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Intermetallic SnSb nanodots embedded in carbon
nanotubes reinforced nanofabric electrodes with
high reversibility and rate capability for flexible
Li-ion batteries†

Renpeng Chen,a Xiaolan Xue,a Yi Hu,a Weihua Kong,a Huinan Lin,a Tao Chena and
Zhong Jin *a,b

Tin (Sn) based anode materials have been regarded as promising alternatives for graphite in lithium ion

batteries (LIBs) due to their high theoretical specific capacity and conductivity. However, their practical

application is severely restrained by the drastic volume variation during cycling processes. Here we report

the preparation of intermetallic SnSb nanodots embedded in carbon nanotube reinforced N-doped

carbon nanofibers (SnSb-CNTs@NCNFs) as a free-standing and flexible anode for LIBs. In this unique

structure, the SnSb nanodots are well protected by the NCNFs and exhibit greatly reduced volume

change. The mechanical strength and conductivity of the nanofabric electrode are further improved by

the embedded CNTs. Benefiting from these advantages, the SnSb-CNTs@NCNFs anode delivers a high

reversible capacity of 815 mA h g−1 at 100 mA g−1, a high rate capability (370 mA h g−1 at 5000 mA g−1)

and a long cycle life (451 mA h g−1 after 1000 cycles at 2000 mA g−1). When assembled into flexible

pouch cells, the full cells based on SnSb-CNTs@NCNFs anodes also exhibit high flexibility and good

lithium storage performances.

Introduction

Lithium-ion batteries (LIBs) have been considered as the most
representative energy storage system for electric vehicles (EVs),
portable electronic devices and smart grids, owing to their
high energy density and operating voltage.1–6 Although great
progress has been achieved in the commercial graphite anode,
low theoretical capacity (372 mA h g−1) and poor rate perform-
ance make it difficult to meet the surging demands of the
market.7,8 Moreover, LIBs also suffer from the safety issues
caused by the formation of lithium dendrites due to the low
Li+ insertion/extraction potentials of graphite.9,10 In addition,
the insulating polymer binder used in traditional LIBs also
lowers the conductivity and energy density.11–13 Therefore, it is
essential to develop alternative anode materials with higher
reversible capacity, better rate capability and longer cycling
stability.

In recent years, group IV and V materials (Si,14,15 Ge,16

Sn,17,18 P,19,20 Sb21,22 and Bi23) have attracted increasing atten-
tion as appealing alternatives for the graphite anode owing
to their high theoretical capacity. Among them, Sn and Sb
have some outstanding properties, such as good specific
capacity (∼1000 and 660 mA h g−1, respectively), high volu-
metric energy density (∼7300 and 1750 mA h cm−3, respect-
ively), good electrical conductivity, and safer operation poten-
tial (∼0.4–0.9 V vs. Li/Li+).24,25 However, like Si-based anodes,
Sn and Sb-based materials also suffer from dramatic
capacity fading originating from the large volume variation
and pulverization during repeated Li insertion/extraction
processes.26,27 Notably, it has been reported that the inter-
metallics composed of two or more metals may exhibit less
volume variation due to the different redox potentials of the
metals during lithiation/delithiation processes, which can
greatly enhance the electrochemical performances (as shown
in Table S1†).28–38 Unfortunately, the specific capacities, cycle
life and rate capability of SnSb-based anodes are not fully satis-
factory. The main reason could be attributed to the large par-
ticle size of SnSb intermetallics, which is not conducive to the
effective utilization of active materials, leading to the low
specific capacity. On the other hand, the solid–electrolyte
interface (SEI) film on the electrode surface may crack and
reform repeatedly owing to the pulverization of active
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materials, resulting in poor cycle life. Undoubtedly, it is very
important to rationally design the compositions and micro-
structures of electrode materials for improving the Li-storage
performances.

Ideally, high-performance anode materials based on inter-
metallics should have the following features: (1) the size of
intermetallic nanocrystals should be in the sub-10 nm scale to
provide high interfacial areas, ensuring the full use of active
materials and mitigating the absolute volume expansion
during cycling. (2) The intermetallic nanocrystals should be
confined in other stable and conductive matrices to prevent
the pulverization/agglomeration during the repeated cycling
processes. (3) The use of insulating polymer binders should be
avoided for assembling the cells to enhance the energy density
and reaction kinetics.39,40

Following this line of thought, here we report a feasible
strategy to fabricate well-dispersed intermetallic SnSb nano-
dots confined in the carbon nanotube reinforced nitrogen-
doped carbon nanofibers (SnSb-CNTs@NCNFs) as a binder-
free and current-collector-free anode with outstanding electro-
chemical performances and flexibility for LIBs. The highly con-
ductive and stable matrix of intertwined CNTs@NCNFs can
effectively prevent the agglomeration of SnSb nanodots,
protect them from being corroded by the electrolyte, and
accommodate the volume change during the repeated cycles.
In addition, the CNTs embedded in the nanofabric electrode
are capable of improving the flexibility and local conductivity,
leading to enhanced rate performance. These characteristics
endow the flexible and free-standing SnSb-CNTs@NCNFs elec-
trodes with excellent lithium storage performances.

Experimental section
Materials synthesis

The SnSb-CNTs@NCNFs electrode was obtained by an electro-
spinning process followed by a high temperature annealing
treatment. Typically, 0.2 g of polyacrylonitrile (PAN) was dis-
solved in 2.0 mL of N,N-dimethylformamide (DMF) by vigorous
stirring at 80 °C for 1 h. Then, 0.6 mmol of tin(II) chloride
dihydrate (SnCl2·2H2O) and 0.6 mmol of antimony trichloride
(SbCl3) were added into the solution and stirred for 2 h.
Subsequently, 10 mg of multi-walled CNTs (Xianfeng Nano
Corp.) with the diameter range of 20–40 nm was added into
the above clear solution. The solution was agitated intermit-
tently and ultrasonicated for 8 h to obtain a homogeneous pre-
cursor solution. The precursor solution was added into a 5 mL
plastic syringe equipped with a blunt tip needle (21-gauge),
which was connected with a high voltage power supply. A piece
of aluminum foil was used for collecting the nanofibers
obtained by electrospinning. A syringe pump was used to
control the solution feeding rate at 0.15 mL h−1, and the dis-
tance between the blunt tip needle and the aluminum foil was
set to be 15 cm. A high voltage of 20 kV was applied between
the blunt tip needle and the aluminum foil to initiate electro-
spinning. After electrospinning for 10 h, the precursor mat

was stripped off from the aluminum foil. To obtain the free-
standing SnSb-CNTs@NCNFs, the as-prepared mat was stabil-
ized at 250 °C for 5 h and then carbonized at 700 °C for 1 h
under a high-purity N2 atmosphere. The temperature ramp
rates of the two heating steps were set to be 2 °C min−1 and
5 °C min−1, respectively. As control samples, Sn-CNTs@NCNFs
or Sb-CNTs@NCNFs were synthesized through the same pro-
cesses except adding 1.2 mmol of SnCl2·2H2O or SbCl3 into
the PAN/DMF solution. The SnSb@NCNFs control sample was
also prepared without the addition of CNTs.

Characterization studies

The morphology of the samples was characterized using a
scanning electron microscope (SEM, Hitachi S-4800). The
microstructure was studied on a JEM-2100 transmission elec-
tron microscope (TEM). The powder X-ray diffraction spectra
(XRD) were recorded on an X-ray diffractometer (Bruker D-8
Advance, Cu Kα radiation source). The content of SnSb was
measured through a thermo-gravimetric analysis (TGA,
Netzsch STA 449 C) method from ambient temperature to
800 °C under air atmosphere with a heating rate of 5 °C min−1.
The X-ray photoelectron spectra (XPS) were obtained on a
VersaProbe X-ray photoelectron spectrometer (PHI-5000, Al Kα
radiation source). The Raman spectra were collected with a
Horiba JY Raman spectrometer using a 473 nm laser source.
Brunauer–Emmett–Teller (BET) analysis was used to collect
the N2 adsorption–desorption isotherms at 77 K on a
Quantachrome Instruments. The specific surface areas were
calculated using the BET method and the pore size distri-
bution was obtained using the Barrett–Joyner–Halenda (BJH)
method.

Electrochemical measurements

For half-cell tests, CR2032 coin cells were assembled in an Ar-
filled glovebox with the oxygen and water contents below
0.1 ppm. The calcined nanofabrics were cut into self-standing
electrodes with a diameter of 14 mm, which were directly
assembled into the cells without mechanical milling or slurry
coating steps. Neither additives (Ketjen black and polymer
binder) nor a metal current collector was used for the nanofab-
ric electrode. The areal density of the prepared electrodes was
about 2.5 mg cm−2. Lithium foil and Celgard 2400 membrane
served as the counter electrode and the separator, respectively.
The electrolyte is 1.0 M LiPF6 solution in the co-solvent of
dimethyl carbonate (DMC) and ethylene carbonate (EC) (1 : 1
by volume). Cyclic voltammetry (CV) and electrochemical
impendence spectroscopy (EIS) were performed on a Chenhua
CHI-760 electrochemical workstation. Galvanostatic charge/
discharge tests were carried out between 0.01 and 3.0 V vs.
Li/Li+ at various current densities on a LAND battery-test
instrument (CT2001A). All the applied current densities
used in this study were based on the total mass of the
SnSb-CNTs@NCNFs composites.

For the assembly of soft-packed full batteries,
SnSb-CNTs@NCNFs, LiFePO4 coated on aluminum foil and
glass fiber (Whatman) served as the anode, cathode and
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separator, respectively. For the preparation of the LiFePO4

cathode, commercialized LiFePO4 (MTI. Corp.), Ketjen black,
and poly(vinylidene fluoride) (PDVF) were mixed in a weight
ratio of 8 : 1 : 1 and dispersed in N-methyl-2pyrrolidinone
(NMP) to form a homogeneous slurry. The slurry was then
coated on aluminum foil and dried at 90 °C for 12 h under
vacuum. Before being assembled, the SnSb-CNTs@NCNFs
electrode was prelithiated by attaching together with lithium
foil and immersing in the electrolyte for 5 h in the glovebox.

Results and discussion

The overall synthetic route to SnSb-CNTs@NCNFs is illustrated
in Scheme 1a and also described in detail in the Experimental
section. First of all, multi-walled CNTs were homogeneously
dispersed into a polyacrylonitrile/N,N-dimethylformamide
(PAN/DMF) solution containing SnCl2·2H2O and SbCl3 (in a
molar ratio of 1 : 1). The mixed precursor solution was electro-
spun into a flexible nonwoven nanofabric. Finally, the nano-
fabric was stabilized at 250 °C and completely carbonized at
700 °C to obtain SnSb-CNTs@NCNFs. During this thermal
treatment process, the SnCl2·2H2O and SbCl3 salts were con-
verted to intermetallic SnSb nanodots homogeneously
embedded in the CNTs reinforced NCNFs. Different from the
conventional electrostatic spinning products, the addition of
carbon nanotubes can further improve the conductivity and
flexibility of the nanofabric electrodes at the same time, as
shown in Scheme 1b. We also prepared Sn-CNTs@NCNFs,
Sb-CNTs@NCNFs, and SnSb@NCNFs electrodes as control
samples for comparing the electrochemical performances, as
depicted in detail in the Experimental section.

The microstructure of the as-obtained SnSb-CNTs@NCNFs
electrodes was investigated by scanning electron microscopy
(SEM) and transition electron microscopy (TEM). As presented
in Fig. 1a and b, the unannealed precursor fabrics display a
homogeneous fibrillar structure with a smooth and clear
surface, indicating that the carbon nanotubes, SnCl2·2H2O

and SbCl3 are encapsulated in the nanofibers. After stabiliz-
ation and carbonization, the final product well preserved the
uniform nanofibrous structure, exhibiting a diameter range of
300–400 nm (Fig. 1c and d). Fig. 1e and f display the TEM
images of the as-prepared SnSb-CNTs@NCNFs composite
under different magnifications, which clearly show the SnSb
nanodots uniformly embedded in the NCNFs. Some CNTs are
adhered to the surface of the NCNFs (Fig. 1e and f), making
the surface rougher, in good agreement with the results of
SEM images (Fig. 1c and d). As indicated by the red circles in
Fig. 1b and f, the CNTs are connected and inserted into the
interior of the nanofabrics, thus efficiently improving the elec-
trical conductivity of electrodes. The high-resolution TEM
(HRTEM) image (Fig. 1g) presents the SnSb nanodots encapsu-
lated in NCNFs with the size around 2 nm and the ordered
lattice fringes of 0.30 nm, corresponding to the (101) planes of
SnSb. Energy-dispersive spectroscopy (EDX) elemental map-
pings (Fig. 2h and i) demonstrate the uniform distribution of
C, N, Sn and Sb elements in SnSb-CNTs@NCNFs. Similarly,
the survey X-ray photoelectron spectroscopy (XPS) analysis
(Fig. S1†) also confirms the presence of C, N, Sn and Sb
elements.

Fig. 2a shows the X-ray diffraction (XRD) pattern of SnSb-
CNTs@NCNFs, and all distinct peaks can be well indexed to
carbon or intermetallic SnSb alloy (hexagonal phase, JCPDS
Card No. 33-0118). No obvious peaks of elemental Sn and Sb
are observed, indicating that the nanodots embedded in the
NCNFs are composed of SnSb. The Raman spectrum of SnSb-
CNTs@NCNFs displays two broad peaks located at ∼1368 and
∼1577 cm−1, corresponding to the D and G bands of carbon,
respectively (Fig. 2b). The intensity ratio of D and G bands
(ID/IG) is calculated to be 1.04, indicating a partially graphitic
structure with large disorder. The C 1s XPS spectrum (Fig. 2c)

Scheme 1 (a) Schematic preparation method of SnSb-CNTs@NCNFs
electrodes. (b) Schematic comparison of SnSb@NCNFs and SnSb-
CNTs@NCNFs.

Fig. 1 Morphological and structural characterization studies of the as-
prepared samples. (a, b) FESEM images at low and high magnifications of
the unannealed precursor fabrics. (c, d) FESEM images of SnSb-
CNTs@NCNFs. (e–g) TEM and HRTEM images of SnSb-CNTs@NCNFs.
(h, i) FESEM image and the corresponding elemental mappings of SnSb-
CNTs@NCNFs, respectively.
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can be deconvoluted into three peaks located at 286.9 eV for
C–N (11.4 at%), 285.5 eV for CvN (38.4 at%) and 284.6 eV for
CvC (50.2 at%), respectively. Likewise, the N 1s XPS spectrum
(Fig. 2d) presents three types of N forms in SnSb-
CNTs@NCNFs, namely graphitic N (401.5 eV, 29.3 at%), pyrro-
lic N (400.2 eV, 33.9 at%) and pyridinic N (399.3 eV, 36.8 at%),
respectively. N2 adsorption–desorption isotherms were
measured to investigate the specific surface area and pore
structure of SnSb-CNTs@NCNFs (Fig. 2e and f). The specific
surface area was calculated to be about 38.7 m2 g−1. The
type-IV curve reveals the mesoporous structure of SnSb-
CNTs@NCNFs with a narrow pore size distribution and an
average pore size of 3.8 nm. In order to measure the mass
content of SnSb in SnSb-CNTs@NCNFs, thermogravimetric
analysis (TGA) under air atmosphere was performed and the
XRD pattern of the solid residue after the TGA test was
obtained, as presented in Fig. S2.† The small weight loss of
∼4.8 wt% from room temperature to 200 °C is attributed to the
removal of the absorbed water, while the weight loss of
∼29.0 wt% between 200 and 800 °C is ascribed to the oxidation
of carbon and SnSb (Fig. S2a†). The XRD peaks of the solid
residue after the TGA test are well indexed to SnO2 (JCPDS
Card No. 41-1445) and Sb2O4 (JCPDS Card No. 11-0694)
(Fig. S2b†). Therefore, the weight ratio of SnSb in the SnSb-
CNTs@NCNFs can be calculated to be 54.9 wt%, indicating
the relatively high loading mass of SnSb in the electrode.

The electrochemical performances of the as-prepared
samples were characterized as anode materials by assembling
into coin cells with lithium foils as counter electrodes

(Fig. 3). Cyclic voltammograms (CV) were used to investi-
gate the electrochemical properties of SnSb-CNTs@NCNFs
during lithiation/delithiation processes (Fig. 3a). The obvious
reduction peak at 1.04 V vs. Li/Li+ is observed in the 1st cycle
but disappeared in the following cycles, owing to the for-
mation of the solid electrolyte interphase (SEI) layer caused by
the reductive decomposition of the electrolyte. In the cathodic
process, the peak at ∼0.85 V is ascribed to the formation of
Li3Sb. The peaks from ∼0.7 V to 0.3 V are assigned to the
lithiation of Sn to yield various phases of LixSn (0 ≤ x ≤ 4.4).
The reaction sequence is reversed in the anodic process. The
peaks between 0.4 and 0.8 V located around 1.1 V correspond
to the delithiation of LixSn and Li3Sb, respectively. The general
Li-storage reactions of SnSb-CNTs@NCNFs can be summar-
ized according to the previous literature:32–37

SnSbþ 3Li $ Li3Sbþ Sn ð1Þ
Li3Sbþ Snþ xLi $ Li3Sbþ LixSn ð0 � x � 4:4Þ: ð2Þ
Because the lithiation/delithiation potentials of Sn and Sb

are different, only one element is lithiated/delithiated at a time,
while the other serves as a buffer, leading to the much smooth
volume change and good electrochemical performances of
SnSb.35,36 Notably, the CV curves after the 1st cycle have an
excellent overlap, suggesting the high reversibility and good
cycling capability of SnSb-CNTs@NCNFs. Fig. 3b displays the
typical discharge–charge curves of the SnSb-CNTs@NCNFs elec-

Fig. 2 Characterization studies of the as-obtained SnSb-CNTs@NCNFs.
(a) XRD pattern and (b) Raman spectrum. (c, d) High-resolution XPS
spectra in (c) C 1s and (d) N 1s regions. (e) Nitrogen adsorption–desorp-
tion isotherms and (f ) pore size distribution.

Fig. 3 Electrochemical characterization studies of the as-prepared samples
as anode materials in LIBs. (a) CV profiles of the SnSb-CNTs@NCNFs elec-
trode during the initial four cycles between 0.01 and 3 V vs. Li/Li+ at a scan
rate of 0.2 mV s−1. (b) Discharge–charge curves of the SnSb-CNTs@NCNFs
electrode at a current density of 100 mA g−1. (c) Cycling performances
and (d) rate capabilities of SnSb-CNTs@NCNFs, Sb-CNTs@NCNFs, Sn-
CNTs@NCNFs and SnSb@NCNFs electrodes at different current densities,
respectively. (e) Long-term cycling performance of the SnSb-CNTs@NCNFs
electrode at a large current density of 2000 mA g−1.
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trode at a current density of 100 mA g−1 between 0.01 and 3.0 V.
The initial specific discharge and charge capacities are 1044
mA h g−1 and 783 mA h g−1, respectively, corresponding to a high
initial coulombic efficiency of 75.0%. The electrolyte decompo-
sition and the inevitable formation of the SEI layer should
account for the initial irreversible capacity loss. The discharge–
charge curves in the 50th and 90th cycles are almost overlapped,
indicating the good stability of the SnSb-CNTs@NCNFs electrode.

To make comparisons of the Li+ storage properties among
the SnSb-CNTs@NCNFs, Sb-CNTs@NCNFs, Sn-CNTs@NCNFs
and SnSb@NCNFs electrodes, the cycling performances of
these electrodes were tested at a current density of 100 mA g−1.
As depicted in Fig. 3c, the initial specific discharge capacities of
SnSb-CNTs@NCNFs, Sb-CNTs@NCNFs, Sn-CNTs@NCNFs and
SnSb@NCNFs are 1044, 991, 1164 and 1034 mA h g−1, respect-
ively. The reversible capacities of Sb-CNTs@NCNFs, Sn-
CNTs@NCNFs and SnSb@NCNFs decrease from 700, 861 and
929 mA h g−1 (at the 2nd cycle) to 589, 622 and 639 mA h g−1

(at the 40th cycle), respectively. This could be explained
by the fact that the Sb-CNTs@NCNFs, Sn-CNTs@NCNFs and
SnSb@NCNFs anodes suffer from more serious pulverization
during the discharge–charge processes, leading to a relatively
rapid capacity fading. In contrast, the SnSb-CNTs@NCNFs elec-
trode presents the best cycling performance, delivering a high
reversible discharge capacity of 815 mA h g−1 after 100 cycles,
which is around 86% of the discharge capacity in the 2nd cycle
(945 mA h g−1). What is more, the coulombic efficiency of
the SnSb-CNTs@NCNFs electrode is also very outstanding,
which rapidly increases from 75.0% at the 1st cycle to 99.4% at
the 8th cycle, and remains above 99% in the later cycles, demon-
strating the reversible Li+ storage and smooth charge transport
properties of the SnSb-CNTs@NCNFs electrode. The rate capa-
bilities were also evaluated at different current densities
(Fig. 3d). The SnSb-CNTs@NCNFs electrode delivers high revers-
ible capacities of 914, 808, 706, 630, 550 and 370 mA h g−1

at the current densities of 100, 200, 500, 1000, 2000 and
5000 mA g−1, respectively. When the current densities go back
to 2000, 1000 and 500 mA g−1, the discharge capacities restore
to 544, 640 and 715 mA h g−1, respectively, indicating the
good rate performance. In contrast, the Sb-CNTs@NCNFs,
Sn-CNTs@NCNFs and SnSb@NCNFs electrodes exhibit much
lower rate capabilities, further confirming the structural super-
iority of SnSb-CNTs@NCNFs.

To further explain the reason for the superior performances
of SnSb-CNTs@NCNFs, the microstructure of control samples
(Sn-CNTs@NCNFs, Sb-CNTs@NCNFs and SnSb@NCNFs) was
also characterized (Fig. S3†). As presented in Fig. S3a and d,†
due to the low melting point of Sn (231.89 °C), metal Sn tends
to form large spheres with a diameter of ∼400 nm on the
surface of NCNFs, which cannot be well encapsulated in the
NCNFs, leading to the unstable electrochemical performances.
Although the microstructure of Sb-CNTs@NCNFs (Fig. S3b
and e†) is similar to that of SnSb-CNTs@NCNFs, and the Sb
nanoparticles are well embedded in the Sb-CNTs@NCNFs,
the electrochemical performance of Sb-CNTs@NCNFs is still
inferior to that of SnSb-CNTs@NCNFs, because of the rela-

tively low theoretical specific capacity of Sb (∼660 mA h g−1).
Without the addition of CNTs, the SnSb@NCNFs control
sample can still encapsulate SnSb nanodots in the NCNFs
(Fig. S3c and f†), but it exhibits relatively low reversible
capacity and rate capability in fresh cells and after 100 cycles
at 100 mA g−1 (Fig. S4†), owing to the inferior conductivity.
The morphology and microstructure variations of the SnSb-
CNTs@NCNFs electrode after 100 cycles at 100 mA g−1 were
also characterized (Fig. S5†), showing a layer of the homoge-
neously covered SEI film with a thickness of ∼8 nm.
Benefitting from the stable SEI film, the SnSb-CNTs@NCNFs
electrode demonstrates highly reversible Li-storage performances.

The long-term cycling stability at high current densities is
vital to LIBs, especially for high-power applications (e.g. elec-
tric vehicles and power grids). Thus, a high current density of
2000 mA g−1 was applied to investigate the high-rate stability
of SnSb-CNTs@NCNFs, as shown in Fig. 3e. A high reversible
discharge capacity of 754 mA h g−1 was achieved in the 10th

cycle, and still remained at 522 mA h g−1 after 500 cycles.
Notably, the discharge capacity can still reach 451 mA h g−1

even after 1000 cycles at 2000 mA g−1. Meanwhile, without the
stabilization at low current densities, the coulombic efficiency
reached as high as 72.1% at the 1st cycle, and then rapidly
increased to >99% after 10 cycles, and maintained at above
99.5% in the later cycles, indicating the high structural integ-
rity of the SnSb-CNTs@NCNFs electrode and the SEI layer
covered on the surface.

To better understand the origins of the capacities, CV
measurements were performed at various scan rates ranging
from 0.2 to 1.0 mV s−1 (Fig. 4a). The measured current at
different scan rates obeys the power law:41

i ðVÞ ¼ avb ð3Þ

log i ðVÞ ¼ b log vþ log a ð4Þ
where i, v, and a and b represent the measured current, the
scan rate and the adjustable parameters, respectively. If the
b-value is 0.5, the diffusion process is dominant, and if the
b-value is 1.0, the electrode is controlled by the capacitive
response. As presented in Fig. 4b, for the cathodic process,
around the potential of 0.8 V, the b-value is close to 0.5, indi-
cating that the capacity mainly comes from the diffusion
process. At higher or lower potentials, the b-value is in the
range of 0.6–0.8, suggesting that a part of the capacity orig-
inates from capacitive contribution. During the anodic
process, the b-values are 0.560 and 0.573 at 0.6 V and 1.2 V,
respectively, indicating the contribution of conversion reac-
tions at low potentials; however, at higher potentials, the
b-values increase to 1.0, suggesting that the capacitive
response plays a more vital role with the rise of potential.
More accurate capacitive and diffusion contributions can be
evaluated according to the following equations:42

i ðVÞ ¼ k1v 1=2 þ k2v ð5Þ

i ðVÞ=v1=2 ¼ k1 þ k2v1=2 ð6Þ
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where k1v
1/2 and k2v refer to the diffusion and capacitive domi-

nant processes, respectively. The value of k1 and k2 can be
obtained from the plots of i (V)/v1/2 vs. k2v

1/2. As presented in
Fig. 4c, the diffusion-controlled capacity is dominated around
the peak potential, while the capacitive contribution mainly
occurs at high voltage and accounts for about 36.8% to the
total capacity at 0.2 mV s−1. Along with the increase of the
scan rate, the capacitive contribution gradually increases to
42.9%, 48.6%, 56.9%, and 61.4% at the scan rates of 0.4, 0.6,
0.8, and 1.0 mV s−1, respectively (Fig. 4d). These results
suggest that both the diffusion and capacitive response con-
tribute to the high reversible capacity and play important roles
in enhancing the Li-storage performances of SnSb-
CNTs@NCNFs.

Encouraged by the good performances in half cells, we
further evaluated the practicability of SnSb-CNTs@NCNFs in
soft-packed full cells. As shown in Fig. 5a, the flexible pouch
full cell was assembled with the SnSb-CNTs@NCNFs anode,
glass fiber paper separator, and LiFePO4 based cathode,
respectively. The SnSb-CNTs@NCNFs electrodes remained
structurally intact at the bending state, indicating good
flexibility (Fig. 5b and c). When tested between 0.9 and
4.0 V, the flexible full cell shows a high initial discharge
capacity of 147 mA h g−1 at 0.5 C based on the mass of
LiFePO4, and the output voltage is mainly above 2.0 V
(Fig. 5b). The discharge capacity maintains at 126 mA h g−1

after 200 cycles, corresponding to a high capacity retention
of 85.7% with a high coulombic efficiency of 99.5% (Fig. 5c).
The charged flexible full cells are capable of lighting a
light emitting diode (LED) in both flat and bent states
(Fig. 5d and e), indicating the good flexibility of the SnSb-
CNTs@NCNFs electrode.

Conclusions

In summary, we demonstrate the preparation of the SnSb-
CNTs@NCNFs anode by confining intermetallic SnSb nano-
dots into CNT reinforced NCNFs as flexible anode materials
for LIBs. The ultrafine SnSb nanodots provide a high electro-
chemical surface area, ensuring the high utility rate of
the active material. The SnSb nanodots are well distributed
in the NCNFs and thus avoid agglomeration during
continuous cycling. The introduction of CNTs can effectively
enhance the conductivity and robustness of the electrode.
Moreover, the electrode is free of polymer binders, conduct-
ing additives and current collectors. Consequently, the
SnSb-CNTs@NCNFs electrode exhibits outstanding electro-
chemical properties such as high reversible capacity, good
rate capability and ultra-long cycling performance, and deli-
vers remarkable performances in flexible full cells. We hope
that this study may provide useful insights into the design
of intermetallic compound-based electrode materials for
advanced LIBs.
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Fig. 5 (a) Schematic diagram of the soft-packed full battery assembled
with the freestanding SnSb-CNTs@NCNFs anode and the LiFePO4

based cathode. (b, c) Photograph and SEM images of the bent
SnSb-CNTs@NCNFs electrodes. (d) Discharge–charge curves and
(e) cycling performance of the as-prepared soft-packed full battery. (f, g)
Photographs of the soft-packed battery based on the SnSb-CNTs@NCNFs
anode lighting a LED during bending–unbending processes.

Fig. 4 Electrochemical kinetics analysis of SnSb-CNTs@NCNFs. (a) CV
curves at various scan rates from 0.2 to 1.0 mV s−1 within 0.01–3.0 V vs.
Li/Li+. (b) The b-values as a function of applied voltage during anodic
and cathodic sweeps. (c) The contributions of capacitive-controlled
and diffusion-limited processes to the total current at a scan rate of
0.2 mV s−1 (the capacitive contribution is shown in the red region).
(d) The contribution ratios of capacitive- and diffusion-controlled capacities
at various scan rates.
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