—n heterojunction, they exhibited an impressive
long cycle stability. However, the random distribution of par-
ticles causes poor ion and electron transport, thus restricting
the high-rate property of these anodes. Up to now, there are
few reports on transition metal telluride electrodes that pay
special attention to its electrochemical performance and reac-
tion mechanism. In particular, the topological insulation per-
formance is still not well resolved, which limits the application
of such materials in LIBs.>*>?°

In this work, we demonstrate a robust and stable SnTe-
carbon nanotube-graphite (SnTe-CNT-G) electrode material via
a simple and scalable ball-milling process. Owing to its struc-
tural advantages, the smart SnTe-CNT-G material exhibited the
following synergistic effects. On one hand, the multistep con-
version reactions and alloying process used to prepare the
SnTe composites resulted in sufficient reversible capacity. On
the other hand, graphite can provide a barrier to buffer
volume expansion, thus achieving a long cycle life. More
importantly, the insertion of CNTs into the carbon framework
not only increases the structural elasticity, but also facilitates
the penetration of electrolyte and enhances the transport of
ions and electrons thus increasing the Coulomb efficiency.>”"*®
Stimulated by these merits, when employed as anodes for
lithium-ion batteries, the SnTe-CNT-G exhibited a high dis-
charge capacity of 840 mA h g~" at 200 mA g~ after 100 cycles
and delivered a superior lithium storage capacity of 669 mA h
g after 1400 cycles at 2 A g~ '. The galvanostatic intermittent
titration (GITT) technique confirms that SnTe-CNT-G pos-
sesses the best reaction kinetics. In addition, the electro-
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chemical reaction mechanism of SnTe is revealed by in situ
X-ray diffraction (XRD) and ex situ X-ray photoelectron spec-
troscopy (XPS) analysis. Furthermore, ex situ scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) confirmed that this material has good structural stabi-
lity. It is envisioned that the materials prepared herein could
open up a possible new route for commercial lithium-ion
battery anode materials.

2. Experimental section
2.1. Preparation of SnTe-CNT-G materials

The SnTe-CNT-G powder was prepared by ball milling. In
detail, 1.0 g SnTe powder (Macklin, 99.999%), 0.8 g graphite
(Aldrich, 99.95%) and 0.2 g multi-walled carbon nanotubes
(Macklin, >95%) were added into a hardened-steel container.
Then, stainless steel balls with diameters of 10 mm were used,
and the powder-to-ball mass ratio was 1:30. Subsequently,
these powder mixtures were assembled in a glove box under an
Ar atmosphere, and the ball-milling process was conducted at
500 rpm for 15 h. For comparison, SnTe-G was prepared under
the same conditions with the weight ratio SnTe:graphite =
1:1, and SnTe was ball-milled under the same conditions
without any additives. In addition, SnTe-CNT-G was prepared
under the same conditions with different contents (adding 0.6
and 1.0, respectively).

2.2. Physical characterization

The crystalline structure was characterized by X-ray powder
diffraction (XRD, PANalytical Empyrean, Netherlands) with
CuKa radiation (4 = 0.154 nm ) using an operating voltage of
45 kV and a current of 40 mA. The nanostructure was observed
by field emission scanning electron microscopy (FESEM,
JSM-7800F and TEAM Octane Plus, 10 kV, Japan).
Transmission electron microscopy (TEM, JEM-2100 and
X-Max80, Japan) was used to determine the high-resolution
morphology, and energy dispersive X-ray spectroscopy (EDX)
was performed. The elemental composition and chemical
valence state were determined by X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha+, UK). Nitrogen
adsorption/desorption curves were analysed by the Brunauer-
Emmett-Teller (BET) method (NOVA1200e, Japan). The struc-
tural evolution during the electrochemical process was investi-
gated by XRD. The structural stability was verified by ex situ
SEM and TEM.

2.3. Electrochemical measurements

The working electrode was prepared with a slurry composed of
70% active material, 15% super P and 15% carboxymethyl cell-
ulose (CMC) in deionized water. The resultant slurry was
coated on a copper foil and vacuum-dried at 80 °C for 24 h.
The mass loading of the active material was 1.5 mg cm™ >
CR2032 coin-type cells were assembled in an argon-filled glove
box, where the as-prepared samples were used as the anode,

1 mol L ™" LiPF, EC/DMC/EMC (1:1: 1 vol ratio) was applied as
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the electrolyte, lithium film served as the counter and refer-
ence electrodes, and a Celgard 2400 polymer membrane was
used as the separator. Cyclic voltammetry (CV) was conducted
between 0.01 to 3.0 V with an electrochemical workstation
(CHI760E, China). Electrochemical impedance spectroscopy
(EIS) was conducted by an electrochemical workstation in the
frequency range 0.01 Hz to 100 kHz. The galvanostatic dis-
charge-charge curve was recorded on a LAND CT2001A instru-
ment (China) testing system. The in situ battery was assembled
with a beryllium sheet as the current collector and used
during the in situ X-ray powder diffraction experiment.

3. Results and discussion

The hierarchical structure of SnTe-CNT-G was prepared by
milling the pure SnTe powder, carbon nanotubes and graphite.
As schematically shown in Fig. 1, SnTe and few-layer graphite
are physically exfoliated by the strong interaction among the
layered bulk SnTe, graphite powders and steel balls during the
ball-milling process, where CNTs are embedded between layers
by interleaving.”>*° Permeability of the electrolyte is a prere-
quisite condition for surface storage charge and ion diffusion
in multiscale pores. High specific surface area and reasonable
pore-size distribution are beneficial to increase the energy
density and power density of carbon-based lithium-ion
batteries.*’** On the one hand, the CNT and SnTe particles
are confined to the cross-linked layered carbon layer. The
entire carbon surface may be exposed to the electrolyte and
may participate in charge storage.”® On the other hand, the
engineering design of CNTs in carbon materials can optimize
the porosity to promote ion transport.

Typical SEM images of SnTe-CNT-G are shown in Fig. 2a
and b. It can be clearly observed that the carbon nanotubes
are embedded into few-layer graphite, which can generate
channels between the graphite layers and SnTe and improve
the vertical conduction of electrons. In addition, the layered
cross-linked structure can contribute to the electrochemical
performance of topological materials. Notably, the SEM
images of pure SnTe are shown in Fig. S1a and b,T and it can
be seen that a massive structure is formed by agglomeration of

SnTe

Carbon nsnotubes

©

Steel ball

-~
Graphite SnTe-CNT-G

Fig. 1 Schematic illustration of the SnTe-CNT-G composite synthesis
process.
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Fig. 2 (a and b) SEM images of the SnTe-CNT-G samples. (c—e) TEM
and HRTEM images of the SnTe-CNT-G composites. (f) TEM mapping of
the SnTe-CNT-G.

the layers. In addition, the SEM images of the SnTe-G compo-
sites obtained at different magnifications are shown in
Fig. Sic and d,f which reveal that this composite is a bulk
structure formed by small layers. For comparison, the mor-
phology of SnTe-CNT-G materials with different graphite
content are also different. Excessive graphite will cause uneven
dispersion of CNTs, and a small amount of graphite will cause
CNTs to agglomerate (Fig. S27). These massive structures are
not conducive to effectively storing lithium, and the easy gene-
ration of by-products hinders further lithium storage. The
detailed microstructure of the SnTe-CNT-G hybrids was further
examined by TEM, and the images are shown in Fig. 2c-e. The
tiny SnTe nanosheets were distributed on the surface of the
few-layer graphite sheets, and the carbon nanotubes are evenly
cross-linked with the interlayer sheets. This cross-linking
feature can not only improve the conductivity, but also allevi-
ate the volume effect of SnTe in the electrochemical process.
The high-resolution TEM (HRTEM) image of SnTe-CNT-G
shows a crystal lattice with a spacing of 0.316 nm, which
corresponds to the (200) plane of SnTe.”* Furthermore, the
other interlayer spacings of approximately 0.335 and 0.337 nm
correspond to the (002) plane of the CNTs and few-layer graph-
ite, respectively.**** In addition, the energy dispersive spec-
troscopy (EDS) mapping results of SnTe-CNT-G (Fig. 2f) clearly
reveal that Sn, Te and C were uniformly dispersed on the
composites.

The XRD patterns of SnTe, SnTe-G and the SnTe-CNT-G
hybrids are presented in Fig. 3a. Both materials illustrate

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) XRD patterns of SnTe-CNT-G, SnTe-G and SnTe. (b) Raman
spectra of SnTe-CNT-G, SnTe-G and SnTe. Core-level XPS spectra of Sn
3d (c), Te 3d (d) and C 1s (e). (f) N, adsorption and desorption isotherm
curves of all samples, where the inset shows the pore-size distribution.

similar diffraction peaks that can be well assigned to the SnTe
phase (JCPDS no. 46-1210),'® indicating that the ball-milling
process does not change the crystal structure of SnTe. In
addition, an extra peak at 26.4° in the XRD patterns of the
SnTe-G and SnTe-CNT-G composites can be ascribed to the
(002) plane of graphite (JCPDS no. 41-1487).>® The Raman
spectra of all samples are shown in Fig. 3b; the increase in the
D/G intensity ratio of SnTe-CNT-G suggests the increasing
number of vacancy-type defects in the structure, and these
characteristics could improve the conductivity and boost the
reaction kinetics.*”

XPS was applied to analyse the elemental composition and
the chemical valence states of the SnTe-CNT-G composite.
Fig. S31 shows that the Te, Sn and C elements coexist in the
samples, which is consistent with the EDS mapping results.
The peaks located at 486.2 and 494.6 eV in Fig. 3c are charac-
teristic of Sn 3ds;, and Sn 3d;,,.*® The Te 3d spectrum (Fig. 3d)
can be deconvoluted into Te-Sn (575.7/586.1 eV), and the pairs
of small peaks are assigned to Te-C bonds (572.8/583.2
eV).">?? In addition, the peak of the high-resolution C 1s spec-
trum of the SnTe-CNT-G composite in Fig. 3e can be split into
four distinct peaks centred at 284.3 284.5, 284.8 and 286.0 eV,
which correspond to C-Te, C=C, C-C and C-O bonds,
respectively.’>?° These results confirm the existence of C-Te
bonding between SnTe and carbonaceous materials. To study
the electronic interaction between each component, XPS was
also performed on SnTe and SnTe-G. Fig. S4 and S57 show the
survey scan spectrum and core-level spectrum obtained for the
SnTe and SnTe-G composites, respectively. The high-resolution
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Sn 3d spectra of pure SnTe show a peak located at 495.3/486.8
eV, and the Te 3d spectrum can be deconvoluted into two
peaks at 586.0/576.8 eV. Besides, the Sn 3d spectrum of SnTe-
G shows a peak located at 494.3/485.9 eV, and the Te 3d spec-
trum can be deconvoluted into two pairs of peaks at 585.8/
575.4 eV and 583.2/572.8 eV. Interestingly, the binding ener-
gies (BEs) of the Sn 3d peak of the SnTe-CNT-G spectrum are
blue-shifted relative to the Sn 3d peak of the SnTe spectrum.
In addition, the Te-Sn peak shifts slightly towards a higher
BE. The observed electron transfer may be ascribed to the
energy band offset of the heterojunction electric field between
SnTe and the carbon material, which could play a critical role
in facilitating the surface reaction kinetics and enhancing the
electrochemical performance.'® Nitrogen adsorption and de-
sorption isothermal methods were used to study the specific
surface areas and pore-size distribution of SnTe, SnTe-G and
SnTe-CNT-G (Fig. 3f). The SnTe-CNT-G, SnTe-G and SnTe
materials exhibit a BET surface area of 61.33, 14.86 and
0.53 m”> g™, respectively. The pore-size distributions of all the
samples show that the SnTe-CNT-G composite possesses more
mesoporous channels than SnTe or SnTe-G, which are mainly
in the size range between 1 and 50 nm (Fig. 3f, inset). The
large specific surface area and pore-size distribution of SnTe-
CNT-G can be attributed to the introduction of carbon nano-
tubes in the structure, which not only increases the channel
size on the composites, but also enhances the stripping
efficiency during the ball-milling process. Moreover, such
structural features can facilitate the electrochemical perform-
ance in batteries.

The lithium storage performances were investigated in a
voltage range from 0.01 to 3.0 V. Fig. 4a shows the cycling
stability performance of the as-prepared samples at 200 mA
g~'. The initial charge/discharge capacities are 1169/1539 mA
h g" for SnTe-CNT-G, 1151.5/1545 mA h g~* for SnTe-G and
1084/1450 mA h g~ for SnTe, with an initial Coulomb
efficiency of 76.0%, 74.5% and 74.7%, respectively. In
addition, as shown in Fig. S6,7 the SnTe-CNT-G material with
0.8 g graphite content has higher specific capacity and better
cycle stability. The SnTe-CNT-G composite demonstrated a sat-
isfactory cycling stability and a capacity of 840 mA h g~* after
100 cycles. In stark contrast, the pure SnTe-G electrode pre-
sented an initial capacity similar to that of SnTe-CNT-G and a
lower capacity retention than SnTe-CNT-G, which was 235 mA
h g™ after 100 cycles. SnTe had a specific capacity of approxi-
mately 446 mA h g™" after 100 cycles, far below the capacity of
SnTe-CNT-G. The excellent cycling stability and unmatched
coulombic efficiency of SnTe-CNT-G materials can be ascribed
to carbon nanotubes and graphite having high conductivity,
good structural stability, adjustable surface functionality and
excellent mechanical properties, which can provide SnTe-
CNT-G with better lithium battery performance. The rate per-
formances of all the samples, with stepwise increases from
100 to 200, 500, 1000 and eventually 2000 mA g™, are shown
in Fig. 4b. The SnTe-CNT-G electrodes delivered excellent rate
stabilities of 907, 812, 720, 607 and 490 mA h g_1 after 10
cycles. Notably, a discharge capacity of 801 mA h g~ was

Nanoscale, 2021,13, 3782-3789 | 3785
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Fig. 4 (a) Cycling performance and coulombic efficiency of the three
samples at 200 mA g~*. (b) Rate performance of all samples. (c) CV
curves of the SnTe-CNT-G anodes at 0.2 mV s~ (d) Nyquist plots of all
electrodes before cycling. (e) Cycling performance at 2000 mA g~*.

obtained when the current density was returned to 100 mA
g~'. When evaluated under similar conditions, the capacity of
the SnTe electrode cannot be restored when the current
density returned to the initial value due to the decay of the
electrodes. In addition, the SnTe-G electrode showed a stable
performance and low capacity.

CV was used to detect the electrochemical reaction process.
Fig. 4c shows the CV curves of the SnTe-CNT-G electrode for
the first three cycles at a scan rate of 0.2 mV s~ '. During the
initial lithiation process, there are three peaks at 1.06 V, 0.51 V
and 0.23 V, which correspond to the phase transformation of
SnTe to Li,Te and Sn (1), the alloying reaction of Sn with Li'-
ions to form Li,Sn and the formation of an SEI film (2) and
the multistep alloying process, forming Li,4Sn (3).>**° In the
following anodic sweep process, two oxidation peaks appear-
ing at 0.30 and 0.69 V can be associated with the delithiation
of Li,Sn (4) and (5).*" In addition, other peaks at 1.65 V and
1.89 V correspond to the phase transformation of Li,Te and Sn
to SnTe and the reversible conversion of Li,Te into Te, respect-
ively (6) and (7).** In the second cycle, the reductive peak at 1.9
V is related to the lithiation process of Te to form Li,Te (8).**
According to the CV analyses, the cycling mechanism of SnTe-
CNT-G is proposed and is briefly summarized as follows:

SnTe + 2Li* + 2e~ — Li,Te + Sn (1)
Sn+xLi” +xe” — Li,Sn (0 < x < 4.4) (2)
Li,Sn — Lis4Sn (3)

3786 | Nanoscale, 2021,13, 3782-3789
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Lis4Sn — Li,Sn (4)

LiySn — Sn + xLi" + xe~ (5)
Li,Te + Sn — SnTe + 2Li" + 2e~ (6)
Li,Te — Te + 2LiT + 2e~ (7)

Te + 2Li" + 2e~ — Li,Te (8)

This result will be further discussed later with in situ XRD.
In addition, the CV curves of the SnTe and SnTe-G electrodes
are presented in Fig. S7a and S7b.f The characteristic peaks
are similar, confirming that the two electrodes undergo the
same redox processes. As shown in Fig. S8, the discharge plat-
form of the samples is consistent with the CV diagram. The
current density increases with the decrease of specific capaci-
tance of the materials. However, SnTe-CNT-G shows a higher
specific capacity, which is consistent with the rate perform-
ance graph.

To further demonstrate the excellent properties of the SnTe-
CNT-G material, the reaction kinetics were analysed by EIS
(Fig. 4d and Fig. S97). Obviously, the small diameter of the
semicircle suggests that SnTe-CNT-G possesses a reduced Li-
ion diffusion resistance.** Long-term cycling at 2 A g™" also
indicates the stable and robust performance of SnTe-CNT-G
(Fig. 4e). Specifically, SnTe-CNT-G exhibits a discharge capacity
of 669 mA h g™ after 1400 cycles, and the initial capacity
decay can be attributed to degeneration of the active material
structure and the reversible growth of an SEI film on the
surface.” It is worth noting that the slight increase in capacity
during cycling is mainly due to the activation process of SnTe
nanoparticles. This process is caused by repeated lithiation/
delithiation processes and capacitive lithium storage
behaviour.**°The robust electrochemical performance of
SnTe-CNT-G indicate that CNTs plays a significant role in
SnTe-CNT-G composites. The electrochemical performance of
the SnTe-CNT-G electrode is superior to that of previously
reported Te-based or Sn-based electrodes (Table S17).

To study the Li-ion storage mechanism, CV was performed
at different scan speeds of 0.2, 0.4, 0.6, 0.8 and 1.0 mV s~
(Fig. 5a). The relationship can be determined from the follow-
ing equations:*”*®

i=av

l(V) = klv + kzvl/z

where kv signifies the capacitive effect and k,"? represents

the diffusion behaviour.”” The peak current (i) and scan rate
(v) are shown in Fig. 5b, in which the b values of SnTe-CNT-G
can be calculated to be 0.936, 0.943 and 0.937 for the redox
peaks, suggesting that the pseudocapacitive behaviour predo-
minantly contributed to the electrochemical kinetics. In
addition, the slope can be calculated to be 0.446, 0.458 and
0.447 from the relationships between iv"’* and v"/* (Fig. 5c).
The capacitive contribution of the SnTe-CNT-G electrode
gradually increased from 57.7% to 89.5% (Fig. 5d). For

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) CV curves obtained at different scan rates. (b) The corres-

ponding log(i) versus log(v) plots and (c) the corresponding i/v*/? versus

V2 plots of the SnTe-CNT-G electrodes. (d) The normalized ratio of the
capacitive- and diffusion-controlled contributions at different scan
rates. GITT curves of the SnTe-CNT-G electrode (e) and their Li*
diffusion coefficient for the initial discharge states (f).

example, the pseudocapacitance contribution ratio of the
SnTe-CNT-G electrodes at a scan rate of 1 mV s™' was calcu-
lated as 89.5% (Fig. S101). This result confirmed that the
capacity contribution of SnTe-CNT-G increased with an
increase in the current density. The high pseudocapacitance
was mainly attributed to the hierarchical porous structure of
the SnTe-CNT-G composite, which is able to facilitate the pene-
tration of the electrolyte and enhance the transfer of ions/
electrons.’>*!

More importantly, the lithium reaction kinetics of SnTe-
CNT-G, SnTe-G and SnTe were further investigated by a GITT
technique. The Li" diffusion coefficients of all the electrodes
were calculated from the following equation:>*

4P (AES)Z
D=

nr \ AE;
where [ represents the diffusion length of Li', 7 is the relax-
ation time, and AE is the potential change through the
current pulse in the steady state. AE, is the difference of b
voltage during the constant current phase.’® As shown in
Fig. 5e and f, during the discharge process, the discharge
potential is at 1.5 V, which indicates that a new reaction starts
and the ion diffusion rate becomes larger. Ions need to pass
through the phase interface to overcome the interface resis-
tance, leading to the ion diffusion coefficient reducing.’*"

The Dy;. values of SnTe-CNT-G in the discharge state range
from 1.91 x 1077 to 1.76 x 10™° em™> s™'. In addition, pure
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SnTe exhibits Dy from 5.76 x 107 to 7.15 x 107> em™> 7"
(Fig. S117), and SnTe-G exhibits Dy from 6.57 x 107 to 2.63 x
107" em™ s7! (Fig. S1271). The enhanced Li* diffusion coeffi-
cient of the SnTe-CNT-G electrode indicates the conductive
CNT-G hybrid matrix increases the electrical conductivity of
the entire composite material, and promotes electron trans-
port and Li'-ion diffusion.

The reaction mechanism of the SnTe-CNT-G anode was
further investigated by performing in situ XRD at 100 mA g~
between 0.01 and 3 V. The first cycle of the SnTe-CNT-G elec-
trode at the selected charged/discharged states is shown in
Fig. 6a. The corresponding phase transformations are shown
in Fig. 6b; the signal at nearly 39°, which appeared first, is
ascribed to the conversion of SnTe and the formation of Li,Te.
As the discharge process progresses, there are two diffraction
peaks at 34.2° and 36.0° that belong to the emerged Sn.
Specifically, as lithiation proceeds, the presence of Li,,Sn
suggests the multistep alloying of Sn. Additionally, the dis-
appearance of the Lis 4Sn phases and the new emergence of
the Sn phase also confirms the further dealloying reaction of
Lis 4Sn. Besides, the 3D contour plots of the in situ XRD pat-
terns obtained for the SnTe-CNT-G anode clearly confirmed
these reaction processes (Fig. S137). The reversible reaction of
the SnTe-CNT-G anode is in excellent agreement with the pre-
vious CV analysis. In addition, the element valence state of the
electrode material after cycling was investigated by ex situ XPS

—
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1 2
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Fig. 6 (a) The first cycle performed at 0.2 A g~ between 0.01 and 3 V.
(b) The contour plots of the in situ XRD patterns obtained for the SnTe-
CNT-G anodes during the initial cycle. XPS core-level spectra of (c) Sn
3d and (d) Te 3d for the SnTe-CNT-G and SnTe electrodes at a current
density of 200 mA g~* after 100 cycles. (e) SEM images of the SnTe-
CNT-G electrode at 200 mA g~* after 100 cycles. (f) Schematic diagram
of the storage mechanism of the SnTe-CNT-G anode.
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after the fully charged and fully discharged states were
obtained. As shown in Fig. 6¢, the Sn 3d spectrum of the SnTe-
CNT-G anode was divided into two fitted peaks, which is fairly
consistent with the spectrum of the fresh composites. This
result confirmed the high reversibility of the SnTe-CNT-G elec-
trode. However, the Sn 3d spectrum of the SnTe electrode sub-
stantially changed and presented two new peaks at 487.0 and
496.2 eV, confirming the formation of Sn** species.’>*” This
phenomenon may be attributed to partial oxidation during the
electrochemical process. Additionally, the Te 3d spectra of
SnTe-CNT-G and SnTe are also shown in Fig. 6d, and a newly
formed pair of small peaks at 572.4/582.9 eV were attributed to
the formation of Te.?® These results are in excellent agreement
with the results obtained from the CV and in situ XRD
analysis.

To investigate the structural stability of all the samples,
FESEM was used to detect the structure of the SnTe, SnTe-G
and SnTe-CNT-G electrodes at 200 mA g~ in the fully charged
and fully discharged states after 100 cycles. Fig. 6e shows the
SEM images of the SnTe-CNT-G electrode; note that the elec-
trode still maintains a hierarchical structure. Compared with
the fresh electrode (Fig. S147), the SnTe-CNT-G electrode lacks
structural damage and has fewer by-products. However, the
structure of the SnTe electrode changed dramatically, due to
reunion and crushing (Fig. S15t), which ultimately resulted in
a low electron transport efficiency, poor rate capacity and large
capacity attenuation. Similarly, the SEM images of the SnTe-G
electrode are compared in Fig. S16;7 the relatively complete
structure of the SnTe-G electrode after discharge indicated that
the carbon layer can provide a sufficient barrier to relieve
volume expansion. Unfortunately, there are still many dis-
charge products, which may be caused by the lack of ion trans-
mission channels.

Based on the above discussion, the notable lithium-ion
battery performance of the SnTe-CNT-G anode could be attrib-
uted to contributions from its unique hierarchical structure.
As illustrated in Fig. 6f, SnTe-CNT-G composite material has
the following advantages. (1) SnTe is an intermetallic com-
pound of Sn and Te, which increases the conductivity of active
nanoparticles and has a large volume as an electrode of
LIBs.”® (2) Carbon nanotubes and graphite have high conduc-
tivity, good structural stability, adjustable surface functionality
and excellent mechanical properties, which can provide better
lithium battery performance.®® (3) The three-dimensional
cross-linked structure the CNT-G hybrid matrix promotes elec-
tron transport and Li™-ion diffusion, thereby enhancing the
electrochemical performance of the SnTe-CNT-G electrode.®’

4. Conclusions

In summary, a robust and novel hierarchical nanostructure of
a SnTe-CNT-G electrode has been successfully fabricated via a
facile ball-milling means. Interestingly, carbon nanotubes
coupled with graphite to support the SnTe architecture are
able to buffer volume expansion, facilitate the penetration of
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electrolyte, enhance the transfer of ions/electrons and protect
the layered SnTe from being cracked and pulverized. In
addition, SnTe with a layered structure and its topological
transformation provides the electrode with more active sites
and increases the reversible capacity. Due to these advantages,
the SnTe-CNT-G electrode shows an unparalleled initial
Coulomb efficiency (75.8%, 200 mA g~ '), remarkable rate prop-
erty and long cycling stability (669 mA h g™* after 1400 cycles).
In addition, we systematically confirmed the electrochemical
reaction mechanism and electrode structure stability. This
work not only opens up opportunities to design electrodes for
different alloy-type materials, but also provides a promising
strategy to investigate the reaction mechanisms of various
energy-storage materials.
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