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Using polyacrylonitrile (PAN) as a template, a composite of tin salt/PAN nanofiber is facilely produced by an electrospinning tech-
nique. Under high-temperature heat treatment, the carbonization of PAN and the crystal growth of tin oxide proceed simultaneously
to form a composite structure of tin nanoparticles wrapped in carbon nanofibers (tin@CNF). The composite structure of tin@CNF is
controllable by the precursor ratio of PAN with tin salt and the carbonization temperature. The sample SnlPanl 700, synthesized
from the precursor with weight ratio of SnCl:PAN = 1:1 and carbonized at 700°C, delivers the initial capacity of 1329.8 mAh g~ '
and remains at 741.1 mAh g~ ' at the 40th cycle. The proper morphology of tin nanoparticles wrapped in carbon nanofibers plays an
important role in specific capacity and cyclic performance, because the proper structure of carbon fiber hinders the aggregation of tin

nanoparticles during the lithiation and delithiation processes. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43914.
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INTRODUCTION

Nowadays, rechargeable lithium-ion batteries (LIBs) are the
most important storage power sources. The use of alloy materi-
als as the anode of LIBs has attracted attention because of their
advantages of high performance, low cost, safety, and so on.'™
However, severe volume changes have been reported in alloy
anodes (during discharge and charge processes), inducing a
rapid decay in stability.*®

To minimize the volume change, three synthetic strategies have
been suggested. (1) Synthesis of metal alloys with less active or
inactive metal elements, such as Fe/Si, Co/Si, and Ni/Sn,~'®
reduces the volume expansion during lithium alloying. Guo
et al."* synthesized a microsize Si/Sn/Sb alloy composite by carbo-
thermal reduction for a high-performance anode material. The
multiphase characteristic of the Si/Sn/Sb alloy composite is con-
sidered to be a stable electrode. (2) Designing and fabricating
nanostructures (such as nanowires or nanorods) can reduce the
stress caused by the volume change.'>™* For example, Yang et al.*
reported superfine Sn(SnSb)y ;4 with improved cyclic perform-
ance. It was supposed that small particles have a stronger endur-
ance to volume variation. Wang et al.>* evaluated ZnO nanorod
arrays for the negative electrodes of lithium-ion batteries. The
array electrodes showed a stable capacity over 310 mAh g~ ' after
40 cycles and good capacity retention as the anodes of lithium-ion
batteries. (3) Embedding the active metal particles in a carbon

© 2016 Wiley Periodicals, Inc.
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matrix improves the cycleability of the metal anode. In metal/car-
bon composites,> > the carbon matrix buffers the volume change
and maintains good electronic contact with metal to improve
cycleability. Yang et al.*® synthesized silicon/carbon nanocompo-
sites based on spray pyrolysis. The presence of silicon in the car-
bon matrix was shown to prevent pulverization and to improve
the cycling stability of Si-based LIB anodes.

In our previous work, nanocomposites of Si/Sn nanoparticles
and Sn nanoparticles wrapped in carbon fibers were synthesized
and presented good capacity and improved cycle perform-
ance.’>** To the best of our knowledge, there are few reports
modeling the relationship between the carbon fiber diameters
and the size of the enwrapped nanoparticles. During the heat
treatment, the carbonization of polyacrylonitrile and the crystal
growth of tin nanoparticles proceed simultaneously. The diame-
ter of fiber tends to be smaller, while the crystal size of tin tends
to be larger. Tin nanoparticles with various particle sizes are
wrapped in carbon nanofibers such that the composite structure
of Sn@C is controllable under various heat-treatment condi-
tions. The synergy between particle size and fiber diameters
possibly plays the key role in the electrochemical performance.
The proper diameter of carbon fiber and size of the particles
would help improve the electrochemical performance.

In this work, a series of one-dimensional samples of tin nano-
particles wrapped in carbon nanofibers (CNF) were synthesized.
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Figure 1. The schematic processes of Sn/carbon fibers from SnCL/PAN precursors: (a) SnCl, coexistence with linear PAN molecular chains, (b) SnO,
coexistence with aromatic ladder structure PAN molecules during cyclization process, (c) carbonization of PAN and crystal growth of tin nanoparticles

happen simultaneously. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The

enwrapped nanoparticles are carefully modeled. The composites
are characterized by X-ray diffraction (XRD), scanning and
transmission electron microscopy (SEM and TEM), and Fourier
transform infrared spectroscopy (FTIR) analysis. The relation-
ship between the composite structure and the electrochemical
performance of Sn@CNTF is studied in detail.

diameters of the carbon fibers and the size of the

EXPERIMENTAL

Polyacrylonitrile (PAN, M,, = 150,000) (Aldrich, Shanghai, P. R.
China), stannic chloride (SnCl,, 98%), and dimethylformamide
(DMF) were used without further purification. In a typical pro-
cedure, the PAN solution (10 wt %) was prepared by dissolving
PAN in the solvent of DMF under magnetic stirring for 12h.
SnCl, was slowly added to the PAN solution and stirred for 6 h
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Figure 2. FTIR spectra of (a) Sn3Pan2, (b) SnlPanl, and (c¢) Sn2Pan3. The samples with three heat-treatment temperatures are listed in the figures.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. (a) XRD patterns, and SEM images of (b) Sn3Pan2_500, (c¢) Sn3Pan2_700, and (d) Sn3Pan2_800. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

to obtain the mixed solution. The resulting solution was held in a
spinning nozzle with a tip diameter of 1 mm, and a copper pin
was connected to the anode of a high-voltage generator. The work-
ing high voltage was fixed at 20kV, and the distance between the
needle and aluminum foil collector was fixed at 12.cm. After the
electrospinning process, a white color film of SnCL/PAN was
obtained. The weight ratios of precursor SnCl, and PAN were 2:3,
1:1, and 3:2, and thus the obtained samples were simply named as
Sn2Pan3, Sn1Panl, and Sn3Pan2, respectively.

The white film of SnCl,/PAN was heated at 250 °C for 1 h under
air atmosphere, and a black film of tin oxide/PAN was obtained.
The black film was subsequently heated in N, atmosphere at a
temperature of 500, 700, or 800 °C for 3 h. Based on the heating
temperature, the samples were named Sn2Pan3_500,
Sn1Panl_500, Sn3Pan2 500, Sn2Pan3_700, SnlPanl_700,
Sn3Pan2_700, Sn2Pan3_800, Sn1Panl_800, and Sn3Pan2_800.

By using a Rigaku (Rigaku Corporation, Japan) diffractometer
with Cu K, radiation, XRD patterns were collected at a 0.02° step
width from 10° to 80°. The lattice parameters and the average
crystal size of nanoparticles were refined and calculated using
MDI Jade software (FESEM, SIGMA, ZEISS microscope, Ger-
many). The morphologies of the samples were characterized by
using FESEM (Sigma microscope, Zeiss, 20kV), an energy disper-
sive X-ray detector (EDX, United Kingdom), and TEM (JEOL
JEM-200CX, Japan) (JEOL-2000CX, 200kV). The FTIR spectra
were recorded on a Bruker (USA) VECTOR 22 spectrometer.
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Electrochemical charge—discharge performance of the samples
was evaluated in model CR2016 coin cells. The as-synthesized
Sn@C films were directly used as a working electrode without
binder or conductive carbon. Lithium foil was used as the coun-
terelectrode, 1 M LiPF¢ in ethylene carbonate (EC):dimethyl
carbonate (DMC) = 1:1 was used as the electrolyte, and a Cel-
gard (Charlotte, USA) 2300 porous membrane was used as the
separator. The cell was galvanostatically cycled between 0.001
and 3.0V versus Li/Li" under a constant current of 75 mA g~ '.

RESULTS AND DISCUSSION

The preparation of Sn@C fibers from SnCl,/PAN precursors, as
shown in Figure 1, is mainly composed of two steps: thermal
stabilization and carbonization of the PAN matrix. The first
step (stabilization) involves heating the SnCl,/PAN fibers under
250°C in air atmosphere, with accompanying oxidation and
cyclization of the PAN molecules. It is very important to avoid
the decomposition of PAN under the subsequent high-
temperature pyrolysis. During the stabilization process, PAN
molecules in the composite of the SnCl,/PAN film undergo a
number of physical and chemical changes that convert the linear
PAN molecular chains to an aromatic ladder structure suitable
for further carbonization and conversion to carbon fibers.
Meanwhile, SnCl, is oxidized to SnO, during the cyclization of
PAN molecules, as shown in Figure 1(b). In the subsequent car-
bonization process of SnO,/PAN at high temperature and inert
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Figure 4. (a) XRD patterns, and SEM images of (b) Sn1Panl_500, (c) SnlPanl_700, and (d) Sn1Panl_800. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

atmosphere, the polymer PAN converts to carbon fiber, while
tin crystals are obtained after part of the SnO, has been reduced
by carbon, as shown in Figure 1(c).

In the carbonization process under high temperature and inert
atmosphere, the components containing N and H elements of
the SnCl,/PAN fibers are removed. The diameter of the fibers is
decreased, but the chainlike carbon skeleton of PAN still
remains. As shown in Figure 2, the FTIR spectra of the samples
confirm the processes before and after carbonization. Before
heat treatment, the absorption peaks of the —CN stretching
vibration and —NH vibration in PAN chains are present at
2243 and 2345cm” ', respectively. The band at 1450cm ™' is
attributed to the symmetrical bending vibrations of —CH,—.
The absorption at 1626cm™ " is attributed to the stretching of
C=C.”> After heat treatment at 500°C, 700°C, or 800°C, the
spectra indicated that the —CN band and —NH band had dis-
appeared. The band at 1626cm™', assigned to the stretching
vibrations of C=C, moved to a new band around 1545cm™",
which results from the progress of cyclization and dehydrogena-
tion of the PAN fibers.”® The band around 1283 cm ™'
sponds to C=C bending vibrations of the carbon backbone.
The vibration changes reveal that the PAN fiber has been con-
verted to carbon. There is a new peak at around 552cm™'
assigned to the vibration mode of O—Sn—O [Figure 2(a—c)],
which indicates the presence of SnO, in the sample.

corre-
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Figure 3 shows the XRD patterns and SEM images of the as-
synthesized Sn@C nanofibers with weight ratio Sn3Pan2 of the
precursors SnCl, and PAN, after heat treatment at 500 °C, 700 °C,
or 800°C. The component of tin is strongly dependent on the
heat-treatment temperature. At the lowest temperature of 500 °C,
all of the peaks in the sample Sn3Pan2_500 are assigned to those
of SnO, (JCPDS No. 41-1445), and no reflection line correspond-
ing to the phase of Sn can be observed.”” Increasing the heat-
treatment temperature to 700°C, the XRD analysis of the
Sn3Pan2_700 nanofibers clearly reveals a mixed diffraction pattern
of SnO, and metallic Sn (JCPDS No. 04-0673). At the highest car-
bonization temperature of 800 °C, the reflection lines of the sample
Sn3Pan2_800 mainly correspond to the phase of Sn. There are
minor tin oxides left due to the absolute reduction by carbon at
very high temperature. Meanwhile, the heat-treatment tempera-
tures influence the fiber component and diameters of PAN, as
shown in Figure 3. The presence of a broad peak around 25° [Fig-
ure 3(a)] indicates the PAN fiber converted to carbon, and the
resulting carbon fiber is a hard carbon or nongraphitized carbon.
After the H, N, and O elements are removed from PAN and part
of the carbon is involved in the reduction of tin oxide at high
temperature, the diameters of the Sn@C fibers are decreased.
Along with the increased carbonization temperature from 500°C
to 800°C, the average diameter of the fiber was reduced from
480 nm and 340 nm to 240 nm, respectively.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43914
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Figure 5. (a) XRD patterns, and SEM images of (b) Sn2Pan3_500, (c) Sn2Pan3_700, and (d) Sn2Pan3_800. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figures 4 and 5 show the XRD patterns and SEM images of the
samples Sn1Panl and Sn2Pan3 with increased PAN content. All
the peaks in the samples treated at 500 °C are still assigned to
the phase of SnO,. Under the higher temperatures of 700°C
and 800°C, no reflection line corresponding to the phase of
SnO, can be observed. For the higher content of carbon in
SnlPanl and Sn2Pan3, SnO, has been absolutely reduced to
metallic Sn by carbon thermal reduction. On the other hand,
the diameters of the composite fibers are quite influenced by
the carbonization temperature and the ratio of tin and PAN.
The SEM images [Figures 4(b—d) and 5(b—d)] show that the
diameter of the fiber was increased along with the increased
concentration of PAN in the precursors. The average diameters
of the samples are listed in Table I. Along with the increased
temperature, the average diameters of the fiber are reduced
because the shrinkage of the fibers is attributed to the removal
of N and H elements in PAN molecules.

As listed in Table I, along with the increased concentration of tin
in the precursors, the average diameters of the fibers go to smaller
values. For example, the estimated diameters of the Sn@C fibers
are 340, 360, and 540 nm in Sn3Pan2, SnlPanl, and Sn2Pan3,
respectively. The morphology and diameter of polymer fibers syn-
thesized by electrospinning are always dependent on the concen-
tration and the additive material, because the addition of metal
salts results in a higher charge density on the surface of the ejected
jet during spinning.®® In this work, tin salt plays the role of addi-
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tive to adjust the morphology of as-produced fibers besides being
the source of tin nanoparticles.

During the carbonization process of the SnO,/PAN at high tem-
perature and inert atmosphere, the polymer PAN converts to car-
bon fiber, while tin crystals are obtained after SnO, has been
reduced by carbon. The morphology, crystal growth, and crystal
structure of tin crystal present changes with the concentration of
tin in the precursor SnCl,/PAN and the heat-treatment tempera-
ture. The lattice parameters and average crystal size calculated by
using the MDI Jade software are listed in Table II. It should be
noted in Table IT that the main phase is tin in the samples heat-
treated at 700 and 800 °C listed above Sn, and the main phase is
SnO; in the samples treated at 500 °C listed above SnO,.

Compared with the lattice parameters of pure metal tin and
Sn0O,, Sn1Panl_700 presents lattice parameters similar to those

Table I. Calculated Average Diameters of the Composite Fibers before and
after Heat Treatment

Samples Sn3Pan2 SnlPanl Sn2Pan3
Before 570nm 710nm 900 nm
500°C 480 nm 540nm 600 nm
700°C 340 nm 360 nm 540 nm
800°C 240nm 300nm 460nm

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43914
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Table II. Calculated Lattice Parameters and the Average Crystal Size of the As-Synthesized Samples

Lattice parameters

Samples ad) c (A cla Voo (A3 XS (hm)
Sn3Pan2_700 5.84355 3.19054 0.5460 108.95 13.6
Sn3Pan2 800 5.80972 3.17009 0.5457 107.0 19.1
Sn1Panl1l 700 5.83146 3.17941 0.5452 108.12 58.3
Sn1Panl 800 5.82914 3.18118 0.5457 108.09 84.9
Sn2Pan3_700 5.84281 3.18906 0.5458 108.87 53.5
Sn2Pan3 800 5.84192 3.18676 0.5455 108.76 70.6
Sn 5.831 3.182 0.5457 108.19 —
Sn3Pan2 500 47417 3.2001 0.6744 72.08 22.5
Sn1Panl1 500 473244 3.17065 0.6700 71.01 14.8
Sn2Pan3 500 472677 3.15225 0.6669 70.43 11.2
SnO» 4.7382 3.1871 0.6726 71.55 —

The data are referred from JCPDS 04-0673 and JCPDS No. 41-1445. XS: Calculated average crystal size using MDI Jade software.

of metal tin (PDF No. 04-0673). Sn3Pan2_500 presents lattice
parameters similar to those of SnO, (JCPDS No. 41-1445).
Moreover, the crystal size of Sn and SnO, in the samples is
strongly affected by the tin concentration in the precursors and
the heat-treatment temperature. The average crystallite sizes

(XS) of the samples are increased along with the increased con-
centration of tin and the increased heat-treatment temperature.
For example, Sn2Pan3, with the lowest tin content, presents
average crystallite sizes of 11.2, 53.5, and 70.6 nm after carbon-
ization at 500, 700, and 800°C, respectively. A higher

1pm

jum €

1 pm Sn

Figure 6. SEM images and elemental mapping of C and Sn: (a,a’;a”) Sn1Pan1_500, (b,b’,b”) Sn1Pan1_700, (c,c’,c”) Sn1Panl_800. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. The specific charge/discharge profiles, cycle performance, and coulombic efficiency of Sn3Pan2. The samples with three heat-treatment temper-

atures are listed in the

figures. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Left and right: TEM images of Sn1Panl before (a—c) and after (a’—c’) lithiation/delithiation, in which (a) and (a’) are Sn1Pan1_500, (b) and
(b') are Sn1Panl_700, and (c) and (¢’) are Sn1Panl_800. Center: the schematic composite structures where nanocrystallites are wrapped in the carbon
fibers: (I) smaller nanocrystallites in coexistence with bigger diameter fibers, (II) proper morphology of nanocrystallites in homogeneous coexistence
with carbon fiber, and (III) bigger nanocrystallites in coexistence with smaller diameter fiber. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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carbonization temperature leads to the crystallites of tin grow-
ing bigger. But at the high carbonization temperature of 800°C,
the microstructure of Sn@C with the enlarged tin nanoparticles
and smaller carbon fibers results in a decrease in the void zone
for anode materials during lithiation and delithiation.

The charge/discharge profiles and cycle performance of Sn3Pan2
carbonized at various temperatures are shown in Figure 6. The
voltage profile of the composite electrode exhibits the typical char-
acteristics of a Sn-containing electrode. Three voltage ranges, 3.0—
0.8, 0.8-0.3, and 0.3-0.0'V, versus Li */Li are observed in the initial
discharge curves. The first is attributed to the formation of a solid
electrolyte interphase (SEI) film, and the last two curves corre-
spond to the electrochemical lithiation of Li and Sn. Sn3Pan2_700
delivers the initial specific capacity of 929.2 mAh g~ '. The large
initial capacity loss of the Sn@C fiber electrode is partly attributed
to the formation of an SEI layer.”*™*!

Figures 7 and 8 present the electrochemical performances of
SnlPanl and Sn2Pan3 with lower tin content. In comparison,
the samples of Sn3Pan2_700, Sn1Panl_700, and Sn2Pan3_700
carbonized at 700 °C deliver initial discharge capacities of 929.2,
1329.8, and 1137.0 mAh g ', respectively. The samples
Sn1Panl_700 and Sn2Pan3_700 present higher initial discharge
capacities than Sn3Pan2_700, which contains two phases of Sn
and SnO,, because metallic tin delivers higher theoretical
capacities (990 mAh gfl) than SnO, (790 mAh gfl). In the fol-
lowing charge process, the charge capacities are 611.1, 808.6,
and 731.4 mAh g~ ' in the samples Sn3Pan2_700, Sn1Panl_700,
and Sn2Pan3_700, respectively. The carbonization is beneficial
for the formation of tin-containing nanoparticles wrapped in
carbon fibers, and the proper temperature improves the carbon-
ization extent of PAN and the formation of tin. On the other
hand, the precursor content of the sample is also one of the fac-
tors in electrochemical performance. For example, the initial
discharge capacities are 1184.0, 1329.8, and 1221.7 mAh g ' in
the samples of Sn1Panl (Figure 9) carbonized at 500, 700, and
800°C, respectively. In the subsequent charge process, the
charge capacities are 473.5, 808.6, and 720.2 mAh g~ ' in
Sn1Panl_500, Sn1Panl_700, and Sn1Panl_800, respectively.

Regarding the cycle performance and coulomb efficiency [Fig-
ures 6(d) to 8(d)], the coulomb efficiency is near 100% except
in the initial charge/discharge. The samples of SnlPanl_700
and Sn2Pan3_700 with lower tin content present good discharge
capacity and cycle performance. For example, SnlPanl_700
retains a capacity of 741.1 mAh g~ ' after 40 cycles. In several
previous reports,”>** the reversible capacities of tin were soon
decreased if the Sn particles were aggregated during lithiation/
delithiation processes. The as-synthesized Sn@C composites
have the advantage that the aggregations of metal or metal
oxide enwrapped in carbon fibers are weakened during the
charging and discharging processes.

Figure 9 covers the entire area of the nanofiber. The composite struc-
ture of tin nanoparticles dispersed and limited inside the carbon
fibers has several advantages. First, the carbon fibers provide a
higher specific surface area, good electrical contact, and good lith-
ium ion conductivity; second, the adequate void space (as a “buffer
zone”) in the carbon fibers flexibly accommodates the large volume
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change in the lithiation and delithiation processes.”**' The relatively
separated tin nanoparticles inside the carbon fibers retarded the
aggregation during the Li alloying accompanying the volume
change, leading to good cycle performance. Figure 10 shows the
TEM images of the as-synthesized samples Sn1Panl and the sketch
of the microstructure of tin-containing nanoparticles wrapped in
carbon fibers before and after discharge. Lower heat-treatment tem-
peratures and tin concentration result in smaller crystals and bigger
fiber diameters, which appear in the aggregation during the charging
and discharging processes [as shown in Figure 10(I)]. Higher heat-
treatment temperatures and a higher tin content in the samples lead
to bigger crystals and smaller fiber diameters, which is not beneficial
for lithiation and delithiation of Sn@C, due to the smaller “buffer
zone” provided by shrunken carbon fibers [as shown in Figure
10(IIT)]. The proper heat-treatment temperatures and proper con-
centration of tin in samples will produce a good morphology of
nanocrystallites coexisting with carbon fibers, which improves the
electrochemical performance of the samples [Figure 10(IT)].

CONCLUSIONS

A series of one-dimensional nanostructural samples of tin-
containing nanoparticles wrapped in carbon nanofibers are syn-
thesized. The diameters of the carbon fibers and the size of the
wrapped nanoparticles are carefully modeled. The particle size
and fiber diameters of the samples change with the precursor
content and carbonization temperature, which play key roles in
the electrochemical performance. The sample SnlPanl_700
delivers the initial capacity of 1329.8 mAh g~' and remains at
741.1 mAh g~' at the 40th cycle. The proper morphology of tin
nanoparticles wrapped in carbon fibers presents the best specific
capacity and cyclic performance, because proper structure of the
carbon fiber hinders the aggregation of tin nanoparticles during
lithiation/delithiation processes.
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