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ABSTRACT: A simple surfactant-assisted reflux method was
used in this study for the synthesis of cocklebur-shaped Fe2O3
nanoparticles (NPs). With this strategy, a series of nano-
structured Fe2O3 NPs with a size distribution ranging from 20
to 120 nm and a tunable surface area were readily controlled
by varying reflux temperature and the type of surfactant.
Surfactants such as cetyltrimethylammonium bromide
(CTAB), polyvinylpyrrolidone (PVP), poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)
(F127) and sodium dodecyl benzenesulfonate (SDBS) were
used to achieve large-scale synthesis of uniform Fe2O3 NPs
with a relatively low cost. A new composite of Fe3O4@CFx was
prepared by coating the primary Fe2O3 NPs with a layer of F-
doped carbon (CFx) with a one-step carbonization process. The Fe3O4@CFx composite was utilized as the anode in a lithium ion
battery and exhibited a high reversible capacity of 900 mAh g−1 at a current density of 100 mA g−1 over 100 cycles with 95%
capacity retention. In addition, a new Fe3O4@CFx/LiNi0.5Mn1.5O4 battery with a high energy density of 371 Wh kg−1 (vs
cathode) was successfully assembled, and more than 300 cycles were easily completed with 66.8% capacity retention at 100 mA
g−1. Even cycled at the high temperature of 45 °C, this full cell also exhibited a relatively high capacity of 91.6 mAh g−1 (vs
cathode) at 100 mA g−1 and retained 54.6% of its reversible capacity over 50 cycles. Introducing CFx chemicals to modify metal
oxide anodes and/or any other cathode is of great interest for advanced energy storage and conversion devices.
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■ INTRODUCTION

Metal oxides have been investigated worldwide as a potential
anode material in lithium ion batteries (LIBs) due to their
higher theoretical specific capacity (>800 mAh g−1) when
compared to commercial graphite (∼372 mAh g−1). Moreover,
the relatively high operating potential near 0.8 V (vs ∼0.2 V of
graphite) could effectively avoid the safety problem of lithium
deposition on the anode during fast charge.1−3 To date,
numerous studies regarding metal oxides with different
morphologies (e.g., solid, hollow, or core−shell particles and
wires, or a hierarchical structure) and/or chemical composi-
tions (e.g., SiOx,

4−6 SnO2,
7 Fe2O3,

8,9 Fe3O4,
10−12 Co3O4,

13,14

NiO,15 CuO,16,17 Co3O4/TiO2,
18 SnO2@TiO2,

19 SnO2@
Fe2O3

20) have been published describing a series of synthetic
approaches including a solvent-thermal method, precipitation,
direct calcination, chemical vapor deposition, supercritical fluid

deposition and so on. Indeed, these kinds of metal oxides
exhibit a high capacity and stability in LIBs, particularly when
combined with carbon modification, coating, supporting or
encapsulation.
However, as far as we know, these methods and the amount

of products are still limited on an experimental scale.
Consideration of possible large-scale, industrial production for
practical applications is warranted.21 Therefore, we developed a
simple surfactant-assisted reflux method to synthesize Fe2O3

nanoparticles (NPs) in large quantities. A series of nano-
structured Fe2O3 NPs with size distribution ranging from 20 to
120 nm were readily prepared by varying temperature and the
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type of surfactant. A new Fe3O4@CFx composite was
introduced by coating the primary size-controlled Fe2O3 NPs
with a layer of CFx through carbonization of polyvinylidene
fluoride (PVDF) rather than a traditional carbon coating
process.
Recently, the elemental doping of B, N, F or P into carbon

structures is of great interest because of their excellent
performance in the fields of catalysis, electrochemistry, energy
and nano devices.22 For example, as shown by first-principles
calculations and previous experimental results, a coating layer of
N-doped carbon (CNx) can significantly improve interfacial
stability and electric conductivity,23 thereby enhancing the
performance of the metal oxides FeOx and CoOx in LIBs.24 In
addition, N, B and P multidoped carbon, F-doped carbon (CB-
F) and P-doped porous carbon could be used as effective metal-
free catalysts for oxygen reduction.25,26 Few studies have
focused on coating a conductive layer of F-doped carbon (CFx)
on materials such as electrodes due to the difficult preparation
of CFx with high purity on a large scale. To investigate the
potential properties of this kind of material, we experimented
with one method for PVDF carbonization to prepare CFx that
involved coating Fe2O3 NPs. It is well-known that PVDF is an
excellent binder that can facilely surround metal oxides or other
electrode materials and uniform coating of CFx after carbon-
ization.27 Moreover, the use of PVDF could enable clean, large-
scale production of CFx. Therefore, we prepared a Fe3O4@CFx
composite and evaluated its electrochemical properties in a LIB.
It delivered a high capacity of 900 mAh g−1 with good cycling
ability over 100 cycles and capacity retention of 95%. Cyclic
voltammetry (CV) and impedance analyses of the CFx
modified electrode proved that CFx can enhance the electrode
conductivity and also ensures rapid Li+ diffusion with lower
interfacial resistance. This new methodology could be readily
extended to modify other anode or cathode materials for
advanced energy storage and conversion devices.
Although these metal oxides have been widely investigated as

anodes in lithium ion batteries, most studies only focused on
their properties in half cells that used lithium metal as the
counter electrode, rather than in a certain type of cathode
materials. Several promising studies tried to assemble full
batteries using Fe3O4-graphene/LiNi1/3Co1/3Mn1/3O2,

28

Fe2O3/LiFePO4,
29 B-TiO2/LiNi0.5Mn1.5O4,

30 CuO/Li-
Ni0.5Mn1.5O4,

31 MnO/LiNi0.5Mn1.5O4
32 and PC-Fe3O4/Li-

[Ni0.59Mn0.16Co0.25]O2.
33 It was confirmed that the electrode

properties could be evaluated more accurately in this way, and
also it provided a more practical method for facilitating
development of the metal oxide toward commercialization.
Considering the low cost, rich abundance, suitable voltage
around 0.8 V and environmentally friendly nature of ferric
oxide combined with the facile large-scale synthesis, high
capacity and stability of Fe3O4@CFx, we attempted to assemble
a new Fe3O4@CFx/LiNi0.5Mn1.5O4 battery. We selected spinel
phase LiNi0.5Mn1.5O4 due to the fact that it is commercially
available and has a high voltage platform around 4.7 V, which is
suitable for achieving a high work voltage and cellular energy
density. Preliminary results showed that the cell could deliver a
high reversible capacity of 664 mAh g−1 (vs anode of Fe3O4@
CFx) at a current density of 100 mA g−1 with an operating
potential of approximately 3.2 V. The cycling ability greater
than 300 cycles with a capacity retention of 66.8% at a current
density of 100 mA g−1 was largely improved compared to the
previous results for Fe3O4 or Fe2O3 based anode in a full
cell,25,26 particularly at a high energy density of 371 Wh kg−1.

■ EXPERIMENTAL SECTION
Materials Synthesis. In a typical synthesis reaction, 200 mL of

NH3·H2O was introduced into 3000 mL of aqueous CTAB (30.0 g)
and Fe(NO3)3·9H2O (160 g) at 25 °C under vigorous stirring. Then,
the as-prepared solution was stirred vigorously at 95 °C for 12 h, and
calcined at 823 K for 4 h (the heating rate is 2 °C min−1), which
yielded red Fe2O3−CTAB (95) NPs, where CTAB and 95 refer to the
kind of surfactant and reflux temperature. Furthermore, Fe2O3−
CTAB(75) and Fe2O3−CTAB(120) were prepared by varying the
temperature of the solution (75 and 120 °C). The Fe2O3−F127 (95),
Fe2O3−PVP (95) and Fe2O3−SDBS (95) NPs were prepared by
exchanging the surfactants (F127, PVP and SDBS) used. To prepare
the Fe3O4@CFx, 10 g of the Fe2O3−CTAB-95 powder and 2.5 g of
PVDF were added to 50 mL of NMP, The mixture was dried in an
oven (120 °C) for 10 h, and then calcined in a tube furnace at 600 °C
(2−5 °C min−1) for 1 h, which yielded the Fe3O4@CFx product. The
normal carbon coated Fe3O4@C particles were prepared with using
the poly ethylene (PE) and sucrose (SC) as the carbon precursors
under the same process, respectively. The naked Fe3O4 particles were
prepared based on the procedures as reported previously.12

Electrode Preparation. The cell tests were carried out using a
2032-type coin-shaped cell, in which a metallic lithium film,
microporous polypropylene film (Celgard2400) and 1.0 mol L−1

LiPF6 in a mixture of dimethyl carbonate (DEC) and ethylene
carbonate (EC) (v/v, 1/1) were used as the counter, separator and
electrolyte, respectively. The Fe3O4@CFx-based electrode was
prepared by mixing a slurry of active material containing carbon
black (Super P), and PVDF with a weight ratio of 8:1:1 in NMP. Then
the slurry was coated onto the copper foil with an automatic film
applicator. The film was dried in a vacuum oven at 120 °C for 12 h and
cut it into circular sheets (o.d. is 14 mm), which were further dried in a
vacuum oven at 120 °C for 12 h. The mass density of Fe3O4@CFx was
about 1.5 mg cm−2. The cells were assembled in a glovebox filled with
pure argon, in which the moisture and oxygen were strictly controlled
to be less than 0.1 ppm. The cells had a configuration of Li metal (−) |
separator | electrode (+) in the liquid electrolyte. The LiNi0.5Mn1.5O4
electrodes were prepared using the same process as that used for the
Fe3O4@CFx electrode (LiNi0.5Mn1.5O4:Super P:KS6:PVDF =
8.5:0.5:0.5:0.5, weight ratio), except aluminum foil was used instead
of Cu foil. The mass density of LiNi0.5Mn1.5O4 was about 9 mg cm−2.
The mass ratio of the cathode and anode was controlled to be 6 since
the Fe3O4@CFx electrode had been lithiated before assembling the full
cell.12 Galvanostatic charge and discharge experiments full cells were
conducted using TOCAST 3100 at several different current densities
between cutoff potentials of 2.0 to 4.6 V.

Characterization. The crystal information was characterized by
the X-ray powder diffraction (XRD) using a X‘Pert-ProMPD (Holand)
D/max-γA X-ray diffractometer with Cu Kα radiation (λ = 0.154 178
nm). Scanning electron microscopy (SEM) was conducted on a FEI-
quanta 200F scanning electron microscope with acceleration voltage of
30 kV. The distribution of Fe2O3 and Fe3O4@CFx samples were
characterized by the transmission electron micrograph (TEM) with
using the FEI-Tecnai F20 (200 kV) transmission electron microscope.
Nitrogen adsorption−desorption isotherms were obtained using the
ASAP2050 instrument (Micromeritics Industrument Corp.) surface
area and porosity Analyzer at −196 °C. The specific surface area was
calculated by the Brunauer−Emmett−Teller (BET) method. Ther-
mogravimetric analysis (TGA, NETZSCH, TG-209-F3) was carried
out under a flow of air with a temperature ramp of 5 °C min−1. All the
electrochemical measurements were tested and recorded automatically
by the TOCAST 3100 instrument at the temperature of 30 °C. Cyclic
voltammetry (CV) within the voltages of 0.01−3.0 V and impedance
analysis in the frequency ranging from 100 kHz and 10 mHz were both
performed using the VMP-3 instrument.

■ RESULTS AND DISCUSSION
In a typical round of synthesis, 200 mL NH3·H2O was
introduced into a 3000 mL aqueous solution of CTAB (30.0 g)
and Fe(NO3)3·9H2O (160 g) at 25 °C with vigorous stirring,
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subsequently increasing the temperature to 95 °C for 12 h
under reflux. The solution was then filtered in order to extract
the intermediates, and the resulting dried powder was then
calcined at 600 °C for 4 h (the heating rate is 2 °C min−1). This
step yielded Fe2O3−CTAB-95, a red product (CTAB and 95
correspond to the kind of surfactant and the reaction
temperature used in the system, respectively). In the same
way, Fe2O3−CTAB-75 and Fe2O3−CTAB-120 were also
prepared by varying the reaction temperature to 75 and 120
°C, respectively. The XRD patterns (Figure 1a−c) confirmed

that the crystalline structure of these three powders (Fe2O3−
CTAB-75, 95, 120) was ascribed to the presence of normal
Fe2O3 (JCPDS Card No. 86-550), the amount of which was
mainly determined by the postcalcination temperature. Low-
magnification SEM images indicated that these Fe2O3−CTAB
NPs were produced on a large scale with a uniform size
distribution and a controlled morphology (Figure S1,

Supporting Information). As shown in Figure 2, the Fe2O3−
CTAB NPs underwent an evolution from a mixture of integral
and fragmented Fe2O3 nanoparticles (Fe2O3−CTAB-75), to a
uniform cocklebur-like appearance (Fe2O3−CTAB-95), and
finally to smooth nanospheres (Fe2O3−CTAB-120), confirm-
ing that the reaction temperature played an important role in
intermediate self-assembly. The morphology of the Fe2O3−
CTAB-75 powder consisted primarily of nanoparticles with a
diameter of 100 nm and numerous distributed primary
nanosheets with a diameter less than or approximately equal
to 50 nm (Figure 2d). The structure of the Fe2O3−CTAB-95
powder consisted of two morphologies: the major inner NPs
with diameters around 100 nm, and the other attached to
plentiful smaller nanosheets, giving a cocklebur-like appearance.
This difference in morphology illustrates that a high temper-
ature is suitable for facilitating the self-assembly of primary
nanosheets to enable growth of integral particles. This
conclusion was further confirmed by the 120 nm, uniform
and smooth spheres in the Fe2O3−CTAB-120 powder. Note
that the obtained Fe2O3 nanoparticles consisted of numerous
nanocrystals with a lattice fringe spacing of 0.27 nm, which
corresponds to the spacing of the (104) planes of Fe2O3. The
N2 adsorption−desorption isotherms of the Fe2O3−CTAB (75,
95, 120) curves show a well-defined adsorption step and are the
typical type IV (Figure S2, Supporting Information).34,35

Owing to their different structures, the BET specific surface
areas and pore volumes of the Fe2O3−CTAB-75, 95, and 120
samples were 20.1, 32.8, 11.8 m2 g−1 and 0.21, 0.27, 0.18 cm3

g−1, respectively, with the majority of pores approximately 30,
130 and 25 nm, respectively. The large pore size resulted
primarily from the accumulation of Fe2O3 nanoparticles,
especially in the Fe2O3−CTAB-120 sample.
We also experimented with using different surfactants at a

constant synthesis temperature to prepare Fe2O3−F127−95,
Fe2O3−PVP-95 and Fe2O3−SDBS-95 NPs, which had different
sizes and surface architecture (Figure 3a−c). All three of these

Figure 1. XRD patterns of Fe2O3 NPs prepared with the assistance of
CTAB at different synthesis temperatures, Fe3O4@CFx, and the
standard patterns of Fe2O3 and Fe3O4.

Figure 2. SEM, TEM and HRTEM of Fe2O3 NPs prepared in the assistance of CTAB under different temperatures of (a, d) 75, (b, e) 95 and (c, f)
120 °C. Each inset is the detail structure of Fe2O3 NPs, respectively.
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samples had a normal α-Fe2O3 crystalline structure (Figure S3,
Supporting Information). All three powders consisted of
spherical NPs with average sizes of about 119, 82 and 21 nm,
respectively (Figure 3d−f). Comparative images show that the
SDBS was good for preparing small Fe2O3 NPs, whereas the
PVP was preferable for maintaining the uniformity of the Fe2O3
particles. The specific surface areas and pore volumes (Figure
3g) of the Fe2O3−F127−95, Fe2O3−PVP-95 and Fe2O3−
SDBS-95 samples were 26.4, 32.4, 65.1 m2 g−1 and 0.22, 0.22
and 0.33 cm3 g−1, respectively, with pore sizes of 18, 171 and 76
nm, respectively. It is evident that Fe2O3 nanoparticles with
different morphologies, size distributions and surface areas can
be readily prepared on a large scale to be used in applications
such as catalysis, sensors, electrochemistry and energy.
Fe3O4@CFx NPs were prepared using a typical evaporation-

induced self-assembly (EISA) method, in which PVDF and
NMP were used as the precursor and solvent, respectively, in
order to coat the Fe2O3−CTAB-95 with a layer of CFx after
drying and carbonization. Due to the reducing ability of PVDF
in argon at elevated temperature, the Fe2O3 was deoxidized
during the carbonization of PVDF (Fe2O3 + (C2H2F2)n →
Fe3O4@CFx + CO/CO2 + H2O + CxHy). The XRD patterns of
the Fe3O4@CFx NPs revealed that the sample was consistent
with the magnetite structure of Fe3O4 (JCPDS card No. 79-
419) (Figure 1d). No diffraction peaks indicating possible
impurities (e.g., FeCx, Fe2O3) were detected. SEM images
(Figure 4a) showed that the Fe3O4@CFx NPs were
interconnected and the surface of the materials was rougher
than that of pristine Fe2O3−CTAB-95 (Figure 1c). The EDX
spectrum (Figure 4b) revealed that the mass percentages of Fe,
O, C and F in the Fe3O4@CFx NPs were about 70.29%,
17.52%, 10.30% and 1.89%, respectively, which confirmed that
about 12.19% CFx was present in the composite, and the EDX
elemental mapping of F and C in Fe3O4@CFx NPs (Figure 4c−
f) confirmed that the C and F elements are in a homogeneous
distribution. Meanwhile, the characteristics and structure of CFx
were confirmed by TEM. As shown in Figures 5a−c, the Fe3O4
particles were indeed completely coated by one amorphous
layer with a thickness of 1−3 nm (marked by the red arrow).
The well-resolved lattice fringes with an interplane distance of

0.253 nm comes from the (311) plane of Fe3O4, and a clear
interfacial region of CFx and Fe3O4 could be observed. The
formation of CFx resulted from the carbonization of PVDF,
which contains 59 wt % of F.36 The weight loss of 11.5% noted
in the TGA curve (Figure 5d) corresponded to the removal of
elemental C and F, which is consistent with the EDX analysis
results (12.19%, a little bit higher than that of TGA date
because the CFx is mainly on the surface of Fe3O4). The
porosity of Fe3O4@CFx NPs was characterized by the N2
adsorption−desorption isotherm and Barrett−Joyner−Halenda

Figure 3. SEM images and the particle size distribution of Fe2O3 NPs synthesized using (a, d) F127, (b, e) PVP and (c, f) SDBS. (g) Corresponding
nitrogen adsorption−desorption isotherms with the insets showing their BJH pore size distribution.

Figure 4. (a) SEM image, (b) EDX spectrum and (c−f) elemental
mapping of Fe3O4@CFx NPs.
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(BJH) plots (Figure 5e), which showed a typical type-IV
isotherm and a narrow size distribution around 10 nm. The
BET specific surface area and pore volume of the Fe3O4@CF
NPs were 50.8 m2 g−1 and 0.23 cm3 g−1, respectively. The

increase in surface area from 32.8 to 50.8 m2 g−1 was consistent
with the rougher surface of the Fe3O4@CFx particles.
The chemical compositions of the Fe3O4@CFx NPs,

particularly with regard to C and F, were further confirmed

Figure 5. (a, b) TEM and (c) HRTEM images, and (d) TGA and (e) BET analyses of Fe3O4@CFx particles.

Figure 6. High-resolution XPS spectra of the (a) C 1s, (b) O 1s, (c) F 1s and (d) Fe 2p3/2 and Fe 2p1/2 regions of the as-prepared Fe3O4@CFx NPs.
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by X-ray photoelectron spectroscopy (XPS). The C 1s, O 1s, F
1s and Fe 2p and Fe 3p peaks are an accurate representation of
the elemental composition of the composite. Figure 6a shows
the C 1s, in which the four prominent fitting peaks around
284.6 (285.3), 286.2 and 289.1 eV correspond to the C−C, C−
O and C−F chemical bands, respectively.37 The fitting peaks of
O 1s at 532.5 and 533.6 eV indicate that O atoms combined
with C atoms (C−O−Fe),38 and peaks corresponding to Fe−O
chemical bonds at 530.7 and 530.1 eV were also observed
(Figure 6b).39 Note that the fitting peaks (Figure 6c) of F 1s at
687.2 and 684 eV indicate that F atoms not only combined
with C atoms40 but were also doped in the Fe3O4 NPs.

41 In the
XPS spectrum of Fe 2p3/2 and 2p1/2 (Figure 6d), the
dominating peaks at 711.3 and 724 eV belong to Fe3+, and
the other Fe2+ satellite peaks at 710.7 and 723.5 eV indicate the
reduction of Fe3+ to Fe2+ in the product with the carbonization
of PVDF.42 Interestingly, we identified two peaks located at
713.9 and 725 eV, which corresponds to the Fe−F chemical
bonds due to traces amount of presence FeF3.

43,44 In brief,
these results confirm that the Fe3O4 NPs were indeed coated
with a layer of F-doped carbon, and also a small amount of
amorphous FeF3 formed at the interface of the Fe3O4 and CFx.
The electrochemical performance of Fe3O4@CFx NPs in

LIBs was first investigated in a half-cell test. A good cycling
performance of Fe3O4@CFx electrode was preliminarily
observed in the cyclic voltammograms (CV) for the initial
ten cycles, during which the intensity of the cathodic peaks (i.e.,
reduction of Fe3+/Fe2+ to Fe0) remained around 0.8 V, except
during first cycle, which corresponded to the formation of a
solid-electrolyte interphase (SEI). This finding was further
confirmed by broad anodic peaks around 1.69 V (i.e., the
reversible oxidation of Fe0 to Fe2+/Fe3+), the intensity of which
also remained the same.45 In contrast, the electrode fabricated
using primary Fe2O3 NPs exhibited a serious decrease in the

intensities of the cathodic and anodic peaks during cycling. In
order to understand the solid phase diffusion-controlled or
surface-confined charge-transfer processes of the as-prepared
sample, CV experiments were conducted under different scan
rates (Figure 7), each rate cycled three times. Normally, the
peak intensity will increase with increasing scan rate and the
cathodic peaks shift to a lower potential while the anodic peaks
shift to a higher potential (Figure 7b,c), indicating an increase
in electrochemical polarization. The linear dependence of the
peak current (ip) on the square root of the scan rate (v1/2) is
indicative of a diffusion-limited reaction in the cathodic process
for the different samples. This relationship is known as the
typical Randles−Sevcik relation, expressed as follows: ip =
0.4463n3/2F3/2CLiSR

−1/2T−1/2DLi
1/2v1/2, where n (charge transfer

number), F (Faraday constant), CLi (Li-ion concentration), S
(surface area of the electrode), R (gas constant) and T
(absolute temperature, K) are all constant.46 The variable DLi is
the diffusion coefficient. The larger it is, the faster the lithium
ions diffuse into the electrodes. Clearly, the DLi of the Fe3O4@
CFx NP samples was better than that of the Fe2O3 NP samples,
indicating that the Fe3O4@CFx NP electrodes possess a rapid
lithium ion diffusibility. This finding was further confirmed by
the rate performance of the cell. As shown in Figure 7d, the
Fe3O4@CFx electrode delivered discharge capacities of 951,
918, 804, 704, 584 and 477 mAh g−1 at current densities of 50,
100, 200, 400, 800 and 1600 mA g−1, respectively, and
ultimately recovered to 832 mAh g−1 at 200 mA g−1 and 981
mAh g−1 at 50 mA g−1 successively. The results were much
better than those for the electrode composed of Fe2O3 NPs
(Figure 7d).
To have a better understanding of the conductivity and

lithium ion diffusion ability of the pure Fe2O3 and Fe3O4@CFx
NP, the EIS of the electrode was further measured. The fresh
cells with the electrode loading of 2.31 mg were tested in the

Figure 7. Cyclic voltammograms (CV) of (a) Fe3O4@CFx with the inset showing the (a) Fe2O3 NP electrode at different scan rates at 0.1 mV s−1.
(b) Fe3O4@CFx and (c) Fe2O3 NP electrode ranging from 0.1 to 3.2 mV s−1. The insets in panels b and c show the relationship between the peak
current and the square root of the scan rate. (d) Comparative rate capability of the Fe3O4@CFx and (c) Fe2O3 NP electrodes.
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full charge state and cycled at the current density of 100 mA
g−1. Figure 8 shows the Nyquist plots from the OCV (open
circuit voltage) to the initial five cycles. Clearly, the Fe3O4@
CFx NP electrode exhibits much lower resistance, higher
stability and lithium ion diffusion ability than that of the pure
Fe2O3 NP electrode, as evidenced by the diameter of the
semicircle at the high-frequency region and the steep sloping
line at the low-frequency region in the EIS patterns.47 Due to
the CFx layer’s high electron and lithium ion transferring ability,
as well as its protection of the metal oxide, the Fe3O4@CFx
composite demonstrated an average capacity of 900 mAh g−1 at
a current density of 100 mA g−1 and an excellent cycling ability
over 100 cycles (capacity retention, 95%), as shown in Figure
9a,b. The serious decay of the Fe2O3 NP electrode further
confirmed that the CFx layer maintained the good performance
of the electrode materials. The performance of the Fe3O4@CFx
composite was largely improved compared to plain Fe3O4 NPs
(∼500 mAh g−1),48 Fe3O4@carbon (∼600 mAh g−1),49

Fe3O4@graphene (∼700 mAh g−1)50 and Fe3O4@CNx (∼810
mAh g−1).51

Besides, we further confirmed the difference of unique CFx
from the normal carbon. For example, two other kinds of
carbon coated Fe3O4 particles such as Fe3O4@-C-PE and
Fe3O4@C-SC were prepared with using poly ethylene (PE) and
sucrose (SC) as the carbon precursors instead of PVDF under
the similar process, respectively. Clearly, the capacity and the
stability of the Fe3O4@CFx were higher and better than those
of Fe3O4@C-PE and Fe3O4@C-SC (Figure S4, Supporting
Information), and it was confirmed that the advantages of CFx
was better than normal carbon to improve the performance of
Fe3O4 particles. And also, the performances of Fe3O4@CFx
were better than that of naked Fe3O4 particles without any
carbon modification (Figure S4, Supporting Information).
Moreover, the size effect of Fe2O3 particles was investigated.

The products of Fe3O4@CFx-big and Fe3O4@CFx-small were

prepared with using the Fe2O3−F127 (big, 119 nm) and
Fe2O3−SDBS (small, 21 nm) as precursors, respectively.
Compare to the composite of Fe3O4@CFx prepared from the
cocklebur-shaped Fe2O3 nanoparticles (e.g., 102 nm), the
Fe3O4@CFx demonstrated the best performance (Figure S4,
Supporting Information). It is reasonable, because a big size of
Fe2O3−F127 particles can cause the difficulty in the coating and
reduction process, and also the big size of product (e.g.,
Fe3O4@CFx-big) could cause large volume variation and
pulverization during the repeated charge−discharge. Together
with the low rate of electronic transfer ability in the large
particles, the Fe3O4@CFx-big demonstrated a low stability
compared to that of Fe3O4@CFx. Oppositely, if the size of
Fe2O3−SDBS particles are too small and also have a large
surface area, a large amount of the F-based compounds (e.g.,
FeF3, FeF2) would form between the interface of the Fe3O4 and
CFx, and also numerous interface barriers will also increase the
electronic transferability of Fe3O4@CFx-small composite. As a
result, the capacity of the Fe3O4@CFx-small is low but with a
high stability due to the endurable volume variation of small
particles. Simply, in this work, the ocklebur-shaped Fe2O3−
CTAB nanoparticles with the suitable size are the best
precursors for getting the Fe3O4@CFx composite with the
best electrochemical performance.
We also investigated the performance of Fe3O4@CFx in a full

battery versus a high-voltage LiNi0.5Mn1.5O4 cathode, which
was prepared under the guidance of Sun et al.52,53 The SEM
and XRD results showed that the LiNi0.5Mn1.5O4 cathode
powder comprised spherical particles with a size around 5−10
μm (Figure 10a, inset of Figure 10b). As shown in Figure 10b,
the LiNi0.5Mn1.5O4 cathode delivered a capacity of 135 mA g−1

with a voltage of 4.7 V, and the Fe3O4@CFx anode exhibited a
capacity around 920 mA g−1 with a voltage of ∼1.1 V at a
current density of 100 mA g−1. After the full cell was assembled,
it had an open circuit potential of ∼2.28 V, and typical charge−

Figure 8. Nyquist plots of (a) pure Fe2O3 and (b) Fe3O4@CFx electrodes from the OCV to the fifth cycles. Both cells are cycled at the current
density of 100 mA g−1.

Figure 9. (a) Charge−discharge profiles of the Fe3O4@CFx NP electrode, (b) comparative cycling performances of the Fe2O3 and Fe3O4@CFx NP
electrodes at a current density of 100 mA g−1. The inset shows the corresponding voltage profiles of the Fe2O3 electrode.
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discharge curves cycled between 2.0 and 4.6 V at a current
density of 100 mA g−1 from the 1st to the 300th cycles (Figure
10c,d). The cell had a high working voltage around 3.2 V and
could cycle well beyond 300 cycles with a capacity retention of
66.8%. The reversible capacities of the cell were 664 mAh g−1

(vs anode) and 110.7 mAh g−1 (vs cathode) at a current density
of 100 mA g−1 with an energy density of about 371 kWh kg−1

(i.e., the value was calculated by the integral of the discharge
curve in the voltage-capacity profile, vs cathode). The CV
curves (inset in Figure 10c) with well paired redox peaks and
voltage profiles (Figure 10d) with long platform also confirmed
the well paired of the anode and cathode in this full cell,
implying a high reversibility. With varying the current density
from 200, 400, 800 to 1600 mA g−1, the cathode of
LiNi0.5Mn1.5O4 in this cell could still work well with capacities
of 103, 83, 67 and 41 mAh g−1 (Figure 10e). Finally, the cell

could recover back to 98 mAh g−1 (vs cathode) at the current
density of 100 mA g−1, demonstrating the good rate capability
and stability of the electrode materials. Furthermore, a high
capacity of about 91.6 mAh g−1 (vs cathode) was still obtained
after further increasing the test temperature to 45 °C at the
current density of 100 mA g−1, and the capacity retention is
54.6% over 50 cycles. The energy density remained around 316
Wh kg−1 (Figure 10f, calculated from the discharge curve of the
third cycle). Note that the capacity values of 664 mAh g1 (30
°C) and 549.6 mAh g−1 (45 °C) were much higher that of
commercial graphite in a full cell (about 240 mAh g−1) at a
similar current density. And the working potential was much
higher than those of aqueous-based rechargeable battery
systems such as lead-acid, Ni−Cd, Ni−MH and lithium−sulfur
batteries, this full cell was also superior with an accepted cycling
ability.

Figure 10. (a) SEM images of the LiNi0.5Mn1.5O4 powders. (b) Comparative charge−discharge profiles of the Fe3O4@CFx NP and LiNi0.5Mn1.5O4
electrodes at a current density of 100 mA g−1. The inset is the XRD pattern of LiNi0.5Mn1.5O4. Full cell of the Fe3O4@CFx/LiNi0.5Mn1.5O4: (c)
cycling performance and CV curves, (d) voltage profiles, (e) cycling performance and voltage profiles at the different current densities (200−1600
mA g−1), (f) cycling performance and voltage profiles at the high temperature of 45 °C.
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■ CONCLUSIONS
In summary, we successfully developed a simple method to
prepare size-controlled Fe2O3 NPs on a large scale with
different morphologies, specific surface areas and pore volumes
just by varying the reflux temperature and the kind of
surfactant. In addition, the Fe2O3 NPs were further used to
prepare new composite Fe3O4@CFx NPs via simple carbo-
nation of a mixture of Fe2O3 NPs and PVDF. This procedure
could readily be extended to any metal oxide requiring
functionalization with a layer of CFx. More importantly, the
composite Fe3O4@CFx NPs exhibited a high reversible capacity
over 900 mAh g−1 at a current density of 100 mA g−1 over 100
cycles as an anode in a LIB. Then we successfully assembled a
new full cell composed of Fe3O4@CFx/LiNi0.5Mn1.5O4 with a
high energy density of 371 Wh kg−1 (vs cathode) at the current
density of 100 mA g−1. This cell could cycle well over 300
cycles with 66.8% capacity retention. Noticeable, even though
this cell cycled at the high temperature of 45 °C, it still
exhibited a relatively high capacity of 91.6 mAh g−1 (vs
cathode) at 100 mA g−1 and retained 54.6% of its reversible
capacity over 50 cycles, especially with a high energy density of
316 Wh kg−1 (vs cathode). Moreover, this improved electro-
chemical performance of the Fe3O4@CFx was also investigated
by EIS and CV methods, from which we successfully proved
that CFx can enhance the conductivity of the electrodes and
could ensure a fast Li+ diffusion ability because the CFx layer
has a lower interfacial resistance. This new concept might be
extended to revise other anode (CuO, CoOx, MnOx, etc.) and
cathode materials (LiMnPO4, LiFePO4, LiNi1/3Co1/3Mn1/3O2,
etc.) for advanced energy storage and conversion devices.
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