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ABSTRACT

a-Fe,O3 hollow nanofibers with wall thicknesses of 45 £ 16 nm were fabricated
via centrifugal spinning of a solution containing Fe(NO;);-9H,O and
polyvinylpyrrolidone. These fibers were subjected to mechanical milling and
mixed in ethanol. Polyacrylonitrile (PAN) fiber mats were also fabricated by
centrifugal spinning from dimethylformamide-based solutions. The as-prepared
PAN fibrous mats were dipped in the iron-oxide suspension. The coated PAN
membranes were then subjected to a heat treatment which yielded carbon fibers
coated with Fe;O, nanoparticles. Both pure carbon fibers (carbonized PAN
fibers) and Fe;O4/C composite fibers were used as anode materials in Li-ion
batteries. The Fe;O,/C composite anode exhibited high specific capacity and
good cycle stability when compared to that of the carbon-fiber electrode. An
initial discharge capacity (Li insertion) of 882 mAh g~ was obtained for the
Fe;0,4/C composite fibers with promising cycle performance and rate capability.
These composite fibers show promising applications as electrode materials in
high-performance rechargeable lithium-ion batteries.
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Introduction coke, and pyrolytic carbons show low capacities

which prevent them from use in high-performance

Carbonaceous materials have been widely used as
negative electrodes in lithium-ion batteries (LIBs) due
to their high conductivity, low working potential,
long cycle life, and low cost [1, 2]. Carbon fibers and
nanofibers have recently garnered interest as poten-
tial systems to be used in energy-storage devices,
including supercapacitors and lithium-ion batteries
(LIBs) [3-7]. However, graphite and other carbona-
ceous materials such as carbon fibers, petroleum
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LIBs. Transition metal oxides such as Fe,Os, FezOy,
5nO,;, MnO,, and MoO, have shown promising
potential as anode materials in LIBs due to their high
theoretical capacity [8-11]. However, the volume
change in transition metal oxides and other anode
materials such as Si and Sn usually results in capacity
fading and poor electrochemical performance of the
anode after prolonged charge/discharge cycles.
Another important factor affecting the electrothermal
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performance of LIB anodes is the formation of the
solid electrolyte interface (SEI) layer at the first dis-
charge cycle (Li insertion) [12]. The SEI is a passive
layer that tends to block electron flow between elec-
trodes while allowing Li* transport between the
anode and cathode during the charge/discharge
processes [13, 14]. Anode materials including gra-
phite, carbon fibers and Li alloys suffer from a
capacity loss at the first charge cycle (Li deinsertion)
caused by the decomposition of the liquid electrolyte
into various species and further by the formation and
instability of the SEI layer [15]. The effect of the SEI
layer on the capacity loss in carbon composite fibers
and graphene-based anodes with high surface area is
more pronounced than that in slurry-based anodes
such as thin layers of graphite, Si, Sn and metal oxi-
des coated on copper foil [16, 17]. The morphology
and structure of SEI layers in liquid electrolytes have
been extensively investigated to better understand
the composition and formation mechanism of SEI
layers at the anode surface [13, 18].

Organic liquid electrolytes with metal oxide and
metallic nanoparticles including Fe,O3, Fe;304, SnO,,
silicon (Si) and Sn have been recently used in carbon-
fiber matrices to improve the electrochemical per-
formance of carbon composite-fiber anodes in LIBs
[8, 19, 20]. Hematite (o-Fe,O3) and magnetite (Fe;O,)
have been extensively studied as potential anode
materials for LIBs due to their abundance, low toxi-
city, and higher theoretical capacities (1004 mAh g™
and 924 mAh g, respectively) when compared to
the commercial graphite anode (372 mAh g
[9, 21, 22I.

Given the obtained results, scientists are now
seeking facile and scalable methods to fabricate
nanocomposite structures of iron oxide for LIB elec-
trodes. For example, results reported on the use of
Fe;04 nanocrystals embedded in a mesoporous car-
bon matrix as an anode in LIBs showed interesting
electrochemical performance [21]. The synthesis of
the Fe;0,/C nanocomposites involved the impreg-
nation of an iron oxide (Fe(NO;)3;) aqueous solution
into a pre-formed mesoporous carbon foam (CF)
followed by thermal treatment at moderate temper-
ature in an inert atmosphere [21]. Wu et al. [22]
reported results on the synthesis of Fe;0, nanocrys-
tals and ordered mesoporous carbon composite by
using a wet impregnation method followed by a
thermal treatment. The Fe;O,/C composite anode
delivered a reversible capacity 910 mAh g™ after 50
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cycles at 200 mA g~'. Jiang et al. [23] prepared
Fe;0,4/C nanostructures via a modified hydrothermal
method. A calcination temperature of 500 °C under
argon atmosphere was used to prepare the Fe;O,
composites. The Fe;O,/CNF composite electrode
delivered a reversible capacity of 684 mAh g~ after
55 cycles at 100 mA g~

Ma et al. [24] synthesized Fe;0,/C nanocomposites
using a polyethylene glycol-assisted co-precipitation
method. When used as an anode in LIBs, the as-
synthesized Fe;O,/C nanocomposite structure
exhibited a specific discharge capacity of
902.4 mAh g~ after 110 cycles at 1 C corresponding
to high-capacity retention at a high current density of
924 mA g~ '. The high-capacity retention was attrib-
uted to the high Fe;0, nanoparticles loading into the
electrode (i.e., 96 wt% Fe;O, content in the Fe;O,/C
nanocomposites based on the TGA results) [24]. Lang
et al. [25] utilized the electrospinning method to
fabricate a porous structure of Fe;O,/C composite
followed by calcination at 500 °C for 2 h. The elec-
trochemical performance of the Fe;O,/C microbelt
anode was evaluated, where a specific capacity of
710 mAh g~ was obtained after 50 cycles at 0.2 C
(ie., at 184.8 mA g '). Wang et al. [26] prepared 1D
Fe;04/C composite microrods using a precipitation
method. The Fe;O4/C composite electrode delivered
a capacity of 650 mAh g~ after 100 cycles which was
much higher than that obtained for Fe;O,/C and
Fe;04 nanospheres (250 mAh g_l and 165 mAh g_l,
respectively).

Fe3;0,/C composite fibers have been recently syn-
thesized and used as anode materials in LIBs. The
results reported in these studies are promising. The
Fe;0,/C composite fibers were prepared by electro-
spinning of polymer/iron-oxide precursor solutions
and subsequent thermal treatment [27-29] and by
anchoring Fe;O,/C nanoparticles on nanofiber aero-
gels from bacterial cellulose [16, 30]. These Fe;0,/C
composite-fibers anode delivered good capacity
retention and improved rate performance [27-30].

Recently, centrifugal spinning has been used as a
scalable and high-throughput method to prepare a
variety of polymeric, metal oxide, and carbon nano-
fibers as well as composite materials for use in LIBs
[31]. A number of studies have focused on the syn-
thesis of nanofiber-based membranes, while others
have specifically focused on the electrochemical
performance of these membranes [32-35].
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The aim of this work is to synthesize and fabricate
Fe;04/carbon composite fibers for use as anode
materials in lithium-ion batteries. The purpose of
coating PAN fibers with Fe;O, nanoparticles is to
improve the electrochemical properties of Fe;O,/-
carbon composite-fibers anode. To the authors’
knowledge, this method has never been used for
coating carbon fibers with metal oxide nanoparticles.
a-Fe,O3 hollow nanofibers were synthesized by cen-
trifugal spinning a solution of polyvinylpyrrolidone
and iron nitrate which was subsequently heat treated
at 600 °C. PAN nanofiber mats were prepared and
coated with the fabricated iron-oxide nanofibers, and
the coated PAN membranes were subsequently car-
bonized at 800 °C for 1 h. The as-synthesized Fe;O,/
C composite fibers were used as anode materials in
rechargeable lithium-ion batteries, and its electro-
chemical performance was systematically
investigated.

Materials and methods
Materials and characterization methods

Polyvinylpyrrolidone (PVP) with an average molec-
ular weight of 1300000 g mol™', polyacrylonitrile
(PAN) with an average molecular weight of
150000 g mol ™}, dimethylformamide (DMF), ethanol,
99.5%, and iron nitrate, 99% (Fe(NO3)3-9H,O) were
purchased from Fisher Scientific Co. and used with-
out further modification. The commercial lithium foil,
lithium salt (LiPF6), ethylene carbonate (EC), and
dimethyl carbonate (DMC) were purchased from
MTI corp., USA. A Whatman glass microfiber from
GE healthcare was used as the separator.

Scanning electron microscopy (SEM) and energy-
dispersive X-ray analysis (EDAX) were performed
using a Sigma VP Carl Zeiss. X-ray photoelectron
spectrometry (XPS) was conducted using a Thermo
Scientific K-o instrument equipped with monochro-
matized Al Ko radiation (1486.7 eV). For all the tests,
a spot size of 400 pm for the X-ray beam was
implemented. All the EDAX and XPS tests were
conducted along with a reference sample (pristine
carbon fiber sample). The quantification analysis was
performed at various points, and average ratio is
reported. The error bars for EDAX and XPS quan-
tification results were & < 3% and + < 2%, respec-
tively. Thermogravimetric analysis (TGA; Q500, TA
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Instruments) of Fe;O4/C composite fibers was car-
ried out with a heating rate of 3 °C min~"' in air. The
X-ray diffraction (XRD) patterns were taken from 20
of 10°-90° with a step of 0.1 using a Bruker D8
Advanced X-ray diffractometer. The electrochemical
performance was investigated by carrying out gal-
vanostatic charge-discharge experiments at a current
density of 100 mA g~ and between 0.05 and 3.0 V
(vs. Li/Li"). The cyclic voltammetry tests were per-
formed by the Bio-Logic BCS-810 with a scan rate of
0.1 mV s~ '. The electrochemical performance of the
samples was evaluated using coin cells of CR2032
type and assembled in a glove box filled with pure
argon gas with oxygen and moisture con-
tent < 0.5 ppm. For the lithium-ion cells, lithium
metal foil was used as the counter electrode. The
electrolyte consisted of 1 M LiPFg solution in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 v/v),
with a Whatman glass microfiber membrane as the
separator. The pure carbon fiber samples and Fe;O,/
C composite electrodes formed flexible free-standing
fibers, which were punched directly and used as
binder-free electrodes without any additives. The
average electrode thickness was about 2 mm, and the
average weight was in the range of 3-7 mg.

Fabrication of iron-oxide nanofibers

A solution of PVP and iron nitrate was prepared by
using a sol-gel method. PVP (28% w/w) was dis-
solved in water, mixed, and stirred for 4 h. Then, an
aqueous solution of (Fe(NO;);-9H,0) (2 g) was pre-
pared and mixed with the PVP solution and set
under stirring condition at room temperature for at
least 3 h. The PVP/iron nitrate fibers were prepared
using the centrifugal spinning method. The solution
was spun on a Cyclone instrument (FibeRio Tech-
nology Corp.) at rotational speeds in the range of
7000-7500 rpm. Bright-yellow-colored fibrous mats
were obtained after spinning the fibers at 27 °C with
a relative humidity (R.H.) of 60-65%. To obtain o-
Fe;O; hollow nanofibers, the prepared mats were
heat treated at a temperature of 600 °C for 1 h under
air atmosphere. The resultant iron-oxide nanofibers
were saved in sealed plastic bags.

Fabrication of nanocomposite fibers
A solution of PAN (12% w/w) and DMF was pre-

pared and placed under vigorous stirring conditions
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for at least 6 h. The solution was then subjected to
centrifugal spinning at a rotational speed of
7000-7500 rpm at room temperature with a R.H. of
40-45%. The prepared nonwoven PAN fibrous mat
was immersed in a solution of crushed o-Fe,O3
nanofibers and ethanol (containing 0.5 w/w% of iron
oxide) for at least 3 h (as depicted in Fig. 1). The
coated fibrous mat was then taken from the solution
and placed in the oven at a temperature of 240 °C for
30 min. Finally, the coated fibrous mat was car-
bonized at 800 °C (heating rate of 3 °C min~') under
a nitrogen atmosphere for 1 h.

Results and discussion

Figure 2a, b shows SEM images of the resultant iron-
oxide hollow fibers after calcination at 600 °C (dif-
ferent magnifications, 1 ym and 200 nm, respec-
tively). It is clearly shown in the figure that the
nanofibers are hollow and porous. The size of the
pores on the surface of the fibers was found to be
10-125 nm. The fibers show an average diameter of
760 = 94 nm with wall thicknesses of ca. 45 &+ 16 nm.
Figure 2c shows the SEM images of the PAN nano-
fibers; these fibers show an average diameter of
1291 £+ 190 nm. Figure 2d shows the SEM micro-
graphs of the Fe;0,/C composite fibers; the average
fiber diameter was found to be 627 4+ 74 nm. As
shown in Fig. 2d, the CNFs are decorated with well-
dispersed nanosized particles of Fe;O,4. Figure 2e, f

-

The nonwoven PAN
fibrous mat was
immersed in a solution of
0-Fe203 and ethanol

Nonwoven nanocomposite
Fe304/C membranes

Figure 1 Schematics of the fabrication process for the Fe;0,/C
composite nanofiber membrane.
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shows clearly the presence of both iron-oxide
nanoparticles and short hollow nanofibers, as depic-
ted in the area with yellow color. The composition of
the CNFs and Fe;O4/C composite nanofibers was
further analyzed by EDAX (Fig. 2g, h). It is observed
in the figure that the loaded nanoparticles on the
carbon fibers structure reveal the presence of Fe and
O elements. The atomic ratios of 62% C, 4% N, 22% O,
and 12% Fe were depicted for the selected area
(Fig. 2g).

Figure 3a shows the XRD diffraction pattern of the
as-synthesized iron-oxide nanofibers. The diffraction
peaks appearing at 20 of 23.84°, 33°, 35.50°, 40.83°,
49.32°, 53.84°, 57.32°, 62.16°, 63.84°, and 71.66° reveal
the formation of hematite o-Fe,O; phase of iron
oxide. Figure 3b displays the diffraction pattern of
the PAN-carbonized fibers and the Fe;O,/C com-
posite nanofiber membrane. The diffraction peaks
appearing at 20 values of 18.17°, 30.18°35.50°,
43°,53.68°, 57°, 62.51° are indexed to (111), (220),
(331), (400), (422), (511), and (440) planes and depict
the Fe;O, crystalline structure. The broad peak
around 24° reflects the graphite structure of pure
carbon fibers. The results confirmed the conversion of
o-Fe,O3 phase to Fe;O, during the carbonization step
at 800 °C [36]. XRD analysis of the nanocomposite
structure also confirmed the EDAX mapping results
which depicted the presence of Fe and O elements for
the nanoparticles on the surface of carbon fibers.

TGA tests ran at 3 °C min~' were performed to
investigate the thermal decomposition of Fe;O,/C
composite fibers under air atmosphere. Figure 3c
confirms that the degradation of the carbon based
matrix in the composite was observed at around
500 °C as indicated by the location of peak in the
weight derivative. The Fe;O4/C composite fibers
underwent a significant weight loss including two
main steps upon further increasing temperature. The
weight loss occurred below 100 °C was due to the
loss of adsorbed water in the composite fibers and the
second, above 300 °C, is the result of the degradation
process of the carbon phase in the composite indi-
cating that the carbon fibers are in an amorphous
phase. This is confirmed by XRD analysis obtained on
carbon fibers (Fig. 3b). The TGA results confirm that
the amount of Fe;O, in the composite fibers is about
21.5% weight, and this is based on the weight loss of
the carbon fibers in the composite indicating weight
retention of 21.5% of Fe;O, in the composite fibers.
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Figure 2 a, b SEM images of
the as-synthesized a-Fe,O;
hollow nanofibers at different
magnifications (1 pm and

200 nm), ¢ PAN fibers after
spinning, not carbonized,

d composite structure, o-
Fe,O5 coated carbon fibers, e,
f iron-oxide hollow nanofibers
(some of them identified in the
areas with yellow color) before
and after carbonization step, e,
f EDAX mapping of the
selected area (g) which shows
the presence of C, N, O, and
Fe elements (h).

The XPS analysis was conducted for pure carbon
fibers and Fe;O,/C composite nanofibers and is
presented in Fig. 4. Figure 4a represents the XPS
survey spectra for pure carbon fibers and Fe;O,/C
composite nanofibers. As illustrated in Table 1, the
atomic percentages of C 1s 76.15%, O 15 3.12%, and N
15 20.73% were obtained for pure PAN-based carbon
fibers compared to C 1s 52.58%, O 1s 28.26%, N
1s 6.07%, and Fe 2p 13.09% for the Fe;O,/C com-
posite nanofibers. The difference between the carbon
content of the pure and nanocomposite samples is
around 25%, while the ratio of oxygen content in
nanocomposite sample compared to the pure carbon
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B62% C
4% N
22%0
12%Fe

fibers sample is almost 9. The extra oxygen content in
the nanocomposite sample can be attributed to the
Fe;0Oy4 structure. The deconvolution of Fe 2p peaks, as
shown in Fig. 4b, was fitted with two main peaks at
723.8 eV and 711.6 eV and two satellite peaks at
733.2 eV and 717.6 eV, respectively, for 2p;,, and
2p1 /2. The peak at 723.8 eV is related to Fe 2p;,,, and
the peak at the binding energy of 711.6 eV is attrib-
uted to Fe 2p; 5. In other relevant studies, the peak
between 710.3 and 711.7 was corresponded to Fe'
(octahedral) crystalline structure [37, 38]. Figure 4c
shows the XPS spectrum for O 1s peaks which can be
fitted to three peaks at binding energy of 530.3, 532,
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Figure 3 XRD patterns of the fabricated a-Fe,O5 nanofibers (a),
pure carbon fibers (b), and Fe;04/C composite nanofibers (b),
thermogravimetric analysis (TGA): TGA curve of the Fe;0,/C

and 533 eV. The main intense peak at 530.3 eV is
attributed to Fe-O which has almost 83% of the
whole area. The two small shoulders at ~ 532 eV
and ~ 533 eV can be assigned to the surface traps
[39] (C=0O and O-C=0O bands, respectively). The
deconvolution of carbon peaks in Fig. 4d exhibits a
peak at ~ 284.6 eV with the highest intensity which
is corresponded to graphitic carbon. The peak at ~
286.5 eV is related to a combination of different
bonds of C-N, C-O, and C=0 [40], and the other peak
at a binding energy ~ 288.4 eV can be assigned to
carboxyl groups C-C=0.

The lithium storage properties and electrochemical
performance of the pure carbon fibers and Fe;0,/C
composite fibers were investigated using galvanos-
tatic charge/discharge experiments for 100 cycles at
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composite nanofibers and the first derivative of TGA plot (c). The
TGA thermogram was conducted in air atmosphere. The sample
was heated from 25 to 800 °C at a heating rate of 3 °C min™".

100 mA g~ ' and over a voltage window between 0.05
and 3.0V (vs. Li/Li"). Figure 5a, b shows the
charge/discharge curves of the pure carbon fibers
and Fe;O4/C nanocomposite fiber anodes, respec-
tively. The initial discharge capacities (Li insertion) of
the carbon fibers and nanocomposite fibers are 520
and 882 mAh g~!, respectively, while the initial
charge capacities (Li deinsertion) are 200 and
650 mAh g™, indicating a higher loss in capacity at
the first cycle in the carbon fibers compared to the
Fe;04/C nanocomposite. The loss in capacity at the
first cycle (irreversible capacity) is mainly due to the
SEI formation and also to the high surface area-to-
volume ratio of the fibers. The charge-discharge
profile of the Fe;O,/C nanocomposite fibers (Fig. 5b)
shows a long potential plateau at 0.8 V, which can be
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Figure 4 Survey XPS spectra of both pure carbon fibers and the Fe;O,/C composite nanofibers (a), deconvoluted spectra of

nanocomposite structure for Fe 2p (b), O 1s (c), and C 1s (d).

Table 1 Surface composition of developed carbon fibers and
Fe;04/C composite nanofibers

Surface composition (at%) C O N Fe
Carbon fibers 76.15 312 2073 0
Fe;04/C composite nanofibers  52.58  28.26 6.07 13.09

The values were taken from XPS measurements

attributed to the reduction reaction of the oxidation
state of iron Fe’ accompanying the formation of
amorphous Li,O simultaneously [22]. The reversible
capacity at the second to 100th cycles is stable indi-
cating good capacity retention and Columbic effi-
ciency between 97 and 99%.

Figure 5c, d shows the cycle performance at
100 mA g~ for the carbon fibers and Fe;0,/C com-
posite fibers, respectively. It is obvious that the
capacity for both anodes decreases sharply after the

first discharge cycle. The capacity fading at the first
cycle is caused by the high irreversible capacity and
the formation of the SEI layer within the first cycle,
resulting in a Coulombic efficiency of 26.3% and
61.5% at the first cycle for the carbon fibers and the
Fe;04/C composite fibers, respectively. The carbon
fiber and Fe;O,/C anodes exhibit negligible capacity
loss from the second cycle to 100th cycles and present
200 and 505 mAh g~' at the 100th cycles, respec-
tively. The capacity of the Fe;O4/C composite fibers
remains relatively constant upon cycling after the
second cycle, while the Coulombic efficiency increa-
ses rapidly after the second cycle and holds at about
100% in subsequent cycles. The capacity of the
Fe;04/C nanocomposite fiber anode at 100 mA g*1
and after 100 cycles indicates promising results when
compared to those reported in the literature for
Fe;Og-related nanocomposites [41-44]. The method
used in the present work to prepare Fe;O./C
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Figure 5 Galvanostatic charge/discharge profiles of pure carbon
fibers (a) and Fe30,/C composite fibers (b) between 1 and 100
cycles, cycle performance of pure carbon fibers (¢) and Fe;0,/C
composite fibers (d). The experiments were performed at a current

composite fiber anodes shows improved electro-
chemical performance and better stability compared
to that of pure carbon fiber anodes. To investigate the
reaction mechanism of the carbon fiber and Fe;O,/C
composite fiber anodes, cyclic voltammetry
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density of 100 m Ag™' over a potential window of 0.05-3.0 V.

Cycle voltammetry of pure carbon fibers (d) and Fe;04/C
composite fibers (c).

experiments were performed for the first five cycles
at a scan rate of 0.1 mV s™' within the potential
window of 3-0.01 V versus Li/Li*. The results are
displayed in Fig. 5e, f. The CV scan for the carbon
fiber anode shows two reduction peaks (Li insertion)



J Mater Sci (2019) 54:13479-13490

(a)
1000 ; ; ; ; —.—;Chayge
— } } } } —v—} Discharge
< y \ \ | | |
gooll L
E | | | | |
E om0 0
2> 6001 I I I I I
‘S } } } } } 50 mAg™
R I
A | A T A R R
£ ‘ | |
o | 400 mag" | | s
[ E 500 mAg
S 200 ! R ‘ ‘
@ 1 1 1 1 \
1 1 1 1 1
0 } } } } }
0 10 20 30 40 50 60

Cycle Number

13487
(b)

900 T T J
< 800 1 : —*—:Discharg
:g') | —e—|Charge
< 700 : :

E 600 - | |
= l |
S 5001 | | W'
Q | |
© i
S 400 | |
2 300 !“““‘“+
3 | |
O J
‘% 200 i I
100 1 { :
0 t t
0 40 50 60

Cycle Number

Figure 6 Rate Performance of the carbon fibers (a) and Fe;04/C composite-fibers (b) anodes at 50, 100, 200, 400, and 500 m Ag™".

at about 0.3 V and 1.2 V (cathodic scan) during the
anodic scan, and two wide oxidation peaks (Li
deinsertion) are also observed at about 0.2 and 1.3 V.
The small cathodic peak at 0.3 V represents the SEI
formation at the first discharge cycle. This shift in
potential for the SEI formation might be caused by
the thermal treatment of PAN fibers in N, atmo-
sphere. Results reported in the literature on the use of
carbon fibers in LIBs and sodium-ion batteries indi-
cated that precursor fibers that were carbonized in
nitrogen atmosphere or doped with N, showed a
shift in the SEI potential to lower values [45-47].

As shown in Fig. 5f, at the first cycle, the Fe;0,/C
composite fibers exhibit a clear cathodic peak at
about 0.65 V (reduction reaction). The reduction peak
at 0.65 V in the cathodic sweep might be related to
the Li insertion into Fe;O4 to form LixFezO4. The
voltages for the anodic process (at about 1.7-1.9 V)
were much higher than the cathodic ones (0.65 V).
This difference in voltage between the reduction and
oxidation reactions during the charge/discharge
processes was attributed to slow kinetics of the
reactions involved in the formation of three compo-
nents: Fe;0,, Fe¥, and Li,O [21, 48, 49]. The decom-
position of LixFe;O, to form Fe’ leads to the
destruction of the crystal structure and to the for-
mation of the solid electrolyte interface (SEI) layer [9].
Figure 5f shows that the reduction peak at 0.65 V
disappears after the first cycle indicating the occur-
rence of some irreversible processes in Fe;O./C
nanocomposite electrode at the first discharge
process.

The electrochemical performance of the carbon
fiber and Fe;O4/C composite nanofiber anodes was
further evaluated by conducting current rate (or rate
capability tests, rate performance test) experiments of
the Li half-cells at different current densities. The
anodes were cycled for ten cycles at various current
densities of 50, 100, 200, 400, 500 mA gfl and then
again at 50 mA g~ !, with a cutoff voltage between
0.01 and 3.0 V. This test exemplifies the ability of the
anodes to perform at higher current densities as well
as evaluate the capacity recovered after being cycled
from a high-to-low current density. Figure 6a, b
shows the rate performance of the carbon fibers and
Fe;04/C nanocomposite fibers, respectively. The
irreversible discharge capacities of carbon fibers and
Fe;0,/C composite fiber electrodes decrease sharply
during the initial two cycles at 50 mA g~'; this is
caused by the electrolyte decomposition and the SEI
formation within the first discharge cycle. The carbon
fiber anode shows charge capacities (Li deinsertion)
of 259, 207, 173, 143, and 139 mAh g_l at current
densities of 50, 100, 200, 400, and 500 mA gfl,
respectively. At higher current densities, the rate
capability of the carbon fibers anode becomes slower,
resulting in lower capacity. The carbon fiber anode
shows relatively low charge/discharge capacity rate
capability at higher current densities. However, the
carbon fibers anode recovers to the original charge
capacity of 267 mAh g~' when the current density
was restored to 50 mA g~ indicating that the anode
shows almost 100% recovery of its capacity. The
Fe;0,/C nanocomposite electrode (Fig. 6b) exhibits
charge capacities (Li deinsertion) of ~ 480, ~ 430,
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~ 390, ~ 335, and ~ 320 mAh g~ at 50, 100, 200,
400, and 500 mA g~ ', respectively. The Fe;0,/C
composite electrode shows acceptable charge capac-
ities at higher current densities of 400 and
500 mA g~ ' indicating a rapid reaction process dur-
ing the Li* deinsertion cycle. The discharge capacity
of the Fe;O4/C composite anode recovered to
480 mAh g ! as the current density was restored to
50 mA g, indicating ~ 100% recovery capability
and excellent stability at each individual current
density.

Conclusions

Hollow nanofibers of o-Fe,O; with average fiber
diameters of 760 & 94 nm and wall thickness of ca.
45 £ 16 were fabricated via a combination of sol-gel
and centrifugal spinning followed by calcination at
600 °C. PAN fibers-based membranes were dipped in
a solution of a-Fe,O; and ethanol and subsequently
carbonized to develop Fe;O,/C composite fibers.
During the carbonization process, the Fe,O; fibers
were reduced to magnetic Fe;O, fibers. The Fe;0,/C
composite fibers and pure carbon fibers (carbonized
PAN fibers) were used as binder-free anodes in Li-
ion half-cells, where their electrochemical perfor-
mance was systematically evaluated. The Fe;O,/C
composite fibers exhibited good reversible capacity,
better cycling stability, and better rate capability
when compared to the pristine carbon fibers. The
Fe;0,4/C composite fibers delivered a higher charge
capacity of 505 mAh g~ ' after 100 cycles at
100 mA g~ ' compared to 200 mAh g~ for the carbon
fibers. The improved electrochemical performance of
the Fe;O4/C composite fiber anode is attributed to
the high storage capability of the Fe;O4 phase and to
the high surface area of the Fe;0,/C nanostructure.
The developed Fe;O,/C composite system has
promising potential given its low-cost materials and
the ability to scale up the process using the cen-
trifugal spinning method.
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