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a b s t r a c t

Scalable synthesis of electrode materials with long cyclic life, high energy and power densities is a
prerequisite for next-generation Li ion batteries. Freestanding composite films are prepared by one-pot
electrospinning, in which ultrafine Fe3O4 nanoparticles are uniformly dispersed in a continuous carbon
nanofiber (CNF) matrix. The Fe3O4/CNF electrodes deliver remarkable electrochemical performance, e.g. a
reversible capacity of 881 mA h g�1 at 0.2 A g�1, excellent cyclic stability of 687 mA h g�1 after 350
cycles at 0.5 A g�1 and a high-rate capability of 422 mA h g�1 after 1000 cycles at 5.0 A g�1 with 84%
capacity retention. These values are among the highest ever reported for various nanostructured iron
oxide-based electrodes. Even after prolonged cycles, the CNF matrix containing ultrafine nanocrystals
remains structurally sound without damage. In contrast, the Fe3O4/CNF-750 electrode containing larger
Fe3O4 particles obtained at a higher carbonization temperature of 750 °C presents faster capacity decay
and cracking of CNF matrix due to larger volume expansion. The in-situ TEM analysis is used to provide
an insight into real-time structural evolution and conversion reactions. It is revealed that (i) upon initial
lithiation, the Fe3O4 nanoparticles embedded in the CNF are gradually reduced to Fe nanograins along the
Li ion diffusion direction; and (ii) after delithiation, a new oxidation product, FeO, emerges, instead of
Fe3O4. The irreversible phase conversion from Fe3O4 to Fe is the first of its kind reported for Fe3O4

electrodes although a similar phenomenon has been proposed for other electrode materials, like Fe2O3

and Co3O4.
& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) with high energy and power den-
sities, long cyclic life and low materials/manufacturing costs have
been considered the most promising energy storage devices that
can satisfy demanding applications, like electric vehicles and
smart grids [1,2]. Aiming at replacing the current commercial
graphite anode with a low theoretical capacity of 372 mA h g�1,
new anode materials, like metal oxides (Fe3O4, Co3O4) and alloys
(Si, Sn) enjoying higher specific capacities have been extensively
studied [3]. For example, Fe3O4 have drawn much attention
because of its attractive reversible capacity of 924 mA h g�1,
abundant supply, non-toxicity and environmental benignity [4,5].
Reversible conversion reactions between the Li ions and metal
oxides to form metal nanocrystals dispersed in Li2O are known
to be the major Li ion storage mechanism [6]. Despite these dis-
tinctive advantages, the electrodes made from these metal oxides
often suffer from rapid capacity degradation and modest high-rate
performance arising from large volumetric strains and intrinsic
poor ionic/electric conductivities.

To circumvent the above obstacles, two main strategies have
been explored. One is to synthesize metal oxides with low dimen-
sions [7–11], like nanoparticles, nanowires and nanorods, as well
as hierarchical porous structures. This approach not only enhances
the high-rate capacities through shorter ion diffusion lengths and
larger surface areas, but also improves the cyclic stability by
effective stress relaxation. Another strategy is to design hybrid
materials by combining metal oxides with carbon materials [12–
19]. Nanocarbon, like carbon nanofibers (CNFs), carbon nano-
tubes (CNTs) and graphene, can improve the high-rate perfor-
mance and the cyclic stability of the electrodes by facilitating fast
electron/ion transfer and acting as buffer to accommodate the
volume expansion of the active materials. Although the
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electrochemical performance has been improved using these
novel architectures and hybridization of the electrodes, several
critical issues still remain to be addressed before developing
commercially viable anodes [20,21], as follows. (i) While the nano-
architectures can effectively reduce the resistance to charge
transfer by shortening the diffusion paths, the nanoscale metal
oxides with large surface areas inevitably create insulating solid
electrolyte interface (SEI) layers once in contact with the liquid
electrolyte, leading to the deterioration of Coulombic efficiencies
and charge transfer after long cycles. (ii) The hybridization of
metal oxides with nanocarbon often requires separate, additional
processes to prepare the metal oxides prior to hybridization [13–
18]. Such a multi-step synthesis procedure often leads to re-
growth or aggregation of particles that are too large to maintain
effective conductive networks with carbon and efficient charge
transfer. (iii) Developing one-pot, facile fabrication methods with
reduced manufacturing and material costs are essential to large-
scale industrial applications of metal oxide-based electrodes
[3,4,20,21]. (iv) Although the electrochemical performance of
electrodes has been greatly improved through decade-long
research, fundamental understanding of the underlying mechan-
isms remains to be further explored by in-situ examination of the
reaction processes.

This work is dedicated to developing one-pot electrosp-
inning process to synthesize freestanding, binder-free Fe3O4/CNF
film electrodes with exceptional electrochemical performance.
They exhibited an excellent reversible Li ion storage capacity of
�900 mA h g�1, exceptional 84% capacity retention after 1000
cycles and a remarkable high-rate capacity of �500 mA h g�1 at
5 A g�1. In-situ TEM is a powerful means to probe into the lithia-
tion/delithiation process of electrodes [22]. Although tremendous
efforts have been made towards ameliorating the electrochemical
performance of iron oxide-based anodes, insightful investigations
using in situ TEM are rare. Inspired by recent studies on in-situ
TEM characterization of other nanostructured materials, like Si
[23], SnO2 [24], Fe2O3 [25], Co3O4 [26] and FeF2 [27], we examined
in real time the conversion reactions and morphological changes
in Fe3O4/CNF composite electrodes during the electrochemical
lithiation/delithiation cycles.
2. Experimental

2.1. Synthesis of Fe3O4/CNF composites

Polyvinyl alcohol (PVA) and iron (II) acetate were employed as
the carbon and Fe3O4 precursors, respectively. The electrospinning
solution was prepared by dissolving 0.7 g PVA (Mw¼85,000–
124,000 supplied by Sigma-Aldrich) in 10 mL deionized (DI) water
at 90 °C for 8 h in a water bath to form a homogenous solution
[28]. 0.28 g iron (II) acetate (Fe(Ac)2, supplied by Sigma-Aldrich,
95%) was then added into the above solution, which was stirred for
8 h. The precursor solution was transferred to a 20 mL syringe
with a 19 G needle of 1.1 mm in inner diameter. Electrospinning
was conducted at a high voltage of 27 kV while the distance
between the needle and the drum collector covered with an alu-
minum foil was kept constant at 18 cm [29]. After peeling off from
the collector, the PVA fiber films containing iron (II) acetate were
stabilized in air at 200 °C for 2 h and carbonized in a N2 atmo-
sphere at two different temperatures, 600 and 750 °C, at a ramp
rate of 2 °C min�1 for 1 h. The resultant materials are designated
as Fe3O4/CNF and Fe3O4/CNF-750, respectively. Neat CNF films
were also prepared without Fe(Ac)2 using the same procedure and
after carbonization at 600 °C for 1 h.
2.2. Characterization and electrochemical tests

The morphologies of the as-prepared composites were exam-
ined by scanning electron microscopy (SEM, JEOL-6700 F) and
transmission electron microscopy (TEM, JEOL-2010). A powder
X-ray diffraction (XRD) system (Philips, PW1830) was employed to
study the phase structures for 2θ from 10° to 90° at a scanning rate
2° min�1. The surface chemical compositions were evaluated on
an X-ray photoelectron spectroscope (XPS, Surface analysis
PHI5600, Physical Electronics) using a monochromatic Al Kɑ X-ray
at 14 kV. The thermogravimetry analysis (TGA) was conducted
to evaluate the elemental compositions at a heating rate of
10 °C min�1 from room temperature to 900 °C in air.

The electrochemical performance of the electrodes was mea-
sured using 2032 coin cells, similar to our previous studies [30,31].
The Fe3O4/CNF films were cut into 10 mm�10 mm squares with
�1.0 mg in weight which were directly used as the freestanding,
binder-free anodes. Li foils were used as the counter electrodes,
1 M LiPF6 in a solution of ethyl carbonate (EC): dimethyl carbonate
(DMC) mixture (1:1, v/v) was used as the electrolyte along with
microporous polyethylene films (Celgard 2400) as the separators.
The coin cells were assembled in an Ar-filled glove box. The
electrochemical performance of electrodes was evaluated on a
LAND 2001 CT system at different current densities and at
potentials between 0 and 3.0 V.

2.3. In-situ TEM examination

The in-situ electrochemical experiments were carried out using
a Nanofactorys scanning tunneling microscopy (STM) holder in a
JEOL 2100F TEM. The dual-probe holder is schematically shown in
Fig. 4a. Selected composite fibers were attached to a gold rod of
200 μm in diameter using silver paste. A tungsten (W) wire cov-
ered with Li metal was used as the counter electrode. The holder
with a simulated cell was transferred to a TEM column with pro-
tection under Ar gas flow. During transfer, a thin layer of Li2O was
believed to be formed as solid electrolyte in the cell. After the Au
rod was driven to allow a contact between the Fe3O4/CNF and
Li2O/Li electrodes, a negative bias was applied to the Fe3O4/CNF
electrode. Lithiation took place as the Li ions were transferred
through the solid electrolyte, and the bias was then reversed to
positive to allow delithiation. The electron energy loss spectro-
scopy (EELS) spectra were obtained using a Gatan Enfina parallel
electron energy loss spectrometer. The intensity ratio of Fe L2,3
edges, IL3/IL2, was used to identify the oxidation states of iron in
Fe3O4/CNF, which was calculated by dividing the areas under the
L3 and L2 edges after the subtraction of backgrounds using a
standard AE�r model.
3. Results and discussion

3.1. Structure and morphology

Fig. 1 illustrates the one-pot synthesis of Fe3O4/CNF composites.
The neat polyvinyl alcohol (PVA)/Fe(Ac)2 nanofibers were obtained
by electrospinning of the precursor containing homogenous PVA
and Fe(Ac)2 aqueous solution (Fig. 1a). The ferrous compounds
were fully encapsulated by hydrophilic PVA during the electro-
statically induced self-assembly process [32]. Upon stabilization
and carbonization under optimized conditions, freestanding
composite films consisting of ultrafine Fe3O4 nanoparticles uni-
formly dispersed in a continuous CNF were obtained (Fig. 1b). The
CNF matrix not only offers interconnected paths for electron
transport and ion diffusion, but also functions as effective stress
buffer, to the benefits of enhanced Li ion storage performance
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(Fig. 1c) [33]. The detailed morphologies and structures of the as-
prepared Fe3O4/CNF composites are presented in Fig. 2. The TEM
and SEM images of Fe3O4/CNFs exhibited a smooth surface with a
diameter ranging 50–100 nm (Fig. 2a). The diameters were smaller
than those of the similar CNF/Fe3O4 composite [12], which are
beneficial to high-rate performance by providing shorter ion dif-
fusion lengths and larger electrode/electrolyte contact areas [34].
Fig. 1. Schematic representation of the synthesis of Fe3O4/CNF composites: (a) as-spun
Fe3O4/CNF showing ultrafine, uniformly-dispersed Fe3O4 nanoparticles.

Fig. 2. (a–c) HRTEM images of Fe3O4/CNF nanocomposites; inset (a) SEM image of Fe3O4

maps of C, O and Fe for (a); (g) XRD pattern, (h) TGA curve and (i) deconvoluted Fe 2p
The uniformly dispersed Fe3O4 nanoparticles were fully embedded
within the CNF matrix, with a particle size distribution centered at
5 nm (Fig. 2b). These ultrafine nanoparticles possessed many
advantages, such as large surface areas available for reactions,
short Li ion diffusion lengths and excellent anti-pulverization
characteristics, all of which contributed to high-rate capacities and
long cyclic life [20,21]. Fig. 2c reveals �2 nm thick graphitic layers
PVA/Fe(Ac)2 neat fibers; (b) carbonized Fe3O4/CNFs; and (c) cross-sectional view of

/CNF composites and (b) size distributions of Fe3O4 particles; (d, e, and f) elemental
XPS spectrum of Fe3O4/CNFs.
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that were formed on the fiber surface as a result of partial gra-
phitization of the carbonized PVA [28]. However, the Raman
spectrum (Fig. S1a) indicates that the CNF was predominantly
amorphous with D- and G-band peaks located at 1350 and
1550 cm�1, corresponding to defects and graphitic structure of
carbon, respectively [29]. During the charge/discharge process, Li
ions can transfer through the amorphous carbon matrix to react
with the embedded Fe3O4 particles, similar to Si/CNF composite
electrodes [31]. The lattice fringes of nanocrystals had D-spacings
of 0.253 and 0.209 nm, attributed to the (311) and (400) planes of
crystalline Fe3O4, respectively [16]. The elemental mapping images
(Fig. 2d–f) confirmed the uniform distribution of C, O and Fe. The
typical XRD pattern (Fig. 2g) presents a broad peak at 2θ¼24°
attributed to the amorphous CNF, and a few residual peaks cor-
responding to the crystalline Fe3O4 (PDF: 19-0629) [16–18]. The
Fig. 3. Electrochemical properties of Fe3O4/CNF electrodes: (a) galvanostatic charge/disc
cyclic performance between neat CNF, Fe3O4/CNF and Fe3O4/CNF-750 anodes at 0.5 A g
densities of the Fe3O4/CNF electrode; and (d) rate capacities of the three different electro
stability of the three different electrodes when tested at 5.0 A g�1 for 1000 cycles.
Scherrer's equation was used to measure the average crystal size of
Fe3O4 nanoparticles based on the strongest peak (311) at
2θ¼36.8°, giving ∼5 nm, in agreement with the above TEM result.
The Fe3O4 content was estimated to be ∼65 wt% according to the
TGA curve (Fig. 2h).

The elemental compositions obtained from the general XPS
curve are summarized in Fig. S1b. The Fe content was only
2.04 at%, much lower than that determined from the TGA result, a
reflection of almost full encapsulation of the Fe3O4 particles inside
the CNF matrix. The deconvoluted Fe 2p spectrum (Fig. 2i) shows
two prominent peaks centered at 710.5 and 724.3 eV, corre-
sponding to the Fe 2p3/2 and Fe 2p1/2 states, respectively. The
absence of satellite peaks in Fig. 2i is an important evidence to
corroborate that the final product was Fe3O4, not γ-Fe2O3[35]. It
should be noted that both Fe3O4 and γ-Fe2O3 have the same
harge curves between 0 and 3 V at a current density of 0.2 A g�1; (b) comparative
�1 after two cycles at 0.2 A g�1; (c) charge/discharge profiles at different current
des measured at current densities ranging from 0.2 to 5.0 A g�1; (e) long-term cyclic



Table 1
Comparison of electrochemical performance of iron oxide-based composite anodes
with different active particle sizes.

Materials Particle
size
(nm)

Electrochemical performance Ref.

Specific
capacity
(mA h g�1)

Current
density
(A g�1)

Cycle
number

Fe3O4 hollow spheres �5000 580 0.2 100 [8]
ɑ-Fe2O3 multi-shell 25–30 1702 0.05 50 [10]
Porous Fe2O3 �200 �800 0.1 300 [11]
CNF/Fe3O4 �20 1007 0.2 80 [12]
Fe3O4/3-D GF 5-25 �400 �4.8 500 [13]
Fe3O4/GS/GF �200 363 4.8 60 [15]
VOx/Fe3O4/G �100 �700 2.0 100 [16]
Fe3O4/CNT/PAA 10 �850 0.1 100 [17]
Fe3O4/CNT/C 6.8 690 2.0 200 [18]
Fe3O4/mesoporous C 5.4 547 2.0 500 [19]
Fe3O4/CNF �5 687 0.5 350 Current

422 5.0 1000 work
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crystalline structure, but differ in the valence state of iron ions. The
deconvoluted C1s spectrum (Fig. S1c) shows a strong peak at
284.9 eV, corresponding to the C–C bond in disordered carbon
nanofibers [31]. As for the deconvoluted O1s spectrum (Fig. S1d),
the strong peaks centered at 530.3 and 532.9 eV are attributed to
O2� bonding with Fe and C–O, O–C¼O groups, respectively [13].
The small, broader peak at 531.4 eV between the two sharp peaks
corresponds to the –OH groups [36].

3.2. Electrochemical performance

Fig. 3 presents exceptional electrochemical performance of the
Fe3O4/CNF composite anode for LIBs. The galvanostatic charge/
discharge curves (Fig. 3a) show very different discharge and
charge capacities of 1279 and 881 mA h g�1 in the first cycle,
respectively, with a Coulombic efficiency of 68.9%. The large
capacity loss can be attributed to two major reasons, including the
formation of irreversible SEI films [12–19], and the irreversible
phase conversion, as discussed in Section 3.3. The initial Cou-
lombic efficiency is very likely to be improved by pre-lithiation as
proven previously for both Si and graphite [37]. The initial capacity
was higher than the simple sum, about 730 mA h g�1, contributed
by each of the active constituents, and the possible reasons are
described as follows. (i) The synergetic effect between the CNFs
and the ultrafine Fe3O4 particles that are uniformly dispersed and
fully encapsulated by the carbon matrix may help improve the
capacity, as demonstrated in different metal oxide/graphene
composite electrodes [38,39]; and (ii) the metallic Fe formed after
discharge can promote reversible formation/dissolution of SEI
components consisting of various inorganic and organic com-
pounds, which contributes extra capacities as noted previously
[19,26]. In the following two cycles, however, the performance
became very stable with high capacities of 840 and 828 mA h g�1,
confirming excellent reversibility. Note that these charge/dis-
charge curves correspond to the first three cycles of the Fe3O4/CNF
electrode at 0.2 A g�1 in Fig. 3d.

Fig. 3b shows the comparative cyclic performance of the elec-
trodes prepared from the neat CNF, Fe3O4/CNF and Fe3O4/CNF-750
at 0.5 A g�1. The pristine CNF had a reversible capacity of
141 mA h g�1 after 350 cycles with high capacity retention of 82%,
confirming stable cyclic performance but with a negligible capa-
city contribution. To identify the significance of particle size of
active materials, electrodes were prepared at two different car-
bonization temperatures of 600 and 750 °C, designating Fe3O4/CNF
and Fe3O4/CNF-750, respectively. The Fe3O4 particles in the
Fe3O4/CNF-750 composites grew much larger with an average
particle size �20 nm (Fig. S2a), which is four times that of the
Fe3O4/CNF electrode treated at 600 °C. During the charge/dis-
charge process, the larger Fe3O4 particles were expected to induce
significantly higher mechanical strains to the carbon matrix than
ultrafine Fe3O4 particles by volume expansion of �93% [40]. This
would result in detrimental effects, such as permanent deforma-
tion of CNFs, cracking of carbon matrix and direct exposure of
Fe3O4 particles to liquid electrolyte to form SEI layers, thus
eventually causing fast capacity degradation. Although the
Fe3O4/CNF-750 electrode delivered a high initial capacity of
876 mA h g�1, there was a substantial capacity decay of 53% after
350 cycles (Fig. 3b). The ex-situ TEM image in Fig. S2b suggests that
the agglomerated, large Fe3O4 particles were exposed on the sur-
face even before cycles [20,21] and the CNF structure was sig-
nificantly deformed and cracks were initiated after 350 cycles.

The Fe3O4/CNF electrodes presented a much higher initial
capacity and higher capacity retention than either of the neat CNF
or Fe3O4/CNF-750 electrodes. They delivered a remarkable capa-
city of 687 mA h g�1 after extended 350 cycles with Coulombic
efficiency of 99.5% at 0.5 A g�1. The ex situ TEM image (Fig. S2c)
confirmed that the cycled Fe3O4/CNF electrode had essentially

the same morphological feature as the pristine electrode (Fig. 2a)
with intact ultrafine particles embedded inside the matrix and
minor SEI attached on the surface, which is different from the
Fe3O4/CNF-750 electrode. The obvious capacity decay for the
Fe3O4/CNF electrode in the first 30 cycles can be ascribed to the
formation of SEI layers along with steady decomposition of elec-
trolyte. In view of the gradually increasing Coulombic efficiencies
during the same cycles, the SEI film appeared to become pro-
gressively stabilized, as seen from many similar previous studies
[13,41,42].

Fig. 3c presents the charge/discharge profiles of the Fe3O4/CNF
electrode at current densities ranging 0.2–5.0 A g�1, and Fig. 3d
shows comparative rate performance among the three different
electrodes. In agreement with the cyclic performance (Fig. 3b), the
Fe3O4/CNF electrode delivered the highest rate capacities, espe-
cially at high current densities, among the three. The equally
excellent capacities of 824 and 458 mA h g�1 at relatively low and
very high current densities 0.2 and 5.0 A g�1, respectively, mean
superior electrode kinetics and low charge transfer resistance of
the Fe3O4/CNF electrode. When the current density was reverted
to 0.2 A g�1 after 120 cycles, the capacity was recovered to as high
as 941 mA h g�1, which is even higher than 824 mA h g�1

obtained after 20 cycles. This observation can be explained by the
reversible growth of the polymeric gel-like layer by the kinetically
activated electrolyte degradation [9,13,15] during the charge/dis-
charge cycles at low current densities. To further confirm the high-
rate capability, the three different electrodes were cycled at a high
current density of 5 A g�1 for extended 1000 cycles, as shown in
Fig. 3e. After the opening 2 cycles at 0.2 A g�1, the Fe3O4/CNF
electrode exhibited an initial capacity of 502 mA h g�1 and sus-
tained 422 mA h g�1 with remarkable capacity retention of 84%
after 1000 cycles. These values were much higher than the resi-
dual capacities of 202 and 67 mA h g�1 for Fe3O4/CNF-750 and
CNF electrodes, respectively.

The aforementioned outstanding electrochemical performance
of the Fe3O4/CNF electrode can be explained by the synergistic
effects arising from the ameliorating structural and functional
features of the electrode, as follows. (i) The ultrafine Fe3O4 parti-
cles with monodispersion brought about an extremely large sur-
face area for reactions with Li ions; (ii) the interconnected and
highly conductive CNF matrix offered fast transfer of electrons,
while the 1D CNFs with small diameters and high surface-to-
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volume ratios also enhanced the Li ion transfer owing to unin-
terrupted permeation of the electrolyte and easy Li ion insertion
[34]; (iii) the full encapsulation of the Fe3O4 particles within the
CNF matrix effectively alleviated the formation of unreactive SEI
films; and (iv) the robust CNF matrix ensured the structural
integrity of the electrode by functioning as buffer to accommodate
the volumetric strains of Fe3O4 particles and preventing active
particles from re-agglomeration during cycles. In addition, the
electrospinning technique employed in this work is a highly ver-
satile and one-pot process, capable of producing flexible and
freestanding CNF films with in situ embedded, monodispersed
active metal oxide particles, which can be directly employed as
electrodes without any binder or conductive additives.

Table 1 shows the comparison of electrochemical performance
of the Fe3O4/CNF electrode with those of iron-oxide based elec-
trodes reported in the literature. Although a direct comparison is
not trivial due to different materials, compositions, nanostructures
and test parameters used in these studies, several general con-
clusions can be elucidated, as follows. (i) The electrodes with
smaller active particles tend to exhibit better cyclic stability and
high-rate capability, which can be verified by the long cyclic life of
the Fe3O4/3-D graphene foam (GF) [13], Fe3O4/mesoporous carbon
(C) [19] and the current Fe3O4/CNF electrodes all containing
ultrafine particles. In general, the smaller Fe3O4 particles can give
shorter ionic transport lengths and larger electrolyte contact areas
for a given electrode volume than the bulk counterpart [4], which
favor fast Li ion diffusion and enhanced high-rate performance
[43,44]. (ii) The hybridization of carbon materials much enhances
the high-rate capacities due to the improved electronic con-
ductivities [8,10,11]. (iii) Almost all iron oxide-based composites
have been prepared based on multi-step processes using diffe-
rent precursors [15–19]. Employing a facile, one-pot electrosp-
inning method to synthesize freestanding and flexible films of
Fe3O4/CNFs is considered more competitive and cost-effective than
the other synthesis methods.

3.3. In situ TEM analysis

3.3.1. Lithiation
To gain insightful understanding of the conversion reactions

and structural evolution, in-situ TEM was carried out to capture
live images of the Fe3O4/CNF electrode during the lithiation/deli-
thiation processes. Fig. 4a schematically depicts the nano-battery
setup in a TEM chamber where the Fe3O4/CNF fibers were attached
to a Au rod using silver paste, while the thin layer of Li2O/Li on a
counter W tip served as the solid electrolyte and cathode,
respectively. Once a firm physical contact was established, a
negative potential of �2 V was applied to the composite fibers
against the counter electrode to drive Li ion diffusion through the
Li2O solid electrolyte for reaction.

A series of TEM images taken during the initial lithiation pro-
cess are shown in Fig. 4b–d (see the full video images from Sup-
porting information Movie 1). In Fig. 4b, the pristine Fe3O4/CNF
shows a fibrous structure with diameter of 54 nm, containing
numerous Fe3O4 nanocrystals, as discussed above. The lattice
fringes of an individual Fe3O4 particle inset Fig. 4b are in agree-
ment with the (311) plane of inverse spinel structured Fe3O4. Upon
lithiation, the microstructures of the Fe3O4 nanoparticles gradually
changed from the fiber tip towards the direction of Li ion diffusion
with numerous nanograins emerging, as marked by the red arrow
in Fig. 4c. When the composite fiber was almost fully lithiated
after 210 s (Fig. 4d), the diameter of CNF was expanded from 54 to
60 nm, while its original fiber shape remained intact, indicating
structural robustness of the CNFs. It is worth noting that at the end
of lithiation, the Fe3O4 crystals of 5 nm in diameter (Fig. 4b) were
transformed to ultrafine Fe nanograins of �1 nm or smaller in
diameter (Fig. 4e). The reduction process occurred according to the
equation [4–7]

Fe3O4þ8 Liþ-3 Feþ4 Li2O (1)

The lithiated fiber (Fig. 4f) presents crystal fringes with a spa-
cing of 0.266 nm, corresponding to the (111) plane of Li2O. Li2O is a
typical reaction product arising from the lithiation of metal oxides,
like Fe2O3 [25] and Co3O4 [26]. The Li2O formed initially by the
above reaction likely functioned as preferential substrates for
further growth on the surface of the electrode [25,26]. The same
was not reported for the in-situ lithiated Si/CNT composite [45]. A
comparison of selected area electron diffraction (SAED) patterns
taken before and after lithiation (Fig. 4g) helped to understand the
reaction mechanism in terms of phase evolution. The diffraction
rings in the left image are consistent with the inverse spinel
structured Fe3O4 with space group of Fd-3m (PDF no. 19-0629). In
the lithiated state (right), the diffraction rings can be indexed to
the body-centered cubic (bcc) Fe with space group of Im-3m (PDF
no. 06-0696) and Li2O (PDF no. 12-0254) [25].

3.3.2. Delithiation
The in-situ TEM image of the electrode taken after 1st full

delithiation is shown in Fig. 5a. Compared to the lithiated CNFs
(Fig. 4d), the electrode became darker after delithiation due to the
extraction of Li ions and the formation of large iron oxide particles.
The diameter of the delithiated Fe3O4/CNF returned to ∼56 nm
which is very similar to the pristine size of 54 nm, indicating high
reversibility of the electrode. The inset HRTEM image revealed a
very interesting discovery. The crystalline lattice had a fringe
spacing of 0.214 nm corresponding to the (200) plane of FeO,
instead of the expected Fe3O4. The SAED pattern in Fig. 5b further
confirmed that the diffraction rings correspond to the (200) and
(220) planes of face-centered cubic FeO with a space group of Fm-
3m (PDF no. 46-1312), which differ from the corresponding pat-
terns of the pristine Fe3O4 (Fig. 4g, left). The ex-situ SAED patterns
of the Fe3O4/CNF electrode taken after 350 cycles (Fig. S2d)
revealed that Fe3O4 was transformed to FeO after the long cycles,
which is consistent with the in-situ TEM result. No Li2O patterns
were observed, a testament to complete delithiation and high
reversibility of the electrode, according to the equation

FeþLi2O2FeOþ2 Liþ (2)

The irreversible phase conversion in Eq. (1) in favor of the
reversible conversion in Eq. (2) can be explained by the much
weaker electrocatalytic activities of FeO particles than Fe nano-
grains [25]. An in-depth study needs to be carried out to fully
elucidate the origin of the irreversible electrochemical process in
future. The in-situ TEM images of the same electrodes for the 2nd
and 3rd lithiation/delithiation cycles are shown in Fig. S3, pre-
senting essentially the same fibrous structure along with well-
dispersed ultrafine Fe nanograins and FeO particles, respectively.

3.3.3. Conversion reactions
The EELS has been widely applied to investigate the valence

states of 3d transition elements whose L2,3 edges are sensitive to
the valance state of metals [25,26,46]. In an effort to confirm the
emergence of FeO as the delithiation product, the EELS spectra of
the Fe3O4/CNF electrode were evaluated so as to reveal the change
in chemical valence of Fe elements. The L3/L2 intensity ratio of the
pristine electrode was 4.8 (Fig. 5c), corresponding to the mixture
valence state of þ2 and þ3 [46]. The ratio was reduced to 2.2 after
the first lithiation reaction (Fig. 5d), attributed to the Fe0 state; and
it was recovered to 4.0 after delithiation (Fig. 5e), indicating a
valance state of þ2 [25,46]. In light of all these observations, it can
be concluded that the delithiation product was FeO with a



Fig. 4. (a) Schematic illustration of in-situ electrochemical experiment setup; (b–d) sequential TEM images taken from video frames presenting the initial lithiation process
of Fe3O4/CNF electrode; (e, f) magnified HRTEM images of the large and small rectangles in (d), respectively; (g) SAED patterns of the pristine (left) and lithiated (right)
Fe3O4/CNF.
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face-centered cubic structure, rather than the previously-known
inverse spinel structured Fe3O4. The reversible conversion
between Fe and FeO was further verified by the similar intensity
ratios between the first and the second cycles, namely 2.3 and
4.2 for the lithiated and delithiated states in the 2nd cycle,
respectively (see Fig. S4). It should be mentioned that the irre-
versible conversion reaction between Fe3O4 and Fe was partly
responsible for the substantial initial capacity drop (Fig. 3a)
because the theoretical capacity of FeO is lower than Fe3O4, i.e. 744
vs 924 mA h g�1.

The above findings on electrochemical conversion reactions
during the charge/discharge cycles of the Fe3O4/CNF electrode are
schematically summarized in Fig. 6. At the beginning of the first
discharge when the Li ions are inserted, the Fe3O4 nanoparticles
embedded in the CNF matrix are reduced to metallic Fe nanograins
while Li2O crystals are formed (Fig. 6b and c). During this process,
the mechanically robust and highly conductive carbon matrix
prevents pulverization of the particles and allows full conversion
reactions of all particles to take place. Upon charge, the Li2O
crystals are reduced for extraction of Li ions and the Fe nanograins
are re-oxidized to form FeO nanoparticles (Fig. 6c and d). During
the subsequent lithiation/delithiation processes, completely
reversible conversion reactions take place between the FeO par-
ticles and Fe nanograins.
4. Conclusions

In summary, freestanding and flexible Fe3O4/CNF composite
films were synthesized using a scalable one-pot electrospinning



Fig. 5. (a) TEM image of Fe3O4/CNF electrode taken after 1st full delithiation with HRTEM of FeO in inset; (b) SAED pattern of the 1st full delithiated electrode; and EELS
spectra of Fe-L2,3 edges of Fe3O4/CNF electrode taken (c) before lithiation, (d) after 1st full lithiation and (e) after 1st full delithiation.
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method followed by heat treatment. The temperature-controlled
process produced highly conductive, continuous and large surface
area CNFs with well-dispersed, ultrafine Fe3O4 particles of �5 nm
in diameter embedded in the CNF matrix. The anodes made from
the Fe3O4/CNF composite films delivered an exceptional capacity
of 881 mA h g�1 at 0.2 A g�1 and remarkable cyclic stability of
687 mA h g�1 at 0.5 A g�1 after 350 cycles. When the electrode
was subjected to 5 A g�1 which represents extremely fast ion/
electron transfer environment, it retained an excellent high-rate
capability of 422 mA h g�1 at 84% retention after 1000 cycles.
Based on the intensive in-situ TEM examinations, we proposed
a new mechanism to explain the conversion reactions of the
electrodes during the lithiation/delithiation cycles. Upon initial
lithiation, the Fe3O4 particles were transformed to Fe nanograins
to form conducting networks in the Li2O host of the CNF matrix.
Upon charging for delithiation, the metallic Fe was re-oxidized to
FeO, instead of Fe3O4. The subsequent electrochemical charge/
discharge processes were a reversible phase conversion between
Fe and FeO, which is different from the previously known
mechanism. Even after prolonged cycles, the CNF matrix



Fig. 6. Schematic illustrations of charge/discharge processes of Fe3O4/CNF electrode: (a) pristine Fe3O4/CNF; (b, c) lithiated Fe3O4/CNF; and (d) delithiated Fe3O4/CNF.
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maintained its original structure to function as buffer to accom-
modate the volumetric strains of active particles and to prevent
their agglomeration or pulverization, allowing full utilization of
active materials.
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