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a b s t r a c t

Owing to their superb mechanical durability resulting from the dramatic volume changes of the Sn
nanoparticles and high electrical conductivity, carbon and tin (Sn) nanocomposites have received an
increasing attention in view of their application as anode materials for lithium ion batteries (LIBs).
However, due to the poor ionic diffusion capability for Li ions during the cycling, the low ultrafast
performance for energy storage remains rather limited. In the present study, aiming to improve the ionic
diffusion capability for Li ions, we suggest a novel design of the debossed structure of carbon and Sn
nanocomposites by electrospinning, carbonization, and the debossing process. The electrode based on
the debossed structure exhibits a noticeable cycling stability and high discharge capacity (677mA h g�1

after 100 cycles at 100mA g�1), an excellent rate capability (482mA h g�1 at 2000mA g�1), and an
outstanding ultrafast cycling stability (275mA h g�1 after 500 cycles at 2000mA g�1). Therefore, this
novel design of the debossed structure based on carbon and Sn nanocomposites offers attractive effects,
such as the effective accommodation of dramatic volume changes for the Sn nanoparticles, as well as an
improved ionic diffusion performance of Li ions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The rapid consumption of fossil fuels and the growing anxiety
regarding environmental contamination have stimulated the
search for renewable and clean energy sources and the develop-
ment of advanced energy storage technologies, which are among
the most significant issues worldwide. Furthermore, the fast-
growing industry of electric transportations and portable elec-
tronics has caused a strong need for the development of lithium-
ion batteries (LIBs) that would be characterized by a high energy
density, long lifespan, and environmental friendliness [1e5].

In the near future, the target of LIBs will focus on the use of
electric means of transportation, such as electric vehicles and
electric bikes. However, due to the sluggish kinetics of Li ions
during the cycling, the rate capability of LIBs remains to be a big
challenge [6e9]. For example, the Tesla Model 3 using the com-
mercial LIBs need a long charging time: 20e30 h at home or
ience and Engineering, Seoul
139-743, South Korea.
5e6 h at a home charging point. The enhancement of LIBs with the
ultrafast capability (called ultrafast LIBs) is directly related to
reducing the charging time. However, due to the rapid ionic diffu-
sion in an anode electrode during the cycling, which leads to a low
capacity at high current densities, the ultrafast technologies of LIBs
remain to be a challenge.

Until now, much effort has been invested to find the way to the
capacity and cycling stability of anode materials consisting of the
high capacity nanomaterials (e.g. metal or metal oxide) and carbon
composites [10e15]. These composite materials could effectively
accommodate the dramatic volume changes of metal or metal ox-
ide and increase the electrical conductivity, leading thus to an
improved electrochemical performance. However, the challenges
faced by this concept include the poor ultrafast capability;
accordingly, the anode material needs a new way to enhance the
excellent ionic diffusion capability.

In this context, the present study proposes a novel nano-
architecture of the debossed carbon nanofiber with the tin (Sn)
nanoparticles (DCNF/Sn), where Sn was used as a typical high-
capacity metal (992mAh g�1) [16e18]. The carbon nanofiber
(referred to as CNF) was used as a matrix for the Sn nanoparticles to
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accommodate the dramatic volume changes. Furthermore, the key
technology of this concept was the debossed structure to obtain an
excellent ionic diffusion capability, which is an opener to acquire
the outstanding ultrafast capability at high current densities. For
comparison, the CNF with the Sn nanoparticles (referred to as CNF/
Sn) without the debossed structure were used.

2. Results and discussion

Fig. 1 illustrates the synthetic process of DCNF/Sn. First, the as-
nanofiber consisting of polyacrylonitrile (PAN, Mw¼ 150,000),
tin(II) chloride dihydrate (SnCl2$2H2O), and the Si nanoparticles
(50e80 nm) was prepared by electrospinning (see Fig. 1a). After
carbonization in the nitrogen atmosphere, the carbon nanofiber
with embedded the Si and Sn nanoparticles was fabricated (see
Fig. 1b). Finally, the debossing process by the hydrofluoric acid was
employed to eliminate the Si nanoparticles. Therefore, we success-
fully synthesized the novel nanoarchitecture of DCNF/Sn by elec-
trospinning, carbonization, and the debossing process (see Fig. 1c).
Fig. 1. Schematic illustration of the fabrication process for (a) the PAN nanofibers with th
nanoparticles and the Sn nanoparticles; and (c) debossed carbon nanofiber with embedded

Fig. 2. (aec) Low-resolution and (def) high-resolut
Fig. 2 shows indicates low-resolution (Fig. 2aec) and high-
resolution (Fig. 2def) scanning electron microscopy (SEM) images
of CNF, CNF/Sn, and DCNF/Sn. CNF (see Fig. 2a and d) has the flat
surface, which can effectively accommodate the dramatic volume
changes of metal or metal oxide, leading to an improved electro-
chemical performance. CNF/Sn (Fig. 2b and e) also displays the flat
surface without any nanoparticles on the surface, intimating the
almost embedded Sn nanoparticles in CNF. As can be seen in Fig. 2c
and f, DCNF/Sn had the craters on the surface due to the elimination
of the Si nanoparticles by the debossing process; therefore, it can be
expected that improved ionic diffusion capability will significantly
enhance the ultrafast performance of LIBs.

The transmission electronmicroscopy (TEM, Korea Basic Science
Institute, Gwangju Center) analysis was performed to further
identify the nanostructural properties using low-resolution
(Fig. 3a�c) and high-resolution (Fig. 3def) images of CNF, CNF/Sn,
and DCNF/Sn. The as-spun nanofiber showed well-dispersed Si
nanoparticles in the PAN nanofiber, which could develop the
debossed structure of DCNF/Sn (see Fig. S1 in Supporting
e embedded Si nanoparticles and SnCl2; (b) carbon nanofiber with the embedded Si
Sn nanoparticles (DCNF/Sn).

ion SEM images of CNF, CNF/Sn, and DCNF/Sn.



Fig. 3. (aec) Low-resolution and (def) high-resolution TEM images of CNF, CNF/Sn, and DCNF/Sn.
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Information). CNF (Fig. 3a and d) showed a uniform contrast,
signifying only one phase of carbon. The Sn nanoparticles (in size of
7e16 nm) of CNF/Sn (Fig. 3b and e) were completely embedded into
the carbonmatrix. This structure is useful in terms of improving the
high capacity and cycling stability of LIBs by the accommodation of
dramatic volume changes for the Sn nanoparticles. However, at the
high current densities, the conventional nanocomposites consisting
of carbon and the Sn nanoparticles showed a poor ultrafast per-
formance due to the deficient ionic diffusion capability [15e21].
Furthermore, DCNF/Sn (Fig. 3c and f) exhibited the debossed
structure consisting of halls (40e90 nm in size) as well as the Sn
Fig. 4. (a) The XRD patterns and (b) XPS spect
nanoparticles embedded into the carbon matrix. In addition, the Sn
nanoparticle of DCNF/Sn showed the lattice spacing of 0.29 nm,
corresponding to the (200) plane of Sn [7,22,23]. Therefore, the
novel debossed structure of DCNF/Sn may result in well-dispersed
Sn nanoparticles in the carbon matrix, which can directly improve
the ionic diffusion capability and the efficient transfer way for
electrons during cycling.

Fig. 4a shows the X-ray diffractometry (XRD) data of CNF, CNF/
Sn, and DCNF/Sn conducted to inspect the crystal properties. All
nanofibers exhibited broad peaks around 25�, which corresponds
to the (002) plane of graphite [24e26]. The diffraction data of pure
ra of Sn 3d for CNF, CNF/Sn, and DCNF/Sn.



Fig. 5. (a) The BJH pore size distributions and (b) the TGA curves from 200 to 900 �C at the heating rate of 10 �C min�1 in air of CNF, CNF/Sn, and DCNF/Sn.
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Sn is presented for comparison. The main peaks of CNF/Sn and
DCNF/Sn were observed at 30.6�, 32.0�, 43.9�, and 44.9�, corre-
sponding to the (200), (101), (220), and (211) planes of Sn. There-
fore, the XRD outcomes show that the debossing process was not a
crystallinity transformation of Sn. To further explore the chemical
bonding states on the surface, X-ray photoelectron spectroscopy
(XPS) was performed (see Fig. 4b). The Sn 3d spectrum of CNF is not
visible. On the other hand, the Sn 3d spectra of CNF/Sn and DCNF/Sn
can be divided into two peaks located at 485.0 and 493.5 eV with
the spin energy separation of 8.5 eV, which are identified to 3d3/2
and 3d5/2 photoelectrons of metallic Sn, respectively [7].

To inspect the porous structure of CNF, CNF/Sn, and DCNF/Sn, N2
adsorption/desorption isotherms were executed using the Bar-
rett�Joyner�Halenda (BJH) analysis (see Fig. 5a). Consistently with
the SEM and TEM results, the CNF and CNF/Sn presented a low
mesopore distribution from 2 to 100 nm, implying the micropores
structure (>2 nm) with a poor ionic diffusion capability at high
current densities during cycling. At the same time, DCNF/Sn
showed a high mesopore distribution from 40 to 90 nm. Therefore,
the development of the debossed structure for DCNF/Sn was suc-
cessfully prepared to enhance the ionic diffusion capability. To
Fig. 6. (a) Nyquist plots in the frequency range of 105�10�2 Hz; (b) The relationship betw
DCNF/Sn, and commercial Sn electrodes at the current density of 100mA g�1 over 100 cycl
further investigate the contents of CNF, CNF/Sn, and DCNF/Sn, the
thermogravimetric analysis (TGA) measurement was conducted in
the heating rate of 10 �C min�1 in the air from 200 �C to 900 �C (see
Fig. 5b). CNF showed the weight loss of 100%, signifying there being
only one phase of carbonwithout impurities. Moreover, the weight
loss of both CNF/Sn and DCNF/Sn amounted to 89%, implying the
presence of the Sn nanoparticles. These results confirm the
debossed structural effect for the ultrafast performance of LIBs. The
electrochemical behaviors were analyzed with the Li metal as the
counter electrode. Electrochemical impedance spectroscopy (EIS)
was performed to study the effect of the debossed structure on the
electrochemical performance in the anode materials.

Fig. 6a shows the Nyquist plots in the frequency range of 105 �
10�2 Hz. The semicircle in the high-frequency refers to the charge
transfer resistance (Rct), and it can be seen that, compared to the
CNF electrode, Rct of CNF/Sn and DCNF/Sn electrode is small. The
reduced values of Rct demonstrate the improved charge transfer
kinetics from the embedded Sn nanoparticles in the carbon matrix.
In addition, in the low-frequency, the slop means the diffusion
performance of Li ions (called Warburg impedance). The straight
sloping line of DCNF/Sn electrode indicates the lowest Warburg
een u�1/2 and Zreal; (c) Coulombic efficiency; (d) cycling stability of the CNF, CNF/Sn,
es.



Fig. 7. TEM images of (a and b) CNF/Sn and (c and d) DCNF/Sn at a current density of
100mA g�1 after 100 cycles.
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impedance that results from a shorter diffusion pathway of Li ions
as compared to other electrodes. Furthermore, the Warburg
impedance coefficients (sw) could be evaluated using sloping lines
in the low frequency as Warburg impedance by the square root of
the frequency (u�1/2) and Zreal (see Eqs. (1) and (2)) [3,27].

Zreal ¼ Re þ Rct þ swu
�1=2 (1)
Fig. 8. (a) Rate capability of the CNF, CNF/Sn, DCNF/Sn, and commercial Sn electrodes at dif
performance with the previously reported electrodes using carbon and Sn nanocomposites
cycles.
D ¼ R2T2
.
2A2n4F4C2s2w (2)

where D is a Li diffusion coefficient, R is a constant of gas, T is
temperature, A is an electrode area, n is a number of electron/
molecule, F is Faraday's constant, and C is the molar concentration
of Li ions. Fig. 6b shows the relationship between u�1/2 and Zreal. sw
value of CNF, CNF/Sn, and DCNF/Sn electrodes amounted to 22.7,
14.1, and 8.8U cm2 s�1/2, respectively. The diffusion capability of Li
ions was obtained by sw value. The Li diffusion coefficient of the
CNF, CNF/Sn, and DCNF/Sn electrodes was 6.6� 10�13, 1.7� 10�12,
and 4.3� 10�12 cm2 s�1, respectively. These consequences confirm
an improvement of ionic diffusion performance for Li ions based on
the debossed structure of the DCNF/Sn electrode. To identify the
energy storage performance of the CNF, CNF/Sn, and DCNF/Sn
electrodes, the charging and discharging tests were performed
between 0.05 and 3.00 V over 100 cycles at the current rate of
100mA g�1 (see Fig. 6ced). Moreover, the commercial Sn nano-
particles were prepared for comparison. The Coulombic efficiency
at the first cycles of the CNF, CNF/Sn, DCNF/Sn, and commercial Sn
electrodes amounted to 67.0, 67.5, 71.0, and 63.2%, respectively (see
Fig. 6c). The initial irreversible reactions can be ascribed to the
development of the solid-electrolyte interphase layers on the
electrode surface due to the reductive disintegration of the elec-
trolyte [3,5,7]. However, compared to other electrodes, the DCNF/
Sn electrode showed a high initial Coulombic efficiency, which
signifies the favourable effect of the debossed structure. In addition,
the Coulombic efficiency of all electrodes reached 100% after 7
cycles, which means that the prepared materials for electrode has
the excellent reversible activity. Fig. 6d shows the cycling stability
with the discharge capacities of the CNF, CNF/Sn, DCNF/Sn, and
commercial Sn electrodes over 100 cycles at the current density of
100mA g�1. The CNF electrode exhibited the outstanding cycling
stability with the discharge capacity of 283mAh g�1 after 100 cy-
cles, implying that it is an excellent candidate for the matrix to
ferent current densities ranging from 100 to 2000mA g�1; (b) Comparison of high-rate
in LIBs; (d) Ultrafast cycling stability at the current density of 2000mA g�1 over 500



Fig. 9. TEM images of (a and b) CNF/Sn and (c and d) DCNF/Sn at a current density of
2000mA g�1 after 500 cycles.
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accommodate of dramatic volume changes. On the other hand, the
commercial Sn electrode showed a poor cycling stability with the
discharge specific capacity of 49mAh g�1 after 100 cycles, sug-
gesting a necessity of carbon and Sn nanocomposites to improve
the electrochemical performance. Obviously, the CNF/Sn and DCNF/
Sn electrodes had an outstanding cycling stability of with the
discharge specific capacity of 638mAh g�1 and 677mAh g�1 after
100 cycles, indicating that the introduction of porous carbon could
provide the numerable electrochemical reaction sites with the
improved kinetic properties and accommodation of dramatic vol-
ume changes for the Sn nanoparticles. Especially, the DCNF/Sn
electrode held a higher discharge specific capacity than the previ-
ously reported electrodes using carbon and Sn nanocomposites
(see Table S1) [28e37].

In addition, the structure of CNF/Sn (see Fig. 7a and b) and DCNF/
Sn (see Fig. 7c and d) remained constant with regard to the initial
structure after 100 cycles. Nevertheless, the Sn nanoparticles
Fig. 10. (a) The discharge specific capacity of CNF, CNF/Sn, and DCNF/Sn electrodes showing
proposed model of the DCNF/Sn electrode during cycling with the diffusion process of Li io
showed the no significant lattice fringe, whichmeans the change to
amorphous structure after cycling [2,4,5].

The rapid expansion of application areas of LIBs has stimulated
considering rate and ultrafast performance, which are the most
significant issues in anode materials of LIBs. Fig. 8a shows the
outcomes of the rate capability test from 100mA g�1 to
2000mA g�1. It is clear that the discharge specific capacities of all
electrodes decrease according to the raise of current density
because of the reduced time for the Li-ion diffusion. The CNF/Sn
electrode exhibits a poor rate capability, suggesting that the
existing design of carbon and Sn nanocomposites was sufficient for
the rapid ion diffusion at high rate current densities. Hence, the
debossed structure of DCNF/Sn electrode has been designed to
improve the diffusion way of Li ions. Interestingly, the DCNF/Sn
electrode had the excellent rate capability of 687mAh g�1 to
482mA h g�1 at different current densities ranging from
100mA g�1 to 2000mA g�1. Furthermore, the enhanced rate
capability of DCNF/Sn electrode was the higher as compared with
the previously reported electrodes using carbon and Sn nano-
composites (see Fig. 8b) [33e35,37e41]. Moreover, the cycling
stability at high current density is essential for the use of LIBs in
real-life applications. Fig. 8c presents the cycling stability at the
high current density of 2000mA g�1 for the CNF/Sn and DCNF/Sn
electrodes over 500 cycles. The CNF/Sn electrode has a poor cycling
stability with the discharge specific capacity of 31mAh g�1 at
2000mA g�1.

The aggregation of Sn for the CNF/Sn electrode (see Fig. 9a and
b) was observed after 500 cycles, suggesting that a low ionic
diffusion performance could reduce the ultrafast cycling stability.
At the same time, the DCNF/Sn electrode (Fig. 9c and d) displayed
the outstanding ultrafast cycling stability with the discharge spe-
cific capacity of 275mAh g�1 at 2000mA g�1 after 500 cycles
without any changes from the initial structure. The improved per-
formance of DCNF/Sn electrode should be attributed to the
improved ionic diffusion capability and the efficient transfer way
for electrons based on the debossed structure.

Therefore, in this study, we confirmed that the enhanced energy
storage performance at a high current density can be explained as
shown in Fig. 10a. In our results, the introduction of carbon matrix
for the Sn nanoparticles was able to efficiently deliver the excellent
cycling stability with high discharge capacities from the effective
accommodation of dramatic volume changes for the Sn nano-
particles during cycling. In addition, the novel debossed structure
proposed in the present study also leads to a remarkably ultrafast
cycling stability resulting from the improved ionic diffusion
the enhanced capacity due to the Sn nanoparticles and the debossed structure; (b) the
ns and the electron transfer.
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performance for Li ions, as well as to an expeditious transfer way
for electrons (see Fig. 10b).

3. Conclusions

In the present study, DCNF/Sn fabricated by electrospinning,
carbonization and the debossing process exhibited a novel
debossed structure with halls (40e90 nm). The resulting impres-
sive energy storage performances of the DCNF/Sn electrode with
excellent cycling stability and high discharge capacity
(677mAh g�1 after 100 cycles at 100mA g�1), a noticeable rate
capability (482mA h g�1 at 2000mA g�1), and a remarkable ultra-
fast cycling stability (275mAh g�1 after 500 cycles at 2000mA g�1)
can clearly be attributed to the following two reasons: (i) the
outstanding cycling stability with a high discharge capacity is ob-
tained from the effective accommodation of dramatic volume
changes for the Sn nanoparticles having a high capacity using the
carbon matrix.; (ii) the remarkably ultrafast performance indicates
that the debossed structure is due to the improvement of the ionic
diffusion capability. Thus, the novel design of debossed structure is
a new approach both realization of the ultrafast energy storage and
an enhancement of the ionic diffusion capability for practical ap-
plications of LIBs.
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