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Free-standing paper of N-doped carbon nanofibers (NCNFs) containing SnO, was prepared by
electrospinning. The structure and morphology of the sample were analyzed by XRD, XPS, SEM, and
TEM. The results show that nitrogen atoms were successfully doped into CNFs. The SnO, were
homogenously embedded in the N-doped CNFs via annealing treatment. Subsequently, the SnO, NCNF

paper was cut into disks and used as anodes for lithium ion batteries (LIBs). The anodes of SnO, NCNFs
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exhibit excellent cycling stability and show high capacity of 520mAhg~"' tested at a 200mAg~" after
100 cycles. More importantly, at a high current density of 500mAg~, a large reversible capacity of
430mAhg! after 100 cycles can still be obtained. The good electrochemical performance should be
attributed to the good electronic conductivity from the NCNFs and the synergistic effects from NCNFs and

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Ultra-thin and flexible lithium batteries (LIBs) with high-
energy and power density have risen as important devices for the
increasing development of soft portable electronic equipment,
such as roll-up displays and wearable devices [1-3]. Significant
research effort has been devoted to find new anode materials and
new electrode structure designs to improve energy densities for
this kind of LIBs.

As an anode material in LIBs, graphite is commercially used but
its theoretical capacity is only 372mAhg~. Furthermore, the
anode materials in commercial lithium batteries are usually coated
on Cu foil to form electrodes. The Cu foil is a relatively heavy
component in battery, which is comparable in weight to the anode
active material. Such design makes these anode electrodes with
low mass energy density not accessible for ultra-thin and flexible
LIBs with high-energy and power density. A recently emerging
solution is to use carbon nanofiber (CNF) paper to form free-
standing electrodes for LIBs, not needing any binders and current
collectors [4]. In addition, free-standing CNF electrodes have
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shown lightweight, good flexibility, and excellent mechanical
strength, thereby improving the specific mass capacity and the
cycling performance for LIBs. However, their low reversible
capacities usually around 200-300mA h g~! hamper the practical
use for LIBs [5]. To improve the effective capacity, a second phase of
active material with higher capacity should be introduced into the
CNF-based electrodes [6]. Tin-based materials as anodes have
attracted extensive research because their high theoretical
capacities of 994 and 782 mAhg~! for metallic tin and tin dioxide
(Sn0,), respectively, both more than two times the value of the
conventional graphite anode [7,8]. More importantly, CNFs have
been used as electronic conducting framework to improve the
lithium storage properties of metal oxides including tin-based
materials. In this regard, MnO,/CNF [9], SnCo/CNF [10], and NiO/
CNF [11] composites are proved to be able to improve electro-
chemical properties for LIBs. One thing to be noted is that N-doping
process can generate extrinsic defects and form a disordered
carbon structure, thus enhancing the Li* intercalation properties.
Besides, N-doping can improve the reactivity and electric
conductivity, and enhance the Li* storage kinetics [12,13]. Recently,
several strategies including hydrothermal method [14,15], thermal
CVD [16], annealing under N-containing atmosphere [17], and
simple polymerization-pyrolysis [18,19] have been developed to
obtain N-doping materials. Thus, to develop free-standing N-
doped CNFs embedded with a second phase of active material as
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Fig. 1. (a), Digital camera images of CNF paper, CNF electrodes; (b) and (c), SEM
images of the NCNFs and SnO, NCNFs; (d) and (e), TEM and the corresponding HR-
TEM images of the NCNFs and SnO, NCNFs.

high-performance anodes for LIBs via a simple method is highly
desired.

In this paper, free-standing papers of N-doped CNFs embedded
with SnO, particles have been prepared by electrospinning and
directly used as anodes for LIBs. These free-standing anodes can
afford good rate properties and excellent cycling stability with a
high reversible capacity of ~430mAhg ! even after 100 cycles
under a relatively high current density of 500mAg~".

2. Experimental
2.1. Materials synthesis

All chemicals in experiment were of analytical grade and used
as received. Typically, 2.0 g of polyacrylonitrile (PAN, M,,, 150,000)
was dissolved in 20 ml of N,N-dimethylformamide (DMF), and then
2.0g of SnCl,-2H,0 was added to form a mixed solution. After
vigorous stirring for 40h at 60°C, a sticky sol was obtained. For
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comparison, 20 ml of DMF solution containing 2.0 g PAN was also
prepared without adding SnCl,-2H,0. A 15kV high voltage was
used for electrospinning. The speed rate and distance were set up
at 0.6mlh~! and 15cm, respectively. The PAN nanofibers were
collected on a rounded collector, and then dried for 24 h in vacuum
at 80°C. The dried nanofibers were further stabilized in air at
260°C for 3h with a heating rate of 2°Cmin~. Finally, the
stabilized nanofibers were annealed in a Ar flow at 830°C for 1h
with a heating rate of 2°Cmin~! for forming N-doping CNFs
(NCNFs). The self-standing NCNF paper was cut into disks
(¢=1.25cm, wt=1.5-2.0 mg), directly using as electrodes.

2.2. Materials characterization

These samples were characterized by X-ray diffraction (XRD,
RIGAKU SCXmini), X-ray photoelectron spectroscopy (XPS, VG
Scientific ESCALAB MK II), scanning electron microscope (SEM,
JSM-6700F) and transmission electron microscope (TEM, Tecnai
G2 F20).

2.3. Electrochemical measurements

The electrochemical behaviors were measured via CR2025 coin-
type cells assembled in a dry argon-filled glove box. The cell
consisted of NCNF anode and lithium sheet cathode which were
separated by a Celgard 2300 membrane and electrolyte of 1 M LiPFg
in EC:EMC:DMC (1:1:1 in volume). The cells were cycled by
LAND2001A at room temperature. Cyclic voltammetry curves
(CVs) were tested on a CHI660D Electrochemical Workstation.

3. Results and discussion

Fig.1(a)-(e) shows digital camera images of CNF paper and CNF
electrodes, SEM images of the NCNFs and SnO, NCNFs, TEM and the
corresponding HR-TEM images of the NCNFs, and SnO, NCNFs,
respectively. From Fig. 1(a), it is found that the free-standing
electrodes have a good flexibility. From Fig. 1(b) and (c), one notices
that both of the NCNFs and SnO, NCNFs with the diameter ranging
from 400 to 700nm, are randomly oriented, continuous, and
interconnected. Unlike the NCNFs (Fig. 1(d)) with a smooth surface,
the SnO, NCNFs observed in Fig. 1(e) reveals a rough morphology.
The inset of HR-TEM image shown in Fig. 1(e) reveals the
interplanar spacing of 0.27 nm, corresponding to the (101) plane
of Sn alloy in SnO, NCNFs.

The XRD pattern of the as-obtained SnO, NCNFs is shown in
Fig. 2(a). All the diffraction peaks were readily indexed to Sn [JCPDS
Card No. 65-0296] and SnO, [JCPDS Card No. 33-1374]. No other
impurities could be detected, except for an additional peak at ~26°
taken from CNFs. The XPS for N1s spectra of the SnO, NCNFs is
shown in Fig. 2(b). Three fitted component peaks at 401.5, 400.1,
and 398.3 eV are respectively assigned to quaternary, pyrrolic, and
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Fig. 2. (a), XRD pattern of the SnO, NCNFs; (b), typical XPS spectra of N1s of the SnO, NCNFs.
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Fig. 3. Cyclic voltammetry curves and first two discharge-charge curves between 0.05 and 3V of Li insertion/extraction into/from two electrodes: (a, c) NCNF electrodes and

(b, d) SnO, NCNF electrodes.

pyridinic nitrogen [20]. This result indicates that N was success-
fully doped into carbon nanofibers forming the NCNFs [13,20].
Fig. 3(a) and (b) shows the CVs of NCNF and SnO, NCNF
electrodes at the first 5 cycles at a scan rate of 0.5mVs ],
respectively. Fig. 3(a) shows that the shape of the 1st CVs for NCNF
electrode is similar to other CNT-based electrodes [21]. All the
redox peaks after the 1st CVs in NCNF electrode overlap well,
indicating good electrochemical reversibility. Moreover, in the 1st
cathodic scan in Fig. 3(b), the reduction peaks from 0.80 and 0.40V
related to the formation of a solid electrolyte interphase (SEI) layer
(Eq. (1)) in SnOy and the peak at around 0.70V could also be
assigned to the reduction of SnO, to Sn alloy and the formation of
LiO (Eq. (2)). The peaks located around 0.05 and 0.30V can be
ascribed to the forming of Li,Sn (Eq. (3)) and lithium insertion in
NCNFs. The oxidation peaks from 0.10 to 0.60V correspond to
lithium extraction from NCNFs, de-alloying of Li,Sn (Eq. (3)).
Compared to the NCNFs (Fig. 3(a)), broad peaks appearing from

1200
o) ¢ (a) -~ Sn N-CNFs charge
E 10004 —O— Sn N-CNFs discharge
< 800. —/~ N-CNFs charge
£ ~~ N-CNFs discharge
'
> 600
=
(8]
o 400+
&

200+
(6]

0 1 1 1 1 1

0 20 40 60 80 160
Number of Cycles

Fig. 4. Cycling performance of NCNF electrodes and SnO, NCNF electrodes at a
current density of 200mAg~".

1.10 to 1.80V in charged CVs correspond to the oxidation of Sn to
Sn0,, implying that reaction of Eq. (2) is partially reversible in this
case. Moreover, the well overlapped 2nd and 5th cycles are
indicative of good capacity retention. Accordingly, the discharge/
charge (D/C) profiles of the NCNF electrodes and SnO, NCNF
electrodes in the first two cycles at a current density of 200 mA g~!
are presented in Fig. 3(c) and (d). The voltage plateaus shown in D/
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Fig. 5. Cycling performance of NCNF electrodes and SnO, NCNF electrodes: (a) at
various current rates and (b) at a large current density of 500mAg".
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Fig. 6. SEM and the magnified SEM images of the SnO, NCNFs after test.

C curves for the NCNF and SnO, NCNF electrodes are consistent
with the CV observation.

Li* +e™ +electrolyte — SEI (Li) (1)
Sn0, +4Li* +4e~ — Sn+2Li,0 2)
Sn+xLi*+xe” < Li,Sn (0<x<44) 3)

Fig. 4 compares the cycling performance of these two self-
standing anodes at 200mAg~'. Apparently, the SnO, NCNF
electrode exhibits a significantly improved reversible capacity.
After 100 cycles, the capacities for these two samples maintain
stable with the increasing cycle number. In addition to good
electrochemical stability, the rate performance of SnO, NCNFs was
also tested by changing the current density. Each fairly stable
capacities at different current densities from 200 to 1200mAg™!
can be observed in Fig. 5(a). When the current was reduced back to
200mA g~ !, the SnO, NCNFs can still deliver a reversible capacity of
570mAhg~!, implying the good rate stability. Moreover, the cycle
performance of the SnO, NCNF anode at a relatively high current
densities of 500mA g~ ! after being activated at 200mAg~! in the
first three cycles. As presented in Fig. 5(b), the reversible capacity
can still stabilize at 430mAh g™ after 100 cycles, which is higher
than the theoretical capacity of commercial graphite of 372 mA
hg .

The good performance obtained in self-standing SnO, NCNF
electrode could be mainly attributed to the synergistic effects of
the contribution of NCNF supporter and the SnO, materials. Fig. 6
shows SEM and the magnified SEM images of the SnO, NCNFs after
test. It is found from Fig. 6(a) that the SnO, NCNFs are randomly
oriented, continuous, and interconnected, being similar to the
original sample. Fig. 6(b) shows that the fibrous morphology
changes significantly due to the volume expansion of SnO, during
D/C process. There were no active materials falling off from the
NCNFs. Moreover, there are still lots of macropores in the free-
standing electrode, buffering the strains generated in the D/C
process. Therefore, the cycling capability can be stabilized after
long test. These results indicate that the electrode architecture has
potential for use in high-energy and durable lithium ion batteries.

4. Conclusion

In summary, free-standing anodes of SnO, NCNFs with good
electrochemical performance have been fabricated via a facile
electrospinning method. These anodes delivered a high reversible
capacity of 520mAh g cycled at 200 mA g~ ! after 100 cycles and
a superior rate capability. Hereinto, NCNFs not only serve as
conductive supporter, but also can effectively alleviate the
expansion of SnO, materials and prevent aggregation in the D/C
process. In addition, the free-standing anode with the porous
structure can efficiently facilitate faster Li* transfer and reduces
polarization. Most of all, this facile approach is suitable for
boosting the electrochemical properties of anode materials for
LIBs.
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