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ABSTRACT: A novel foamlike Fe3O4/C composite is prepared via a sol−gel type
method with gelatin as the carbon source and ferric nitrate as the iron source,
following a postannealing treatment. Its lithium storage properties as anode material
for a lithium-ion battery are thoroughly investigated in this work. With the interaction
between ferric nitrate and gelatin, the foamlike architecture is attained through a
unique self-expanding process. The Fe3O4/C composite possesses abundant porous
structure along with highly dispersed Fe3O4 nanocrystal embedment in the carbon
matrix. In the constructed architecture, the 3D porous network property ensures
electrolyte accessibility; meanwhile, nanosized Fe3O4 promotes lithiation/delithiation,
owing to numerous active sites, large electrolyte contact area, and a short lithium ion
diffusion path. As a result, this Fe3O4/C composite electrode demonstrates an
excellent cycling stability with a reversible capacity of 1008 mA h g−1 over 400 cycles
at 0.2C (1C = 1000 mA g−1), as well as a superior rate performance with reversible
capacity of 660 and 580 mA h g−1 at 3C and 5C, respectively.
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■ INTRODUCTION

Rechargeable lithium-ion batteries (LIBs), as the most popular
power source or energy storage system, have been widely used
in portable electronic devices, electric vehicles, electric grids,
etc.1−3 With increasing market demands, urgent challenges to
develop high energy and power battery systems have been
emerging. As a crucial part of LIBs, the commercial graphite
anode has an inherent shortage of capacity. The graphite
theoretical value of 372 mA h g−1 is inadequate to meet the
growing requirements of high energy batteries.4,5 Among
various alternative anode materials, magnetite (Fe3O4) shows
attractive merits as a potential candidate due to its high
theoretical capacity (926 mA h g−1), ecofriendliness, natural
abundance, low cost, and high electronic conductivity (2 × 104

S m−1).6−8 Despite these advantages, the anode material easily
suffers from sluggish kinetics in conversion reaction processes.
Furthermore, severe volume variation (200%) and particle
agglomeration occur during repeated lithiation/delithiation
reactions, resulting in electrode degradation over several
charge/discharge cycles. Consequently, the anode material is
not satisfactory in capacity retention and rate capability, which
also hinders its practical application.9,10

To solve these issues, one possible solution is to employ
nanosized Fe3O4 with various morphologies and structures,
such as nanoparticles,11 nanorods,12 nanowires,13 nanorings,14

and hollow nanostructure,15 aimed at relieving the strain caused
by lithium insertion/extraction, shortening the path length for
Li+ transport, and increasing access to electrolyte. Nevertheless,
the nanoscale particles with large surface area easily

agglomerate to form secondary aggregates, leading to debasing
the electrode stability. Another possible solution is the
combination of nanosized Fe3O4 with multifunctional carbon
materials.16−19 For example, metal oxides have been coated
with a thin carbon layer,20 supported with a carbon substrate,
and embedded in a porous carbon matrix.21−23 The carbona-
ceous material acts as a buffer layer, alleviating the volume
variation of active particles upon cycling, and as a conductive
matrix for electron transfer. Additionally, it can provide active
sites for crystal growth and prevent particle agglomeration.
Various kinds of nanostructured carbonaceous materials, such
as graphene, carbon nanotubes (CNTs), and porous carbon
including mesocellular carbon, carbon foam, and ordered
mesoporous carbon (CMK-3), have been used as hosts because
of their highly specific surface and high loading capacity for
active materials.24−28 However, most of the host materials need
a complicated preparation process with tedious steps under
severe conditions. In addition, to obtain the composites, extra
processes are further required to combine hosts with active
materials, for instance, solvothermal method, thermal decom-
position, thermal evaporation, etc. Moreover, some problems
still exist for the Fe3O4 anode, such as low Coulombic
efficiency, unsatisfactory cycling life and rate capacity, and in
particular the links with the material architecture.
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In this study, we reported the synthesis of a novel foamlike
Fe3O4/C composite through a unique self-expanding process.
With the interaction between ferrous nitrate and gelatin, the
foam structure was achieved. During the in situ growth process,
the fine Fe3O4 crystals could be homogeneously dispersed and
embedded in the carbon matrix, which effectively confined
active particle size and avoided nanoparticle agglomeration.
This simple method, based on biomass and low cost precursors,
offered a green and low cost new approach to prepare the
Fe3O4/C composites. Herein the synthesis strategy, surface
morphology, microstructure, and chemical composition of the
as-prepared Fe3O4/C composite were examined in detail. As
anode material, its lithium storage properties and reaction
mechanism were thoroughly investigated, together with bare
Fe3O4 and pure carbon anodes for comparison.

■ EXPERIMENTAL SECTION
Materials Synthesis. The reagents were obtained from

commercial sources and used without further purification. Typically,
10 g of gelatin was dissolved in 90 mL of hot deionized water under
continuous stirring to obtain a slightly yellow solution A. Solution B
was prepared by dissolving 10 mmol of Fe(NO3)3·9H2O in 40 mL of
deionized water. Solution B was then added to 20 mL of solution A
dropwise to make a viscous mixed solution. With vigorous stirring and
continuous heating at 60 °C, the mixed solution changed into a brown,
sticky, toffeelike gel. Then further drying at 80 °C induced a foamlike
solid formation by a self-expanding process. Next the product was
annealed at 500 °C under an argon environment for 2 h to obtain a
Fe3O4/C composite.
To gain pure carbon material, the as-prepared Fe3O4/C composite

was etched by 0.1 M HCl with stirring for 24 h. The powders were
collected by centrifugation, washed with deionized water, and dried at
60 °C.

In comparison, bare Fe3O4 particles were prepared according to the
literature procedure.29 A 20 mmol amount of Fe(NO3)3·9H2O was
added to 25 mL of ethylene glycol (EG) under stirring to produce a
homogeneous solution. The solution was continuously heated at 80 °C
until a gel formed. Finally, the gel was annealed at 600 °C for 10 h to
yield bare Fe3O4 material.

Materials Characterization. The sample was characterized by X-
ray diffraction (XRD; Rigaku Ultima IV-185) with a Cu Kα radiation
source (scan rate: 2° min−1, scan range: 10°−80°) and by Raman
spectroscopy (Renishaw RM 2000) with 632.8 nm excitation from a
He−Ne laser. The morphology of the sample was analyzed using a
field-emission scanning electron microscope (FE-SEM QUANTA
6000) equipped with an energy-dispersive X-ray (EDX) detector.
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analysis was carried
out on a JEM-2010 instrument. Thermogravimetry (TG) analysis of
the sample was carried out at a ramping rate of 10 °C min−1 from
room temperature to 800 °C in air atmosphere (Seiko TG/
DTA6300). The elemental states in the composite were revealed
with an X-ray photoelectron spectrometer (XPS). The measurement
was conducted on a PHI QUANTERA-II SXM system, using a
monochromatized Mg Kα radiation source.

Electrochemical Test. Electrochemical tests were conducted on a
CR2025-type coin cell. The working electrode was prepared by mixing
80 wt % as-prepared active material, 10 wt % carbon black (Super P)
as conductive additive, and 10 wt % polyvinylidene fluoride (PVDF) as
binder in N-methylpyrrolidinone (NMP) to form a viscous slurry. The
slurry was then coated onto a Cu foil and dried in an oven at 100 °C
overnight. The dried electrode was cut into a disk with a diameter of
11 mm. The active material per electrode is about 2−2.2 mg cm−2.
The cell was assembled in an argon glovebox, using a lithium sheet as
counter and reference electrodes, 1 mol L−1 LiPF6/DMC + DEC + EC
(1:1:1 in volume) as electrolyte, and a Celgard 2300 membrane as a
separator. Galvanostatic charge/discharge tests were carried out on a
LAND CT2001A battery testing system between 0.005 and 3 V at
various current densities (0.2C, 0.5C, 1C, 2C, 3C, and 5C; 1C = 1000

Figure 1. Schematic illustration for the formation of the foamlike Fe3O4/C composite and the block carbon material. (a) Photograph of solid
precursor. SEM image of (b) self-expanded precursor, (c) Fe3O4/C composite, and (d) block carbon.
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mA g−1). Cyclic voltammetry (CV) of the electrode was recorded from
0.005 to 3 V at scan rates of 0.1, 0.2, 0.5, 1, 2, 3, 5 mV s−1.
Electrochemical impedance spectroscopy (EIS) measurement was
performed at a frequency range from 100 kHz to 10 mHz with a
perturbation amplitude of 5 mV. Both CV and EIS measurements were
conducted on a CHI 660D electrochemical workstation. The
potentials mentioned in this study refer to the Li/Li+ redox couple.

■ RESULTS AND DISCUSSION

The self-expanding process to prepare the foamlike Fe3O4/C
composite is schematically illustrated in Figure 1. Gelatin, as a
biopolymer, is composed of glycine, proline, hydroxyproline,
and other amino acids. The composite may provide sites for
metal cation binding.30 In the synthesis process, ferric nitrate
and gelatin were mixed together under heating to form a
viscous gel, leading to strong binding between Fe3+ and the
functional groups of gelatin, conducing a homogeneous
dispersion of metal salt in the mixture. The interaction between
biopolymers and metal cations can form an interpenetrating
covalent network. Upon drying, the gel self-expands to be a
brittle and loose solid precursor, as shown in Figure 1a.
Meanwhile, a foamlike porous structure is formed, as shown in
the SEM image (Figure 1b). The process is caused by the
production of gas bubbles due to the oxidation of gelatin with
ferric nitrate, as confirmed by Schnepp et al.31 When FeCl3 was
used as reactant, no expansion phenomenon appeared along
with the production of hard solid precursor. Therefore, we
guess that the nitrate substance takes a predominant role in
causing the self-expanding process. The strongly cross-linked
superstructure ensured the structural stability of the expanded

foam. Importantly, the unique constructure remains unchanged
even after a postannealing treatment, as shown in Figure 1c,
during which the solid precursor is carbonized, together with
ferrous oxide attained in situ with the fine crystal size based on
the template nucleation.32,33 The SEM morphology of the as-
prepared composite presents a foamlike structure with
abundant porous channels. These widely dispersed pores are
∼0.3−1.5 μm in diameter and interconnected to form well-
defined 3D networks. Comparatively, no expansion occurs
when only pure gelatin is treated under the same condition, and
just a block carbon is obtained (Figure 1d). This result further
proves that the coordinated interaction between the ferric
nitrate and gelatin seems to play an important role in the
structure formation.
Figure 2a shows the XRD patterns of the as-prepared pure

carbon, bare Fe3O4, and foamlike Fe3O4/C composite. The
position and relative intensities of all diffraction peaks in both
Fe3O4 and Fe3O4/C samples could be well indexed to the cubic
phase of magnetite with Fd3 ̅m space group (Fe3O4: JCPDS no.
19-0629). According to the simulated result (Figure 2b), Fe3O4
possesses a spinel type crystal structure with two kinds of cation
sites existing in the crystal. Typically, Fe1 occupies the
tetrahedrally coordinated 8a sites and is coordinated as a
FeO4 tetrahedron, while Fe2 occupies the octahedrally
coordinated 16d sites and is coordinated as a FeO6 octahedron.
Fe1 is normally assigned with a charge state 3+. Fe2 is always
assigned with charge states 2+ and 3+ in equal numbers.34 The
formula of magnetite (Fe3O4) contains two 3+ and one 2+ iron
ions, corresponding to an eight-electron transfer during the
conversion reaction process. Accordingly, the formula of Fe3O4

Figure 2. (a) X-ray diffraction patterns of Fe3O4, carbon, and the Fe3O4/C composite. (b) The crystal structure of the unit cell of Fe3O4. (c) Raman
spectrum of the Fe3O4/C composite. (d) TGA profiles of Fe3O4, carbon, and the Fe3O4/C composite.
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can accommodate eight Li ions, resulting in a theoretical
specific capacity of 926 mA h g−1. The relatively narrow and
sharp diffraction peaks suggest a highly crystalline nature for the
obtained bare Fe3O4. By contrast, the weak and broad peaks
indicate that the Fe3O4 particles in the as-prepared Fe3O4/C
composite are of nanometer size and not well crystallized. From
Scherrer’s formula, the average crystallite sizes of the bare
Fe3O4 particle and the Fe3O4 in the composite are estimated to
be 20 and 15 nm, respectively. The obviously high background
of Fe3O4/C in the XRD pattern indicates the presence of
amorphous carbon.35 To confirm this view further, the Fe3O4/
C composite was etched with HCl to remove Fe3O4. The broad
diffraction peak (Figure 2a) in the 20−30° range of the
remaining material can be ascribed to carbon species, which
accords well with reports in the literature.36,37 In addition, the
XRD result implies that the carbon matrix of the composite is
not highly graphitized.38,39

Raman spectroscopy was also carried out to study the nature
of carbon species in the foamlike Fe3O4/C composite, as shown
in Figure 2c. The recorded spectrum presents two distinct
peaks at about 1357 and 1595 cm−1. They correspond to the D
band and G band, respectively. This result also confirms the
carbonization of the gelatin precursor. The D band is associated
with the A1g phonon of sp3 carbon atoms in disordered

graphite, and the G band is ascribed to the in-plane vibration of
sp2 carbon atoms in the basal plane of crystalline graphite. The
peak intensity ratio of D band to G band (ID/IG) can be used to
estimate the degree of crystallinity of the carbon material. A
smaller value means a higher degree of atom ordering. Here,
the ID/IG value is calculated to be 0.91, also indicating that the
carbon in the composite is partially graphitized as well,40,41 so
the electronic conductive property may be improved due to the
carbon matrix.
The content of Fe3O4 in the composite was evaluated by

thermogravimetric (TG) analysis, as shown in Figure 2d. With
the heat treatment from room temperature to 800 °C under air
atmosphere, the carbon can be oxidized to CO2; Fe3O4 is
oxidized to Fe2O3 (C + O2 →CO2; 4 Fe3O4 + O2 → 6 Fe2O3).
As for bare Fe3O4, a weight increase of 3.7% is found, owing to
its oxidation. For the Fe3O4/C composite, based on the
remaining weight of Fe2O3 (48%), the original weight fraction
of Fe3O4 is calculated as 46.4%. The total consumption of pure
carbon sample indicates that Fe3O4 particles have been etched
completely.
Figure 3a and 3b shows typical TEM images of Fe3O4/C

composite architecture. Clearly, Fe3O4 crystals are homoge-
neously embedded in the carbon matrix. The particle size with
an average diameter of ∼10−15 nm is well consistent with the

Figure 3. (a, b) TEM images of the Fe3O4/C composite. (c) HRTEM image of the Fe3O4/C composite. (d) TEM images of bare Fe3O4.
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calculated result based on Scherrer’s formula. The fine
nanoparticles favor the mitigation of volume expansion/
contraction during the continuous Li+ insertion/extraction
process and favor the shortening of the Li+ transport path in the
solid phase. The structure can effectively confine active seed
growth, avoid particle agglomeration, and maintain a highly
active surface area, providing sufficient contact between
electrolyte and electrode. The HRTEM image in Figure 3c
demonstrates a typical Fe3O4 particle with good crystalline

texture. The d-spacings of 4.85 and 2.53 Å are in good
agreement with the (111) and (311) planes, respectively. For
comparison, the image of the bare Fe3O4 particles is displayed
in Figure 3d. It shows irregular particle shapes with numerous
aggregations.
According to energy-dispersive spectroscopy (EDS) elemen-

tal mapping (Figure 4), the elements of C, Fe, and O are
homogeneously distributed in the detected areas. This confirms
that the Fe3O4 nanoparticles are uniformly dispersed in the

Figure 4. (a) FESEM images of the Fe3O4/C composite. (b) EDS spectrum of the Fe3O4/C composite. (c) C, (d) Fe, (e) O, and (f) N element
maps corresponding to the FESEM image shown in panel a.

Figure 5. (a) XPS full spectra of the Fe3O4/C composite. High-resolution XPS spectra of (b) N 1s (c) Fe 2p, and (d) C 1s regions of the Fe3O4/C
composite.
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carbon matrix. Accidentally, element N is also detected, as
shown in Figure 4f, possibly owing to residual N species from
the thermal decomposition of gelatin. It has been demonstrated
that the size of the nitrogen atom is comparable to that of
carbon, and its five valence electrons are available to form
strong valence bonds with carbon atoms.42−44 As proved by
first-principle calculation, nitrogen atom doping could poten-
tially produce highly localized active regions of carbon and
improve the interfacial stability and electric conduction.45 Thus,
the residual N species may also make a contribution to enhance
the electrochemical performance of the composite.
The presence of N species is further confirmed by X-ray

photoelectron spectroscopy (XPS) analysis. As shown in Figure
5a, the main signals presented in the survey spectra are Fe 2p,
O 1s, N 1s, and C 1s, indicating the presence of Fe, O, N, and
C elements in the composite. Here the N 1s peak could be
identified as two peaks at 400.2 and 398.5 eV, representing
pyrrolic nitrogen and pyridine-like nitrogen in the carbon
matrix, respectively (Figure 5b). Moreover, the nitrogen
content of the composite is calculated to be 9.35 wt %
according to the XPS analysis. In the enlarged range of the Fe
2p spectrum (Figure 5c), the binding energies of Fe 2p1/2 and
Fe 2p3/2 are found to be 724.7 and 710.6 eV, corresponding to
the spin orbit peaks of Fe3O4. In addition, the C 1s peak is split

into four typical components: the peak at 284.6 eV represents
carbon atoms in the CC bond, reflecting the extensively
delocalized sp2-hybridized carbon; the peak at 285.7 eV reflects
the structure of the CN bond, which may originate from the
substitution of the N atoms and the defects or edge of the N-
doped carbon; the peaks at 286.4 and 288.0 eV are attributed to
the C−O bond and CO bond, respectively.46,47

Figure 6 compares the galvanostatic charge/discharge curves
and the cyclic voltammetry (CV) among bare Fe3O4, pure
carbon, and Fe3O4/C composite electrodes in the initial three
cycles. In Figure 6, parts a, c, and e, the galvanostatic charge/
discharge was tested at 200 mA g−1 over a potential range of
0.005−3 V. The bare Fe3O4 electrode exhibits a specific
capacity of 1216.3 and 879.5 mA h g−1 in the first discharge
(lithiation) and charge (delithiation) process with a Coulombic
efficiency of 72.3%. A short slope from open circuit potential to
0.7 V originates from Li+ insertion, as described in eq 1,
together with the formation of a solid electrolyte interphase
(SEI) film. The reaction at a long potential plateau around 0.7
V in the discharge curve makes a major contribution to the
discharge capacity. It corresponds to the reduction of the
oxidation state of iron to Fe0 accompanying simultaneous
amorphous Li2O formation, as illustrated in eq 2.

Figure 6. Galvanostatic charge/discharge profiles of (a) Fe3O4, (c) carbon, and (e) Fe3O4/C composite electrodes over the first three cycles. Cyclic
voltammetry profiles of (b) Fe3O4, (d) carbon, and (f) Fe3O4/C composite electrodes at 0.1 mV s−1 scan rate.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505290f | ACS Appl. Mater. Interfaces 2014, 6, 19254−1926419259



As a comparison, the initial discharge capacity and
Coulombic efficiency of the as-prepared pure carbon electrode
are 843.2 mA h g−1 and 40.1%, respectively. A plateau near 0.1
V can be seen in the discharge curve, which may be ascribed to
lithium intercalation into the carbon material (eq 3). For the
Fe3O4/C composite electrode, it delivers capacities of 1262.5
and 898 mA h g−1 in the initial discharge/charge, respectively.
The discharge curve shows two plateaus near 0.7 and 0.1 V,
thus indicating that the discharge capacity of the composite
electrode is composed of contributions from both Fe3O4 and
carbon.

χ χ+ + → χ
+ −Fe O Li e Li Fe O3 4 3 4 (1)

χ χ+ − + − → +χ
+ −Li Fe O (8 )Li (8 )e 4Li O 3Fe3 4 2

(2)

χ χ+ + → χ
+ −C Li e Li C (3)

Figure 6, parts b, d, and f, presents the CV profiles of Fe3O4,
carbon, and Fe3O4/C composite electrodes in the potential
range of 0.005 to 3.0 V at the scan rate of 0.1 mV s−1. In the
first cathodic scan stage (lithiation), a strong reduction peak
near 0.65 V is apparently observed for both Fe3O4 and Fe3O4/
C composite electrodes. It is associated with reduction of the
oxidation state of iron to Fe0, corresponding to the long
discharge plateau and the reaction in eq 2. For the pure carbon
and Fe3O4/C composite electrodes, the reduction peaks at 0.1
V reflect lithium ion intercalation in the carbon matrix (eq 3).
In the anodic scan process, the wide oxidation peak of the

Fe3O4 electrode around 1.65 V is attributed to the oxidation of
Fe0; correspondingly, the oxidation peak of the Fe3O4/C
composite electrode is around 1.1 V. For the Fe3O4/C
composite electrode, the fine Fe3O4 particles are embedded
in the foamlike porous carbon matrix. The access to the
electrolyte is quite sufficient compared to the pure Fe3O4
electrode. In addition, the hybrid carbon provides a conductive
network. As a result, the composite electrode could present
modified kinetic properties with lower polarization. Here a
relatively small value of peak potential difference means an
improvement in reaction reversibility. The oxidation peaks at
∼0.1 V for both pure C and Fe3O4/C electrodes always
indicates Li+ deintercalation from the graphite phase (LiχC →
C + χ Li+ + χ e−). From the second cycle onward, the peak
positions, intensities, and integral areas of cathodic and anodic
peaks are nearly overlapped for all three electrodes, indicating
that the electrochemical reaction tends to be stable.
The cycle performance of the three electrodes is shown in

Figure 7a. Obviously, the composite electrode presents a
cycling stability much better than that of the bare Fe3O4
electrode, as well as a remarkably higher reversible capacity
compared to pure carbon electrode. The composite electrode
demonstrates a reversible capacity of 1008 mA h g−1 even up to
400 cycles, which is far higher than the value of 275.9 mA h g−1

for pure carbon material and 540.8 mA h g−1 for the bare Fe3O4
electrode. Furthermore, its Coulombic efficiency is maintained
at ∼99.2% (Figure 7a (inset)), suggesting an effectively
reversible lithiation/delithiation process. Here the reversible
capacity of the composite electrode gradually increases during

Figure 7. (a) Cycle performance of Fe3O4, carbon, and Fe3O4/C composite electrodes at current density 200 mA g−1 in the potential range 0.005−
3.0 V. (b) Rate performance of Fe3O4, carbon, and Fe3O4/C composite electrodes at various current densities (solid symbols represent lithiation;
hollow symbols represent delithiation). Cyclic voltammetry profiles of (c) Fe3O4/C composite electrodes (d) bare Fe3O4 electrodes at various scan
rates.
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the cycling process. This phenomenon is commonly found in
both Fe-based transition metal oxides and other metal oxides,
such as MnO and SnO2. Based on previous reports, the trend of
increasing reversible capacity may be attributed to the gradual
improvement of lithium ion accessibility and the formation of a
pseudocapacitive polymeric gellike film due to the decom-
position of the electrolyte during the continuous conversion
reaction process.48−51 For the Fe3O4 electrode, the capacity
fades after 40 cycles, which may result from structure
deterioration during the continuous volume expansion/
contraction. Meanwhile, the pure carbon electrode exhibits a
relatively low reversible capacity but with outstanding cycle
stability. So it should primarily contribute to the overall
structure stability, despite a small contribution to the overall
capacity of the composites.
On the basis of the unique structure characteristics, as

expected, the Fe3O4/C composite electrode also presents a
satisfying rate performance upon cycling in a step mode with
different densities (Figure 7b). The inset shows the average
reversible capacities of the Fe3O4/C composite electrode at
various rates. The composite electrode delivers a reversible
capacity of 690 mA h g−1 and 660 mA h g−1 when cycled at 2C
(1C = 1000 mA g−1) and 3C, respectively. A value of 580 mA h
g−1 can still be retained when the current density increases to
5C. When the current density switches back to 0.1C from 5C,
the specific capacity returns to 940 mA h g−1 again, implying
the structure stability of the composite even at a high rate. In
contrast, the bare Fe3O4 and pure carbon electrodes show
relatively lower reversible capacity and rapidly fading capacity
with gradually increasing current density. The CV curves of the
composite and bare Fe3O4 electrodes at different scan rates
were also examined, as shown in Figure 7c,d. The scan rate
from 0.2 mV s−1 to 5 mV s−1 corresponds to the 0.25C to 6C
rates approximately in terms of the estimation of scan time. In
the CV curves, the cathodic and anodic peaks reflect the
kinetics of lithium insertion/extraction at the electrode/
electrolyte interface and the lithium diffusion.52 With an
increase in scan rate, the peaks shift toward lower and higher
potentials. The redox peak potential difference increases,
resulting in larger polarization. As a result, the electrode
reactivity declines, leading to a degradation of rate capability

and cycling performance. For the Fe3O4/C composite
electrode, the curve still presents distinct redox peaks at a
higher rate (5 mV s−1). However, almost no peaks appear when
the scan rate reaches 1 mV s−1 (1.2C) in the case of pure Fe3O4
electrode. These results demonstrate the better reaction
reversibility of the composite electrode and thus shows
improved electrochemical performance. To understand the
microstructure evolution of the Fe3O4/C composite electrode,
TEM images of the composite after 100 cycles are provided, as
shown in Figure 8. It is clear that the composite almost retains
the original morphology. Moreover, the nanocrystals after
cycling are still well dispersed in the carbon matrix with no
obvious agglomeration. Also, no structure damage is found.
This further demonstrates that the remarkable cycling ability is
primarily dependent on the constructed foamlike structure of
the composite.
The electrode kinetics, as an important index for insight into

the electrochemical behavior, was studied by electrochemical
impedance spectroscopy (EIS) measurements (Figure 9).
Generally, the impedance spectra are composed of a semicircle
at middle-high frequency and a straight sloping line at low
frequency. Here the intercept at the real axis of impedance (Z′)
reflects the total ohmic resistance of electrolyte and electrical
contacts (Re). The depressed semicircle in the middle
frequency range indicates the charge transfer resistance (Rct).
The sloping line in the low frequency region represents the
Warburg impedance (Zw) associated with lithium ion diffusion
in the solid phase. The kinetic data of Fe3O4 and Fe3O4/C
composite electrodes are listed in Table 1.
No distinct difference exists in the Re values of all samples,

indicating that these cells work under consistent conditions.
Apparently, the charge transfer resistance (Rct) of the Fe3O4/C
composite electrode is significantly smaller than that of the
Fe3O4 electrode. This means rapid electron transfer during the
electrochemical reaction of the composite. For the Fe3O4/C
composite electrode, the resistance Rct slightly decreases with
cycling because of more sufficient contact between active
materials and the electrolyte in this case. On the contrary, the
resistance Rct of bare Fe3O4 electrodes decreases after five
cycles due to the electrode activation, while it increases
dramatically after 100 cycles. This phenomenon may be

Figure 8. TEM images of Fe3O4/C composite after 100 cycles at (a) low and (b) high magnification.
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ascribed to electrode degradation after long cycles of lithiation/
delithiation. In addition, the exchange current densities are
calculated, according to the following equation:53−55

=i RT nFR/0 ct

where R is the gas constant, T is the absolute temperature, n is
the number of transferred electrons, and F is the Faraday
constant. In the case of the Fe3O4/C electrode, the value of i0 is
much higher than that of the Fe3O4 electrode, which further
indicates good reaction kinetics in the composite electrode. The
foamlike composite presents satisfying electrochemical kinetics
properties, leading to a remarkable improvement in rate
performance.

■ CONCLUSIONS
The foamlike Fe3O4/C composite with porous architecture was
successfully synthesized as a long cycle life anode for LIB by a
self-expanding process. The reasons for its excellent electro-

chemical performance can be attributed to the following points:
first, the designed structure effectively confines active seed
growth and mitigates particle agglomeration. The nanosized
Fe3O4 is beneficial to the enlargement of electrolyte contact
area and the shortening of lithium ion diffusion path. Second,
foamlike structure of the composite with a highly developed
porous property is favorable for the electrolyte accessibility.
Third, the three-dimensional (3D) conducting host is prone to
promote charge transfer and improve the kinetic properties of
the composite. As a result, the Fe3O4/C composite displays an
outstanding cycle performance with a reversible capacity of
1008 mA h g−1 even up to 400 cycles at 0.2C, as well as a high
rate capacity of 660 and 580 mA h g−1 at 3C and 5C,
respectively.
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