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ABSTRACT A structure denoted as a “bubble-nanorod composite” is synthesized by introducing the
Kirkendall effect into the electrospinning method. Bubble-nanorod-structured Fe,0;—C composite
nanofibers, which are composed of nanosized hollow Fe,0; spheres uniformly dispersed in an
amorphous carbon matrix, are synthesized as the target material. Post-treatment of the electrospun
precursor nanofibers at 500 °C under 10% H,/Ar mixture gas atmosphere produces amorphous
Fe0,—carbon composite nanofibers. Post-treatment of the FeO,—carbon composite nanofibers at
300 °C under air atmosphere produces the bubble-nanorod-structured Fe,0;—C composite nanofibers.
The solid Fe nanocrystals formed by the reduction of Fe0, are converted into hollow Fe,0; nanospheres
during the further heating process by the well-known Kirkendall diffusion process. The discharge
capacities of the bubble-nanorod-structured Fe,0;—C composite nanofibers and hollow bare Fe,0;
nanofibers for the 300th cydles at a current density of 1.0A g~ " are 812 and 285 mA h g ", respectively,
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and their capacity retentions measured from the second cycle are 84 and 24%, respectively. The hollow nanospheres accommodate the volume change that

occurs during cycling. The unique structure of the bubble-nanorod-structured Fe,0;—C composite nanofibers results in their superior electrochemical

properties by improving the structural stability during long-term cycling.

KEYWORDS: bubble nanorod - nanofibers - electrospinning - lithium ion battery - carbon composite

igh energy density, high rate cap-
H ability, and long cycle life are essen-
tial properties of Li-ion batteries
(LIBs) for future electric vehicles and renew-
able energy storage.'” To enhance these
properties, numerous types of anode struc-
tures have been explored using various
synthetic methods. Among these, one-
dimensional (1-D) materials are becoming
increasingly important in electrochemical
energy conversion and storage devices,
and hence they have attracted significant
interest in recent years.” "> These 1-D struc-
tures have advantages such as large ex-
posed surfaces and short diffusion lengths
for lithium ions and direct channels for effi-
cient electron transport, which enable the
materials to interact more efficiently with
Li™ ions, resulting in high power density.
The electrospinning method is a simple
and highly versatile method for the pre-
paration of 1-D nanostructures. Therefore,
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various transition metal oxides (e.g., Mn,O,,
Ni,O,, FeO,, Cu,0,, CoO,, etc.), which pos-
sess high theoretical specific capacities, in
the shapes of wires, fibers, tubes, and fiber-
in-tube and tube-in-tube have been studied
as potential next-generation electrode
materials.'® 2> Mou et al. prepared maghe-
mite (y-Fe,03) fiber-in-tube and tube-in-
tube materials by controlling the heating
rate of electrospun precursor fibers.?* Lang
et al. prepared solid, hollow, and tube-in-
tube porous nanofiber TiO, structures by a
simple non-coaxial electrospinning method
from precursor solutions, with different con-
centrations of tetrabutyl titanate used as the
Ti component.?* Chen et al. introduced a
multifluidic coaxial electrospinning ap-
proach to fabricate nanowire-in-microtube
structures.”®

Nanostructured Fe,O; materials have
been widely studied as anode materials for
LIBs due to their high theoretical capacity
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Scheme 1. Formation mechanism of bubble-nanorod-structured Fe,03—C composite nanofiber by Kirkendall-type diffusion.

value (1005 mA h g™ "), low cost, natural abundance,
and environmentally friendly nature.”'®2%2673% ynfor-
tunately, the commercial application of Fe,Os for
anodes in current LIBs is hindered by the rapid capacity
fading during cycling, resulting from the low intrinsic
electric and the large volume expansion.”® To over-
come these, the interstation of void space into the
structure has been approached, which allows for the
effective accommodation of mechanical stress during
cycling, the decreased diffusion length, and increased
contact area between the electrolyte and electrode for
Li* insertion/desertion, thus leading to improved
lithium storage properties.>' >3 The Kirkendall effect
has been applied in the liquid solution process to
prepare the hollow nanopowders.3373> However, to
the best of our knowledge, the hollow Fe,03 powders
prepared by applying the Kirkendall diffusion process
have not yet been researched as anode materials
in LIBs.

Herein, we propose for the first time a novel Fe,03
structure, denoted as a “bubble-nanorod” structure,
which consists of nanofibers composed of nanosized
hollow Fe,03 spheres uniformly dispersed in an amor-
phous carbon matrix. The unique structure of the
bubble-nanorod composite not only has advantages
as a 1-D material but also allows for the effective
accommodation of mechanical stress by means of
the void spaces within the Fe,Os; bubbles and the
presence of the surrounding carbon atoms. Simulta-
neously, carbon inhibits the aggregation of Fe,O3
nanoparticles and thus maintains the structural and
electrical integrity of the composite during repeated
charge and discharge processes. The bubble-nanorod
structure therefore is ideal for use for LIB electrodes.
The formation mechanism of the bubble-nanorod
structure was investigated in detail by tracing each
step of the synthetic process; the electrochemical per-
formance of the bubble-nanorod-structured Fe,03—C
composite was also evaluated. Our findings are
expected to be very useful for the design and synthesis
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of novel intermetallic compounds as advanced anode
materials for Li-ion batteries.

RESULTS AND DISCUSSION

The formation of the bubble-nanorod-structured
Fe,03—C nanofibers is described in Scheme 1. Com-
posite nanofibers consisting of iron acetylacetonate
[Fe(acac)s] and polyacrylonitrile (PAN) were prepared
by the electrospinning process (Scheme 1, ®). Post-
treatment of the electrospun precursor nanofibers at
500 °C under H,/Ar mixture gas atmosphere produced
amorphous FeO,—carbon composite nanofibers. The
carbonization of PAN and the decomposition of iron
acetylacetonate produced FeO,-carbon composite
nanofibers (Scheme 1, ®). The large amount of carbon
in the fiber disturbed the crystal growth of FeO,. The
subsequent post-treatment of the FeO,—carbon com-
posite nanofibers at 300 °C under air atmosphere
produced the bubble-nanorod-structured Fe,03—C
composite nanofiber. Reduction of FeO, crystals sur-
rounded by the carbon matrix into Fe metal occurred
during the post-treatment under air atmosphere by
the following equation: FeO,(s) + xC(s) — Fe(s) +
xCO(g). The crystal growth of Fe formed ultrafine Fe
nanocrystals uniformly dispersed within the carbon
nanofibers during the early stage of post-treatment
by the consumption of some amount of carbon. The
solid Fe nanocrystals were converted into hollow Fe,03
nanospheres during the subsequent heating process
by the well-known Kirkendall effect. The Kirkendall
effect, a vacancy flux and subsequent void formation
process resulting from diffusivity differences at inor-
ganic interfaces, was first reported by Aldinger.3 The
Kirkendall effect results in the formation of a thin Fe,05
layer on the Fe metal surface (Scheme 1, ®), followed
by simultaneous outward diffusion of Fe cations
through the oxide layer and inward diffusion of oxy-
gen into the nanospheres, creating an intermediate
Fe@Fe,03 core—shell structure (Scheme 2b). Fe cations
diffused outward more quickly than oxygen diffused
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inward, which is consistent with the larger ionic radius
of oxygen anions (140 pm) than Fe cations (Fe?" is
76 pm, Fe** is 65 pm). Accordingly, Kirkendall voids
were generated near the Fe/Fe,O3 interface during
vacancy-assisted exchange of the material via bulk
interdiffusion (Scheme 2c), which gave rise to coars-
ening and enhancement of pore growth in the spheres
(Scheme 1, @). Complete conversion of Fe metal
into Fe,03 by Kirkendall-type diffusion resulted in
the bubble-nanorod-structured Fe,0;—C composite
nanofibers.

Scheme 2. (a) Formation mechanism of hollow Fe,03 nano-
sphere in the bubble-nanorod-structured Fe,Os;—carbon
composite nanofiber by Kirkendall effect. (b,c) Its chemical
conversion process in the surface region of a sphere.

The formation mechanism of the bubble-nanorod-
structured Fe,O3;—C nanofiber was investigated on the
basis of post-treatment-induced morphology changes
in the electrospun precursor nanofibers. The morphol-
ogies of the nanofibers post-treated at 500 °C under
H,/Ar mixture gas atmosphere are shown in Figure 1.
The TEM images do not show a crystal phase within
the nanofibers. The selected area electron diffrac-
tion (SAED) pattern shown in Figure 1c also shows
the amorphous structure of the nanofibers. The ele-
mental mapping images shown in Figure 1d reveal the
uniform distribution of Fe, O, and C throughout the
nanofibers. Fe is mainly present as an amorphous FeO,
phase within the carbon nanofibers, which is proved
by observing the Fe—O functional group at 529.6 eV in
the XPS result (Supporting Information, Figure S1).
Nevertheless, the crystal phase of Fe;C was only con-
firmed from the phase analysis in Supporting Informa-
tion, Figure S2. It is because FeO, nuclei in the
amorphous FeO,—C composite nanofiber were par-
tially reduced to Fe metal, and then Fe3C phase formed
in the part of Fe surface encountered with carbon
(Supporting Information, Figure S3).

The morphologies of the bubble-nanorod-structured
Fe,03—C composite nanofibers are shown in Figure 2.
The low-resolution SEM and TEM images shown
in Figure 2ab reveal the uniform structure of the

Figure 1. Morphologies, SAED, and elemental mapping images of the nanofibers post-treated at 500 °C under H,/Ar mixed
gas atmosphere: (a,b) TEM images, (c) SAED pattern, and (d) elemental mapping images.
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Figure 2. Morphologies and elemental mapping images of
the bubble-nanorod-structured Fe,0;—C composite nano-
fibers: (a) SEM image, (b—d) TEM images, (ef) HR-TEM
images, (g) SAED pattern, and (h) elemental mapping images.

nanofibers. The smooth surface of the nanofibers
became rough after post-treatment under air atmo-
sphere owing to the formation of hollow Fe,03 nano-
spheres. The high-resolution (HR) TEM images shown
in Figure 2¢c,d show hollow Fe,Os; nanospheres uni-
formly dispersed within the carbon nanofibers. The
mean size of the hollow nanospheres measured from
the HR-TEM images was 17 nm. The mean shell thick-
ness of the hollow nanospheres was 3.0 nm. The
enlarged TEM image (Figure 2e) of the region marked
with a large rectangle in Figure 2d shows clear lattice
fringes separated by 0.27 nm, which correspond to
the (104) lattice plane of Fe,05. The enlarged TEM image
(Figure 2f) of the region marked with a small rectangle
in Figure 2d showing the space surrounded with
hollow nanospheres shows the amorphous carbon
layer. The SAED pattern, shown in Figure 2g, reveals
the amorphous structure of the bubble-nanorod-
structured Fe,O;—C nanofibers resulting from the
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ultrafine nanocrystals of Fe,0s. The elemental map-
ping images shown in Figure 2h reveal the uniform
distribution of hollow Fe,0s; nanospheres and carbon
throughout the bubble-nanorod-structured Fe,0O;—C
nanofibers. The existence of Fe,O3 and carbon in the
structure was further confirmed by observing the
peaks of Fe 2p, O 1s, and C 1s from the XPS spectra
in Supporting Information, Figure S1.

The morphologies of the bare Fe,Os; nanofibers
formed by direct post-treatment of the electrospun
nanofibers at 500 °C under air atmosphere are shown
in Figure 3. The direct decomposition of [Fe(acac)s] into
Fe,03 and complete decomposition of PVP into gases
resulted in the fabrication of Fe,O3 nanofibers. The
SEM and TEM images shown in Figure 3a,b reveal the
hollow structure of the Fe,O3 nanofibers. Porous and
filled Fe,O3 nanofibers were first formed as an inter-
mediate product during the heat-treatment process.
However, Ostwald ripening changed the filled Fe,O3
nanofibers into hollow nanofibers. The HR-TEM images
shown in Figure 3c,d indicate well-grown Fe,Os crys-
tals during the post-treatment process. The enlarged
TEM image shown in Figure 3d shows clear lattice
fringes separated by 0.25 nm, which correspond to
the (110) lattice plane of Fe,Os. The SAED pattern
shown in Figure 3e also reveals the highly crystalline
structure of the hollow Fe,O5 nanofibers. The elemen-
tal mapping images shown in Figure 3f show the trace
amounts of carbon present in the nanofibers.

The XRD patterns of the bubble-nanorod-structured
Fe,0s;—C composite and hollow bare Fe,O3 nanofibers
are shown in Figure 4a. The bare Fe,03 nanofibers have
sharp XRD peaks, indicating a large mean crystallite
size. However, the XRD pattern of the bubble-nanorod-
structured Fe,0s—C composite nanofibers shows
peaks of Fe,03 phase with small intensities. The hollow
Fe,03 nanospheres with a shell thickness of 3.0 nm
were composed with ultrafine nanocrystals. The
Raman spectrum of the bubble-nanorod-structured
Fe,03—C composite nanofibers shown in Figure 4b
contains characteristic wide D and G bands of carbon
at approximately 1350 and 1590 cm™', respectively.
The peak intensity ratio between the D and G bands
(Io/lc) generally provides a useful index for comparing
the degree of crystallinity of carbon materials, i.e., the
smaller the ratio of Ip/lg, the higher the degree of
ordering in the carbon material3¢73° The Ip/lg ratio
was found to be 2.16, demonstrating that the carbon
formed in this specimen was fairly disordered, that is,
amorphous hard carbon. The thermogravimetric (TG)
curve of the bubble-nanorod-structured Fe,03;—C
composite nanofibers is shown in Figure 4c. A strict
weight loss was observed in the TG curve from 320 °C
onward owing to the degradation of amorphous
carbon. The carbon content of the bubble-nanorod-
structured Fe,0;—C composite nanofibers estimated
from the TG analysis was 38 wt %. The BET surface areas
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Figure 3. Morphologies and elemental mapping images of bare Fe,05 hollow nanofibers formed by direct post-treatment of
the electrospun nanofibers at 500 °C under air atmosphere: (a) SEM image, (b,c) TEM image, (d) HR-TEM image, (e) SAED

pattern, and (f) elemental mapping images.

of the bubble-nanorod-structured Fe,O;—C compo-
site and hollow bare Fe,03; nanofibers were 32 and
40 m? g~ ', respectively, in Supporting Information,
Figure S4.

The electrochemical properties of the bubble-nanorod-
structured Fe,03—C composite nanofibers were com-
pared with those of the hollow bare Fe,03 nanofibers
and the results are shown in Figure 5. The cyclic
voltammogram (CV) curves of the bubble-nanorod-
structured Fe,0;—C composite nanofibers for the first
six cycles at a scan rate of 0.1 mV s~ ' are shown in
Figure 5a. A well-defined reduction peak is observed at
0.7 V vs Li*/Li, which was ascribed to the complete
reduction of Fe(lll) to Fe(0), the formation of Li,O, and
the irreversible reductive reaction of the electrolyte to
form a solid electrolyte interphase (SEI) film.***" In the
first anodic scan, the two broad overlapping oxidation
peaks at 1.5 and 1.8 V correspond to the reversible
oxidation of Fe(0) to Fe(ll) and Fe(ll) to Fe(lll),
respectively.**~** The oxidation peak at 1.05 V can be
attributed to the partial decomposition of SEL.*® For the
second cycle, one reduction peak appears at 0.8 V with
decreased intensity, whereas two oxidation peaks
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remained unchanged, indicating irreversible phase
transformation with the formation of an SEl film in
the first cycle and good reversible reactions of Fe(0) to
Fe(ll) and Fe(ll) to Fe(lll), respectively.*’ ~>° The good
overlapping of the CV curves from the fourth cycle
onward reveals good reversibility of the electrochemi-
cal reactions.

The initial charge and discharge curves of the two
samples at a constant current density of 1 A g~ ' are
shown in Figure 5b. The initial discharge curve of the
hollow bare Fe,03 nanofibers shows two plateaus near
1.5 and 1.0 V due to lithium insertion into o-Fe,03
without a structural change and the phase transforma-
tion from hexagonal a-Li,Fe,0; to cubic Li,Fe,05.72%"
However, clear plateaus near 1.5 and 1.0 V are not
observed in the initial discharge curve of the bubble-
nanorod-structured Fe,O;—C composite nanofibers
owing to their ultrafine crystallite size. Typically, the
anode materials with amorphous phase or ultrafine
nanocrytals exhibit slope charge/discharge profiles,
while crystal materials present flat plateaus.>®>* In
the two samples, a long plateau at approximately 0.7 V
resulting from the complete reduction of Fe(lll) to Fe(0)

ACRT AN 7S
VOL.9 = NO.4 = 4026-4035 = 2015 ‘A@@L%{\)

WWwWW.acsnano.org

4030


http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.5b00088&iName=master.img-005.jpg&w=325&h=355

(a)

M Bubble-nanorod
= ) se—
; :
ot 'é’ Hollow fiber
2 | s c e
3 | 2 |A g £ :_ =8
= | § = & of
Q dJ‘h-«..HJ T A ﬁ 5 ar
- _\JMIMWLA_JU*\.__

Fe,0, (33-0664)
L “. | L1
20 30 40 50 60 70
20 (degrees)
(b) Bubble-nanorod
D
)
=
o
2 G
p]
=
1000 1200 1400 1600 1800 2000
Raman Shift (cm™)
(C) Bubble-nanorod
<
E
T
< 40t
20+
100 200 300 400 500 600
Temperature (°C)

Figure 4. (a) XRD patterns of bare Fe,0; hollow nanofibers
and bubble-nanorod-structured Fe,0;—C composite nano-
fibers. (b) Raman spectrum and (c) thermal analysis of
bubble-nanorod-structured Fe,0;—C composite nanofibers.

is observed in the initial discharge curves.**°>% The
initial discharge and charge capacities of the hollow
bare Fe,Os; and bubble-nanorod-structured Fe,0O;—C
composite nanofibers were 1406 and 1145 mA h g_‘,
and 1385 and 957 mA h g~ respectively, and their
corresponding initial Columbic efficiencies were 81
and 69%, respectively. The initial irreversible capacity
loss of the bare Fe,03 nanofibers is ascribed to the
formation of an SEI layer on the surface of the
nanofibers and the incomplete restoration of metallic
Fe into the original oxide during the initial charging
process.?®*” The high amount of amorphous carbon,
which has a low lithium storage capacity and a large
initial irreversible capacity loss, decreased the ini-
tial discharge capacity and Columbic efficiency of
the bubble-nanorod-structured Fe,0;—C composite
fibers.>8>°

The long-term cycling performance of the two

samples at a constant current density of 1.0 A g~ is
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Figure 5. Electrochemical properties of bare Fe,0; hollow
nanofibers and bubble-nanorod-structured Fe,O; —C compo-
site nanofibers: (a) CV curves of bubble-nanorod-structured
nanofibers, (b) first charge—discharge curves, (c) cycling
performances, and (d) rate performance of bubble-
nanorod-structured nanofibers.

shown in Figure 5c. The discharge capacities of the
bubble-nanorod-structured Fe,0;—C composite nano-
fibers decreased slightly from 968 to 824 mA h g~
during the first 30 cycles from the second cycle;
the discharge capacity then remained constant dur-
ing the further 270 cycles. The initial capacity loss of
the bubble-nanorod-structured Fe,O;—C composite
nanofibers was attributed to the partial destruction
of the internal structure, the irreversible electrochemi-
cal decomposition of electrolyte and the subsequent
formation of a SEl layer on the surface 3%%%%! However,
the discharge capacities of the hollow bare Fe,O;
nanofibers decreased steadily from the second cycle
during the first 210 cycles. The discharge capacities of
the bubble-nanorod-structured Fe,O3—C composite
and hollow bare Fe, 05 nanofibers for the 300th cycles
were 812 and 284 mA h g~ ', respectively and their
capacity retentions measured from the second cycle
were 84 and 24%, respectively. The rate performance
of the bubble-nanorod-structured Fe,0;—C composite
nanofibers is shown in Figure 5d, in which current
density was increased stepwise from 0.5t0 5.0 Ag™ " for
every 10 successive cycles in the voltage range of
0.001—3.0 V. The stable reversible discharge capacities
of the nanofibers decreased from 913 t0 491 mA h g™’
as the current density increased from 0.5t0 5.0 Ag ™.
Furthermore, the discharge capacity recovered to
852 mA h g~ ' as the current density was restored to
05Ag "

Electrochemical impedance spectroscopy (EIS) mea-
surements were carried out to explain the superior
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Figure 6. Impedance analysis of bare Fe,03 hollow nano-
fibers and bubble-nanorod-structured Fe,03;—C composite
nanofibers: (a) before cycling, (b) after cycling for bubble-
nanorod-structured nanofibers, and (c) after cycling for
hollow nanofibers.

cycling and rate performance of the bubble-nanorod-
structured Fe,0O3—C composite nanofibers. The Nyquist
impedance plots of the bubble-nanorod-structured
Fe,03—C composite and hollow bare Fe,05 nanofibers
obtained before and after cycling under a fully charged
state are shown in Figure 6. The medium-frequency
semicircles in the Nyquist plots of the electrodes are
assigned to the charge-transfer resistance (R).5' %3
The bubble-nanorod-structured Fe,O3—C composite
nanofibers with ultrafine nanocrystals of a few nano-
meters in size had a lower charge-transfer resistance
than the hollow bare Fe,Os; nanofibers with a large

EXPERIMENTAL SECTION

Sample Preparation. Fe(acac);—PAN composite nanofibers
were prepared by electrospinning. The precursor solution for
electrospinning was prepared by dissolving 4 g of Fe(acac); and
4 g of PAN (M,, = 150 000) in 50 mL of N,N-dimethylformamide
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crystallite size of 41 nm before cycling, as shown in
Figure 6a. The charge-transfer resistance of the two
samples decreased after the first cycling owing to the
formation of an amorphous structure, as shown in
Figure 6b,c.5*7% The charge-transfer resistance of
the bubble-nanorod-structured Fe,O3—C composite
nanofibers changed slightly during the first 50 cycles,
as shown in Figure 6b. However, the charge-transfer
resistance of the hollow bare Fe,O; nanofibers in-
creased abruptly with increasing cycle number, as
shown in Figure 6c. The destruction of the hollow bare
Fe,03 nanofibers during cycling decreased the elec-
trical contact with the copper foil electrode (Sup-
porting Information, Figure S5). The hollow structure
of the nanospheres dispersed in the carbon nanofibers
was well maintained even after repeated lithium inser-
tion and desertion processes at a high current density
of 1.0 A g~ (Figure S5). The void space of the hollow
nanosphere accommodates the volume change dur-
ing the cycling process. Therefore, the unique structure
of the bubble-nanorod-structured Fe,0;—C composite
nanofibers resulted in their superior electrochemical
properties by improving the structural stability during
long-term cycling.

CONCLUSIONS

We propose the synthesis of a newly designed nano-
structured material, denoted as “bubble-nanorod-
structured Fe,03—C composite nanofibers”. The elec-
trospun precursor nanofibers were turned into the
novel-structured Fe,0s—C composite nanofibers by a
simple two-step post-treatment process under respec-
tive Hy/Ar and air atmospheres. The Kirkendall effect
played a key role in the formation of the bubble-
nanorod-structured Fe,03;—C composite nanofibers.
However, a single-step post-treatment process of the
electrospun nanofibers under air atmosphere alone
produced the hollow bare Fe,O; nanofibers. The
bubble-nanorod-structured Fe,0;—C nanofibers showed
superior electrochemical properties as an anode mate-
rial for LIBs as compared with the hollow bare Fe,0;
nanofibers. The synergetic effect of hollow nano-
spheres and a carbon matrix resulted in the superior
cycling and rate performance of the bubble-nanorod-
structured Fe,05—C nanofibers. The simple synthesis
method could be widely applied in the preparation of
bubble-nanorod-structured metal oxide—C compo-
sites and metal oxide nanofibers for a wide range of
applications, including energy storage.

(DMF) with vigorously stirring overnight. The prepared solution
was loaded at a flow rate of 10 mL h™" into a plastic syringe
equipped with a 25-gauge stainless steel nozzle. The solution
was then ejected and electrospun onto a drum collector
covered with aluminum foil. The distance between the tip and
the collector was kept constant at 20 cm and the rotation of the
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drum was maintained at 100 rpm during the electrospinning
process. The applied voltage between the collector and the
syringe tip was 25 kV. The resultant Fe(acac);—PAN composite
nanofibers were stabilized at 220 °Cin air for 1 h. For the bubble-
nanorod-structured Fe,O3;—C composite nanofibers, post-
treatment was carried out at 500 °C in the presence of a 10%
H,/Ar mixture gas for 3 h. The nanofibers were subsequently
treated at 300 °C in air for 3 h. For the comparison bare sample,
hollow Fe,03 nanofibers without carbon were also prepared by
post-treatment of as-spun Fe(acac);—PAN composite nano-
fibers at 500 °C in air atmosphere for 3 h.

Characterization Techniques. The microstructures of the nano-
fibers were observed by field-emission scanning electron
microscopy (FE-SEM, S-4800, Hitachi) and field-emission trans-
mission electron microscopy (FE-TEM, JEM-2100F, JEOL). In
addition, their crystal phases were evaluated by X-ray diffrac-
tometry (XRD, X'Pert PRO MPD) using Cu Ka radiation (1 =
1.5418 A) at the Korea Basic Science Institute (Daegu). The
structural characterization of the carbon in the specimens was
performed by Raman spectra (Jobin Yvon LabRam HR800,
excited by 632.8 nm He—Ne laser) at room temperature. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha)
with a focused monochromatic Al Ka at 12 kV and 20 mA was
used to analyze the composition of the specimens. The surface
areas of the nanofibers were measured by the Brunauer—
Emmett—Teller (BET) method, using N, as the adsorbate gas.
Thermogravimetric analysis was performed using a Pyris 1 TGA
(Perkin Elmer) within a temperature range of 25—650 °Cand at a
heating rate of 10 °C min™" under static air atmosphere.

Electrochemical Measurements. The electrochemical properties
of the nanofibers were analyzed by constructing a 2032-type
coin cell. The anode was prepared by mixing the active material,
carbon black, and sodium carboxymethyl cellulose (CMC) in a
weight ratio of 7:2:1. Li metal and microporous polypropylene
film were used as the counter electrode and the separator,
respectively. The electrolyte was 1 M LiPFg dissolved in a
mixture of ethylene carbonate/dimethyl carbonate (EC/DMC;
1:1 v/v). The discharge/charge characteristics of the samples
were investigated by cycling in the 0.001—3 V potential range at
various current densities. CVs were measured at a scan rate
of 0.1 mV s~ The size of the Fe,05 nanofibers negative elec-
trode was 1 cm x 1 ¢m, and the mass loading was approxi-
mately 1.2 mg cm ™2,
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