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Carbon composite spun ﬁbers with in situ formed
multicomponent nanoparticles for a lithium-ion
battery anode with enhanced performance†
Hailong Lyu,ab Jiurong Liu,*a Song Qiu,a Yonghai Cao,b Chenxi Hu,a Shimei Guoa
and Zhanhu Guo*b
Carbon composite ﬁbers with Fe3O4, Fe3C, and TiO2 nanoparticles (Fe3O4/Fe3C/TiO2/C) were successfully
fabricated using a facile dry-spinning approach, followed by annealing under argon ﬂux. When used as the
anode material of a lithium-ion battery, the Fe3O4/Fe3C/TiO2/C composite ﬁbers achieved a reversible
capacity of 702.1 mA h g1 after 400 cycles at a current density of 100 mA g1 and ca. 200 mA h g1 at
a current density of 1000 mA g1 in 350 cycles. The superior cycling performance and high rate
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capability were attributed to the high theoretical speciﬁc capacity of Fe3O4, the catalytic activity of Fe3C,
the structural stability of TiO2, and the buﬀer function of carbon ﬁber. Compared with the corresponding
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Fe3O4/Fe3C/C and TiO2/C composite ﬁbers, the Fe3O4/Fe3C/TiO2/C product exhibited higher cycling
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and rate performances due to the synergetic eﬀect among the Fe3O4, Fe3C, TiO2 and carbon components.

1. Introduction
Renewable sources of energy, as well as new technologies
associated with energy conversion and storage, have become
a demanding research focus due to energy shortages and
global warming.1–4 Lithium-ion batteries (LIBs) have drawn
considerable attention as sustainable and renewable power
storage resources for various mobile electronic devices and
electric vehicles, due to their high voltage, high energy density
and long lifetime. In the last few decades, graphite has been
applied as anode materials for Li-ion secondary batteries due
to its electrochemical and mechanical stability.5 However, it
is diﬃcult for graphite anodes to meet the fast-growing
requirements of batteries to have high energy density values
and long cycling life, since graphite shows low theoretical
capacity (372 mA h g1), limited cycling life and poor rate
performance.6 Higher-capacity anode materials to replace
graphite are being actively explored.7 Among the various
candidate anode materials, transition metal oxides (TMOs)
have been a focus of many studies due to LIBs made with them
having in theory higher storage capacities than those made
with commercial graphite.8,9 Many studies have intensively
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investigated TMOs such as Fe3O4,10,11 NiO,12 Co3O4,13 Cr2O314
and MnO15,16 as anode materials for LIBs, with these studies
aimed at enhancing electrochemical performance. Among
these TMOs, Fe3O4 has attracted particularly intense research
interest owing to its high theoretical specic capacity (925 mA
h g1), low cost, environmental friendliness and abundance.10,17 However, similar to other metal oxides, Fe3O4 anode
materials suﬀer from large volume shrinkage/expansion
during the charge/discharge processes, which gives rise to
pulverization that may degrade the integrity of the electrode.
Fracture of the electrode leads to problems such as low cycle
life and sluggish rate performance.18,19
Many eﬀorts have been devoted to dealing with such
volume changes in metal oxide anodes in order to lessen the
rate at which they become fractured and pulverized, and
hence improve the cycling performance of their batteries;
these eﬀorts have included decreasing the particle size as
much as possible,20 designing porous electrode architectures,8,21 and incorporating inert buﬀers.18,22 One of the most
popular approaches is to construct hybrid nanocomposites
with carbonaceous materials, such as carbon matrices,20
carbon coatings,15 carbon nanotubes,11 carbon bers,23,24
carbon cloth,2,25 and graphene.26,27 Carbonaceous materials
can eﬃciently cushion the volume change of Fe3O4 and
maintain the structural integrity of anode materials during
cycling, and simultaneously prevent the aggregation of Fe3O4
particles.20,28 As a result, the nanocomposites of Fe3O4 with
carbon have achieved increased cycling stability, but still
generally with fewer than 100 stable cycles, and hence still
unsatisfactory for commercial applications.29,30
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To further optimize the electrochemical performance of
anode materials, the use of composites with three or more
components have also been reported.31,32 Among them, the
addition of catalysts (e.g., Fe,33 Ni,34 Fe3C35,36) and structurally
stable metal oxides (e.g., TiO2,37,38 Al2O3,39 GaO,40 MgO41) have
proved to be benecial to the enhancement of electrochemical
performances. Recently, the composites of Fe3C@carbon
nanocapsules/expanded graphite have been reported as an
anode material with delivered capacities of ca. 450 mA h g1 at
200 mA g1.42 The Fe3C catalyst has been reported to be able to
reduce the formation of solid electrolyte interphase (SEI) lms
and thereby increase the reversible capacity of the electrode.36,43
Alternatively, mesoporous Fe2O3@TiO2 core–shell nanorods
have been fabricated and have been reported to exhibit a long
cycling life of 300 cycles at a current density of 100 mA g1.44
TiO2, being a stable metal oxide, can prevent structural damage
from volume changes, and thus enhance the cycling performance.38,45 However, to the best of our knowledge, there have
been hardly any reports on combining catalysts with stable
metal oxides in anodes of Li-ion batteries, which should show
both high reversible capacity and long cycling life.
Fiber structures have proved to be benecial to the diﬀusion
of both electrons and Li ions, therefore high electrical
conductivity and excellent rate capability have been obtained.23,46 Hence, many investigations have focused on brous
anode materials and on the several methods for preparing
them, such as wet-spinning,47 electrospinning,33 the template
method48 and the hydrothermal method.12 Through these
methods, a series of anode materials with brous morphologies
and with good electrochemical properties have been fabricated
and have demonstrated the advantages of ber materials in
Li-ion batteries.33,48 However, there are still some defects with
these ber fabrication methods: wet-spinning is limited by the
availability of raw materials and high costs due to the complex
process involved; electrospinning has seen problems in
increasing its productivity and standardizing technical parameters; the products of the template method usually do not have
very high length-to-diameter ratios and are hence not very
brous; and the hydrothermal method has certain deciencies
in output and repeatability. Therefore, it is still highly desirable
to develop a simple, scalable, controllable and eﬀective route to
fabricate high-performance brous anode materials.
In this work, we report a facile and high-yield centrifugal
dry-spinning approach to synthesize carbon nanocomposite
bers with Fe3O4, Fe3C, and TiO2 nanoparticles (Fe3O4/Fe3C/
TiO2/C) from laboratory-made precursor bers containing
iron(III) acetylacetonate (Fe(acac)3), tetrabutyl titanate (TBOT),
and polyvinyl pyrrolidone (PVP). The functions of the components were explored by carrying out cyclic voltammetry (CV)
and galvanostatic discharge/charge experiments. We found
the active material (Fe3O4) to provide high specic capacity,
the catalyst (Fe3C) to enhance the partially reversible decomposition of the SEI lm, the stable metal oxide (TiO2) to
promote the cycling stability and grain renement of the
nanoparticles, and the carbon matrix (carbon bers) to
improve the electrical conductivity and structural integrity of
the electrodes.
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2.

Experimental

2.1. Materials
Tetrabutyl titanate (TBOT, C16H36O4Ti), methanol (CH3OH),
polyvinylidene uoride (PVDF, (C2H2F2)n, MW ¼ 500 000–
700 000) and N-methyl-2-pyrrolidone (NMP, C5H9NO, 99.0%)
were purchased from Sinopharm Chemical Reagent Co., Ltd,
China. Iron(III) acetylacetonate (Fe(acac)3, C15H21FeO6) and
polyvinyl pyrrolidone (PVP, K88-96, average MW ¼ 1 300 000)
were supplied by Aladdin Chem. Co., Ltd. Carbon black, Li
foil and Celgard 2300 were purchased from Hefei Kejing
Material Technology Co., Ltd, China. LiPF6 (dissolved in
ethylene carbonate, dimethyl carbonate, and ethylene methyl
carbonate with a volume ratio of 1 : 1 : 1) was supplied by
Shenzhen Biyuan Technology Co., Ltd, China. All of the
analytical grade chemicals were used as received without any
further purication.
2.2. Fabrication of Fe3O4/Fe3C/TiO2/C composite bers
In a typical synthesis, 5 g PVP and 3 g Fe(acac)3 were dissolved in
40 mL absolute methanol under magnetic stirring to obtain
a maroon solution, and then a volume of 3 mL TBOT was
dropwise added into the solution and further concentrated at
30  C to yield a viscosity suitable for spinning into continuous
bers. The precursor bers of Fe(acac)3, TBOT and PVP were
fabricated by a facile dry-spinning method using our laboratorymade spinning apparatus (Scheme S1†). Fibers of the viscous
solution with lengths of 50–80 cm were drawn from a centrifugal spinning apparatus with a rotating speed of about
20 000–30 000 rpm and 0.1 mm diameter apertures. Meanwhile
the methanol solvent was rapidly evaporated, leading to the
solidication of yellow gel bers. The diameter and length of
the precursor bers can be controlled by specifying the solution
viscosity, rotation speed, and aperture size (a comparison of this
method with other nanober fabrication methods is shown in
Table S1†). Subsequently, the precursor bers were dried in an
oven at 60  C for 12 h to remove solvent (methanol) completely,
and subsequently pre-oxidized in air at 300  C for 2 h in a muﬄe
furnace at a ramp rate of 2  C min1. The nal Fe3O4/Fe3C/TiO2/
C composite bers were fabricated by carbonizing the preoxidized bers at 600  C for 2 h under argon ux with a heating
rate of 5  C min1, and designated as FTC. For comparison, the
products with a Fe(acac)3/PVP mass ratio of 3 : 5 and TBOT/PVP
mass ratio of 3 : 5 were also prepared under the same experimental conditions as those of FTC, and assigned as FC (Fe3O4/
Fe3C/C) and TC (TiO2/C), respectively.
2.3. Characterization
The structures of the resultant products were determined by
carrying out powder X-ray diﬀraction (XRD) experiments using
a Rigaku D/Max-RC X-ray diﬀractometer with Ni-ltered Cu Ka
radiation (l ¼ 0.1542 nm, V ¼ 40 kV, I ¼ 40 mA) in the range of
20–70 at a scanning rate of 4 min1. Raman spectra were
obtained by using a Renishaw confocal Raman microspectroscope (Renishaw Co. Ltd. Gloucestershire, U.K.) with
a laser excitation wavelength of 780 nm. A JSM-6700F eld
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emission scanning electron microscope (FE-SEM) at an accelerating voltage of 15 kV and an electric current of 1.0  1010 A
and a JEOL JEM-2100 high-resolution transmission electron
microscopy (HR-TEM) with an accelerating voltage of 200 kV
were employed to examine the morphology and microstructure
of the samples. Thermogravimetric analysis (TGA) was performed from the ambient temperature to 800  C in air at
a heating rate of 10  C min1 using an SDT thermal-microbalance apparatus to evaluate the carbon content.
2.4. Electrochemical measurements
To prepare the working electrode, the active material, carbon
black, and polyvinylidene uoride (PVDF) with a weight ratio of
8 : 1 : 1 were mixed in N-methyl-2-pyrrolidinone (NMP) to form
a homogenous slurry, which was coated on a copper foil
substrate, followed by drying in a vacuum oven at 120  C for
12 h. CR2025-type cells were assembled using Li foils as counter
and reference electrodes, Celgard 2300 as the separator, and
1 M LiPF6 (dissolved in ethylene carbonate, dimethyl carbonate,
and ethylene methyl carbonate with a volume ratio of 1 : 1 : 1)
as the electrolyte. The assembly was performed in a glove box
lled with argon. The performance of the cells was evaluated
galvanostatically in the voltage range from 0.02 to 3 V at various
current densities on a LAND CT2001A battery test system. Cyclic
voltammograms (CVs) were obtained by using an IVIUMSTAT
electrochemistry workstation with a scanning rate of 0.1 mV s1
and the potential vs. Li/Li+ ranging from 0.01 to 3 V.

3.

Results and discussion

3.1. Characterizations of Fe3O4/Fe3C/TiO2/C composite
bers
Fig. 1 shows FE-SEM images of the precursor bers and the FTC,
FC and TC products. The precursor bers of FTC, FC and TC were
all observed to be dispersed well without agglomeration and to
have diameters of ca. 10 mm (Fig. 1a–c). Meanwhile, the ber
surface was observed to be smooth and no apparent inlaid particles were observed, suggesting the homogeneous mixing of raw
materials. Aer being pre-oxidized and subsequently heat-treated
in argon, the precursor bers were transformed into FTC, FC and
TC composite bers. As shown in Fig. 1d–f, the three products
maintained ber morphologies with good uniformity and dispersity. The diameters of the FTC (Fig. 1d) and FC bers (Fig. 1e)
were observed to decrease during the above-described process.
The diameters of the FTC and FC composite bers decreased from
ca. 10 mm to less than 5 mm, attributed to the reduction of
Fe(acac)3 to Fe3O4, and subsequently to Fe3C by carbon during the
carbonization process. The carbon consumption from iron
reduction gave rise to the decrease in the volume of the FTC and
FC bers. In contrast, the diameter of TC remained at ca. 10 mm
(Fig. 1f) because of the stability of TiO2 during the carbonization
processes. From higher-magnication images of FTC, FC and TC
shown in Fig. 1g–i, the Fe3O4, Fe3C, or TiO2 nanoparticles were
observed to be uniformly dispersed in the carbon matrix in these
composite bers. On the other hand, the particle size in FTC
(Fig. 1g) was observed to be smaller than 100 nm, much smaller
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than those (ca. 200–500 nm) of FC (Fig. 1h) and TC (Fig. 1i). The
process of grain renement (increasing the amount of nucleus
and decreasing the growth of grains to reduce grain size) within
FTC can be attributed to the eﬀect of heterogeneous nucleation.49,50 The crystallization temperatures of Fe3O4 and TiO2
diﬀer, and the presence of these two components accelerated their
nucleation, which restrained the crystal growth.
The phases and compositions of the products were investigated by using XRD. As shown in Fig. 2, all TC product
diﬀraction peaks matched well with the anatase TiO2 (JCPDS
21-1272) without any other phase detected, suggesting the
structure of the TC product to simply be anatase/carbon during
the carbonization process. From the XRD pattern of the FC
sample, the diﬀraction peaks of both Fe3O4 (JCPDS 65-3107)
and Fe3C (JCPDS 35-0772) were identied and an inconspicuous
broad peak at ca. 26 can be assigned to carbon generated from
PVP aer carbonization, indicating the FC sample to be
composed of Fe3O4, Fe3C and carbon. However, the FTC
diﬀraction peaks were not simple superpositions of FC and TC.
For the FTC product, X-ray diﬀraction peaks corresponding to
Fe3O4 (JCPDS 65-3107), Fe3C (JCPDS 35-0772) and rutile TiO2
(JCPDS 21-1276), but not to anatase TiO2 (JCPDS 21-1272), were
observed, suggesting that the presence of iron can catalyze the
transformation of TiO2 from the anatase phase to the rutile
phase. Similar phenomena have also been reported for the heat
treatment of Fe/Ti oxide composites.51,52 In summary, our FTC
composite was determined to contain Fe3O4, Fe3C, rutile TiO2
and carbon.
To characterize the carbon matrix further, the carbon form
of the FTC ber was determined using Raman spectroscopy
(Fig. 3). The peak located at ca. 1350 cm1 was assigned to the D
band of the carbon materials, conrming the presence of
disordered carbon.53 The other peak at ca. 1580 cm1 corresponding to the G band represented graphitic carbon.54 The
ratio of the intensities (ID/IG) of the two bands can be used to
evaluate the degree of disorder of the carbon materials.55,56 The
ID/IG ratio of FTC was measured to be about 0.8, suggesting that
the carbon matrix of FTC formed with a low degree of graphitization. Such a disordered carbon structure has been suggested
to promote the insertion, extraction, and diﬀusion of Li ions.57
To evaluate the carbon content in the samples, TGA was
carried out for the FTC, FC and TC products (Fig. 4). The slight
weight loss below 300  C was mainly due to the evaporation of
water adsorbed to the sample surface. The considerable weight
loss of 57.2 wt% above 400  C for the TC sample was attributed
to the oxidation of carbon to form volatile species, such as CO
and CO2. The weight of TiO2 in TC remained unchanged during
the heating process, implying that the carbon content of TC was
ca. 57.2 wt%. As a comparison, the weight loss aer 300  C for
FC occurred more slowly, which was mainly attributed to the
weight loss resulting from the oxidation of the carbon matrix to
CO and CO2 being somewhat counteracted by a slight weight
gain resulting from the oxidation of Fe3O4 and Fe3C to Fe2O3.58
The Fe3O4 content in FC aer the TGA was calculated to be
44.5 wt% with this calculation assuming that the residual Fe2O3
was formed totally from Fe3O4. The maximum Fe3C content in
FC was calculated to be 34.5 wt%, with this calculation
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Fig. 1 FE-SEM images of (a) Fe(acac)3/TBOT/PVP, (b) Fe(acac)3/PVP and (c) TBOT/PVP composite ﬁbers; and the (d and g) FTC, (e and h) FC and (f
and i) TC products at diﬀerent magniﬁcations.

Fig. 2

Fig. 3

XRD patterns of the (a) FTC, (b) FC and (c) TC products.

Raman spectrum of the FTC product.

9884 | J. Mater. Chem. A, 2016, 4, 9881–9889

Fig. 4 TGA curves of the (a) FTC, (b) FC and (c) TC products.

supposing that the Fe2O3 was obtained completely from Fe3C.
Eliminating the weight of absorbed water, the carbon content of
FC sample was calculated to be ca. 48.9–58.9 wt%. For the FTC
product, the ultimate oxidized residua were Fe2O3 and TiO2, in
a molar ratio of ca. 1 : 2, which was deduced from the initial ca.
1 : 1 molar ratio of Fe(acac)3 to TBOT. Aer excluding the weight
of TiO2, the carbon content of FTC was calculated to be
43.2–49.0 wt%, using the same assumptions as for FC.
The microstructure of FTC was further examined using
HR-TEM (Fig. 5). The apparent contrast between the grey carbon
matrix and the black nanoparticles can be distinguished
(Fig. 5a). The nanoparticles exhibited a narrow size range from
10 to 50 nm, corresponding to the FE-SEM observation. Fig. 5b
and c showed the higher-magnication images of FTC and
the three types of distinct lattice spacings. The typical
measured lattice fringe spacings of 0.248 and 0.253 nm (Fig. 5b)

This journal is © The Royal Society of Chemistry 2016
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FC, TC and FTC between 0.01 and 3 V at a current density of
100 mA g1. As seen in the rst curve for FC shown in Fig. 6a, FC
yielded initial discharge/charge capacities of 582.8 and 264.3
mA h g1, implying a low rst coulombic eﬃciency of 45.4%.
The large irreversible capacity in the initial cycle can be attributed to the formation of a solid electrolyte interphase (SEI) lm,
which mainly occurred in the rst discharge process at low
potentials (<0.7 V).11 The distinct potential plateau at ca. 0.75 V
corresponded to the reduction of Fe3+ and Fe2+ to Fe0 and the
formation of amorphous Li2O.10 The charge curve of the rst
cycle showed a negative slope from 1.5 to 2.0 V, suggesting the
oxidation of Fe0 to Fe2+ and Fe3+.18 In the second cycle, the
discharge/charge curves tended to overlap, suggesting that the
FC anode exhibited an enhanced cycling stability. Interestingly,

Fig. 5

HR-TEM images of (a–c) FTC at diﬀerent magniﬁcations.

corresponded to the (101) crystal plane of rutile TiO2 (JCPDS 211276) and (311) plane of Fe3O4 (JCPDS 65-3107), respectively.
Meanwhile, the rutile TiO2 and Fe3O4 grains were detached
from each other, implying their independent nucleation.
However, the nearly perpendicular lattice spacings of 0.253 and
0.201 nm (Fig. 5c) corresponded to the (311) plane of Fe3O4
(JCPDS 65-3107) and (031) plane of Fe3C (JCPDS 35-0772),
respectively. Note that Fe3C did not crystallize as well as did
Fe3O4. Fe3C attached onto the surfaces of the Fe3O4 grains,
suggesting that Fe(acac)3 was rst reduced to Fe3O4 during the
carbonization process, and then some of the Fe3O4 reacted with
the carbon attached on the grain surface to generate Fe3C.
However, the interior of the Fe3O4 particle, having hardly any
contacts with carbon, could not be reduced to Fe3C during the
heat treatment.59,60 Eventually, the Fe3C and Fe3O4 crystals
became closely integrated and coexisted in one grain.
3.2. Electrochemical performance of Fe3O4/Fe3C/TiO2/C
composite bers
The electrochemical performances of the products were
measured to evaluate their applicability as LIB anode materials.
Fig. 6 shows the selected discharge/charge voltage proles of

This journal is © The Royal Society of Chemistry 2016

Fig. 6 Galvanostatic discharge/charge curves of the 1st, 2nd, 5th and
200th cycles for (a) FC and (b) TC, and the 1st, 2nd, 5th, 200th and
400th cycles for (c) FTC.
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the discharge/charge capacities of FC increased to ca. 400 mA
h g1 at the 200th cycle. Compared with previous cycles, the
enhanced capacity may be attributed to the catalytic activation
of the FC anode by Fe3C. As reported recently, Fe3C can act as
a catalyst to gradually reduce the concentration of SEI components and promote the reversible formation/decomposition of
the SEI lm during cycling,36,42 resulting in the increase of
reversible capacity. However, the rst coulombic eﬃciency of FC
was still low since Fe3C cannot prevent the formation of the SEI
lm in the rst cycle. For the TC sample (Fig. 6b), the initial
discharge/charge capacities were 348.6 and 73.2 mA h g1,
respectively, corresponding to an initial columbic eﬃciency of
only 21.0%. The large loss of capacity in the initial cycle was
mainly ascribed to the irreversible insertion of Li ions into the
TiO2 lattice. In the second cycle, the charge capacity increased
to 233.4 mA h g1, and the discharge/charge capacities gradually stabilized at approximately 150 mA h g1 as the cycling
continued. The FTC sample also yielded a short potential
plateau at ca. 0.75 V (Fig. 6c), corresponding to the reduction of
Fe3+ and Fe2+ to Fe0 in the initial discharge process, which is
consistent with the above result for FC. Compared with FC and
TC, the FTC sample exhibited much higher rst discharge/
charge capacities of 1015.5 and 531.6 mA h g1. The initial
columbic eﬃciency of the FTC sample was 52.3%, higher than
that of FC (45.4%) and that of TC (19.1%). Meanwhile, the
discharge/charge curves of FTC showed little change from the
second to 400th cycle, indicative of a superior cycling stability of
the cell made from FTC. As was observed for the FC sample, the
capacity of FTC tended to increase from the second cycle, and
the reversible capacity reached over 700 mA h g1 aer 400
cycles due to the catalytic activation of Fe3C during the
discharge/charge processes.42
The cyclic voltammetry (CV) curves for the initial three cycles
of FTC are shown in Fig. 7. In the rst cycle, there was a strong
and broad cathodic peak at ca. 0.5 V, which we attributed to the
reaction LixFe3O4 / Fe0 + Li2O and the formation of the SEI
lm.11 There were two other weak cathodic peaks at around
1.0 and 1.5 V, which we ascribed to the reaction of lithium ions
with Fe3O4 to form LixFe3O4 and an irreversible phase transformation from TiO2 to LiTiO2, respectively.10,22 In the subsequent charge process, a broad peak at about 1.75 V appeared in

the rst anodic curve, which corresponded to the oxidation of
Fe0 to Fe2+ and Fe3+.38 From the second cycle, the cathodic peak
at 0.5 V shied to ca. 0.7 V, and the anodic peak moved slightly to
a higher potential (ca. 1.9 V) as well. Similar shis of cathodic
and anodic peaks to higher voltages have also been observed for
other transition metal oxides due to the polarization of active
materials in the rst cycle.10,16 Meanwhile, an apparent decrease
of the cathodic current was observed in the second CV curve
compared with the rst one, indicating the capacity loss aer the
rst discharge/charge process due to the formation of the SEI
lm and the irreversible lithium insertion reaction. From the
second cycle onward, the CV curves nearly overlapped, indicative
of the superior reversibility and electrochemical stability of the
electrode made from FTC aer the rst discharge/charge cycle.
The cycling performances of FC, TC and FTC were evaluated
at a current density of 100 mA g1 (Fig. 8). Although the initial
discharge capacity of FC reached 582.8 mA h g1, the capacity
decreased sharply to 237.2 mA h g1 and then increased gradually to 382.9 mA h g1 aer 200 cycles. The TC sample delivered an initial discharge capacity of 348.6 mA h g1, and aer
11 cycles, the capacity remained at ca.139.5 mA h g1 until the
200th cycle. Compared with FC and TC, the FTC anode exhibited
a high initial specic discharge capacity of 1015.5 mA h g1, and
the reversible capacity decreased gradually to ca. 400 mA h g1
during the rst 12 cycles, which could be attributed to the
consumption of lithium during the formation of SEI lms and
the irreversible conversion reaction.61 From the 12th to 200th
cycle, the reversible capacity of the FTC anode showed an
increasing tendency, and even reached ca. 700 mA h g1 at the
200th cycle due to the gradual activation of Fe3C during the
discharge/charge processes.43 The capacity was maintained at
702.1 mA h g1 until the 400th cycle.
The higher retention of the specic capacity of the FTC anode
than those of FC and TC demonstrated that the multicomponent
anode signicantly improved the cycling performance and led to
a higher capacity due to the synergistic eﬀect among the
components. The Fe3O4 component of FTC, with its high theoretical capacity of 925 mA h g1, acted as the main active
material to react with lithium ions and provided the majority of
the Li ion storage capacity. Similar to anodes made of other
metal oxides, that made of only Fe3O4 usually suﬀers from large
volume expansion/shrinkage and agglomeration during the
lithiation/delithiation processes, resulting in the destruction of

Fig. 7 Cyclic voltammetry (CV) curves of FTC at a scanning rate of 0.1

Fig. 8 Cycling performance of the FC, TC and FTC samples at 100 mA

mV s1 in the range of 0.01–3.0 V for the ﬁrst three cycles.
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the anode and rapid fading of capacity.11 Compositing Fe3O4
with carbon materials is one of the most popular methods to
extend the cycling life of the LIB. For example, in previously reported work, Fe3O4/C composites synthesized by carbon coating
Fe2O3 powders showed a capacity of 470.5 mA h g1 aer
100 cycles;62 magnetite/carbon core–shell nanorods prepared by
carbon coating a-Fe2O3 nanorods yielded a capacity of 394 mA h
g1 aer 100 cycles;63 Fe3O4/C nanotubes generated by electrospinning and subsequent carbonization displayed a capacity of
ca. 600 mA h g1 aer 100 cycles.64 Compared with these results,
the FTC showed both better cycling performance and higher
reversible capacity (over 700 mA h g1 aer 400 cycles). The
presence of Fe3C among Fe3O4 nanocrystallites (Fig. 5c) can
eﬀectively cushion the volume variation and prevent the aggregation of Fe3O4 nanoparticles during cycling.46 In addition, Fe3C
was conrmed36,65 to have great catalytic activity to reduce the
formation of SEI components, and promote the partially
reversible decomposition of SEI lms. Therefore, the originally
irreversible capacity induced by the SEI lm was gradually
transformed into the reversible capacity, leading to the increase
of capacity along with cycling.
Compared with FTC, the FC anode showed a similar trend in
how its reversible capacity changed with cycling, but only
delivered a reversible capacity of 382.9 mA h g1 aer 200 cycles,
which was much lower than that (ca. 700 mA h g1) provided by
the FTC bers. The higher capacity retention of FTC than that of
FC at each cycle demonstrated that the presence of TiO2
signicantly improved the reversible capacity. As shown in
Fig. 1g and h, the particle size of FTC was found to be less than
100 nm, much smaller than the ca. 200–500 nm particle size of
FC, due to the eﬀect of heterogeneous nucleation aer addition
of TiO2.38,49 The nano size of Fe3O4 and Fe3C generated larger
surface areas and more interfaces, which provided more electrochemically active sites and shorter transfer paths for Li ions,
which help enhance reversible capacity.26 Meanwhile, TiO2 has
been shown to undergo little volume variation (less than 4%, in
contrast to the 10% value of a graphite anode) during lithium
ion intercalation/deintercalation processes,37,66 which in our
experiments aﬀorded TiO2 outstanding structural stability, and
hence improved the cycling life (to over 400 cycles) and rate
capability of FTC. Nanocomposites of Fe3O4/Fe similar to our
FC sample have been reported to yield poorer cycling properties
(452 mA h g1 aer 50 cycles at 200 mA g1) than FTC as well.67
As shown in Fig. 1g–i, the carbon matrix wrapped around the
nanoparticles not only served as a support matrix, but also
suppressed volume changes and aggregation of the nanoparticles during the lithium intercalation/deintercalation
processes, leading to a prolonged cycling life of the Li-ion
batteries. Having a suﬃcient carbon content is signicant for
maintaining the integrity of the FTC anode. We previously
showed that the cycling stability of the composite would be
damaged by a decreased carbon content.23 Moreover, Fe3O4/
TiO2 without carbon-like TiO2-coated magnetite clusters (nFe3O4@TiO2) has been shown to display a poor cycling performance of ca. 300 mA h g1 aer 10 cycles.68 In addition to
promoting stability, the carbon ber has been shown to
enhance the electrical conductivity of the anode material by
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providing a continuous long-distance pathway for electron
transfer23 (Electrochemical impedance spectra (EIS) of the cells
before and aer cycling are shown in Fig. S1†).
The rate capabilities of FC, TC and FTC and the cycling
performance of FTC at a high current density (1000 mA g1) are
displayed in Fig. 9. FTC achieved reversible capacities of ca. 346.4,
292.3, 248.0, 196.1, and 144.9 mA h g1 at current density values of
100, 200, 400, 800 and 1600 mA g1, respectively (Fig. 9a). When
the current density was returned to 100 mA g1 aer the rate
performance test, the discharge capacity of FTC rebounded to
378.9 mA h g1, even higher than 346.4 mA h g1 acquired at the
initial current density of 100 mA g1, suggesting that the highcurrent charge/discharge processes not only did little damage to
the integrity of the electrodes, but also led to a gradual activation
of the electrode materials. In comparison, the FC anode delivered
reversible capacities of 274.1, 208.5, 169.4, 134.2, 97.3 and
308.3 mA h g1, and TC only achieved the reversible capacities of
212.8, 123.0, 87.5, 42.4, 12.9 and 193.4 mA h g1 at the current
densities of 100, 200, 400, 800, 1600 and back to 100 mA g1,
respectively. The FC and TC nanocomposite bers showed a much
lower rate capability at the same current density than did FTC,
mainly attributed to their lower reversible capacity, which was
discussed above when we described cycling performance (Fig. 8).
To further investigate the high rate capability of FTC, the cycling
performance at a current density of 1000 mA g1 was tested. As
shown in Fig. 9b, the FTC nanocomposite bers delivered
a reversible capacity of ca. 200 mA h g1 at a current density of
1000 mA g1 in the initial 150 cycles, and the capacity was still
maintained at ca. 130 mA h g1 aer 350 cycles. The superior rate
capability demonstrated that the anode made of FTC nanocomposite bers kept its structural integrity at a high current
density, and should be favorable to rapid charge and discharge.

Fig. 9 (a) The rate capabilities of the FC, TC and FTC samples at
current densities of 100, 200, 400, 800, 1600 and back to 100 mA g1.
(b) The high rate cycling performance of FTC at 1000 mA g1.
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4. Conclusions
In summary, TiO2/C, Fe3O4/Fe3C/C and Fe3O4/Fe3C/TiO2/C
composite bers with diameters of ca. 5–10 mm were synthesized by using a facile dry-spinning approach. As an anode
material for a Li-ion battery, the Fe3O4/Fe3C/TiO2/C composite
bers exhibited better cycling and rate performances than did
the TiO2/C, Fe3O4/Fe3C/C samples. Fe3O4 provided high Li-ion
storage capacity, and Fe3C displayed great catalytic activity in
promoting the partially reversible decomposition of the SEI
lm. The carbon in the composite bers enhanced the electrical
conductivity and suppressed the aggregation of nanoparticles,
and the addition of TiO2 improved the cycling stability and
reduced the sizes of the Fe3O4 and Fe3C nanoparticles. Therefore, the electrochemical performances of the Fe3O4/Fe3C/TiO2/
C composite bers were improved due to the synergistic eﬀects
of its components.
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