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Abstract
Mace-like carbon fibers@Fe3O4@carbon (CF@Fe3O4@C) composites were designed and synthesized via an in situ growth and
carbon coating approach with heat treatment. In comparison with CF, Fe2O3, and CF@Fe2O3, CF@Fe3O4@C composites
exhibit higher electrochemical performance as anode materials for lithium-ion batteries (LIBs), owing to the unique mace-like
ordered structure. Mace-like CF@Fe3O4@C composites deliver a high discharge/charge specific capacities of 1368/940 mAh
g−1 at the first cycle and 741/740 mAh g−1 at the 100th cycles at 100 mA g−1 in the range of 0.01~2.5 V. The specific discharge
capacity can still retain 503 mAh g−1 after 500 cycles at 500 mA g−1. The outstanding electrochemical performance can be
attributed to that carbon fibers and carbon coating improve the electrical conductivity of iron oxides and the carbon-coated layer
avoids the specific capacity fading caused by volume expansion of iron oxides during charging/discharging. It provides a novel
structural design strategy and an effective synthesis method of anode material for high-energy lithium-ion battery.
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Introduction

Lithium-ion batteries have the characteristics of high specific
energy, high specific power, high open-circuit voltage, stable
discharge, large working range, and long service life [1]. As
LIBs are being more and more widely used, it becomes insep-
arable from our life [2, 3]. Scientists hope to develop LIBs
with higher capacity, longer cycle stability, lower cost, and
greater safety. Therefore, it is important to develop electrode
materials with better performance.

At the beginning of the twenty-first century, Tarascon’s [4]
group first discovered the potential of transition metal oxides
(TMOs) as anode materials for LIBs. Iron oxides have been

widely studied as anode materials, because of rich resources,
no pollution to the environment, and especially relatively high
specific capacity (α-Fe2O3 is 1007 mAh g−1, Fe3O4 is 926
mAh g−1). But there are two shortcomings: one is poor con-
ductivity and the other one is large volume changes during
charge/discharge cycles leading to fast capacity fading. Theα-
Fe2O3-CNTs architectures synthesized by the hydrothermal
method as anode materials can ensure the fast electronic trans-
mission paths and improve electronic conductivity and the rate
performance of electrode materials [5]. Ni(OH)2-Fe2O3/on-
ion-like nano-carbon composites were prepared by
Dwivedi’s [6] group through a liquid-phase precipitation
method and hydrothermal synthesis.

The design idea of experiment mainly comes from the fol-
lowing three parts. First, in order to improve the shortcomings
of poor conductivity of electrode materials, a large specific
capacity iron oxide (Fe2O3) in situ grows on the carbon fiber
(CF) surface to form an iron oxide carbon fiber composite
material (CF@Fe2O3). Second, CF@Fe2O3 is treated by car-
bon coating to obtain CF@Fe3O4@C, expecting that the sur-
face carbon layer will increase its conductivity and buffer
large volume changes during Li+ insertion/extraction. Third,
the pore structure of electrode materials can be improved to
shorten the diffusion distance of lithium ions, alleviate the
volume change, and maintain the structural stability. In short,
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it not only retains the advantages of high specific capacity of
iron oxide but also makes up for its disadvantages of poor
conductivity and severe capacity degradation, exploring its
potential as an anode electrode material for LIBs.

Experimental section

Synthesis of CF

Polyacrylonitrile (PAN, 3 g) was dissolved in 28 mL of N,N-
dimethylformamide (DMF) to obtain electrospinning solu-
tion, and then the solution was filled into a syringe. The needle
was about 15 cm from the collector; the voltage was 20 kV.
Electrospun fibers were collected, dried, and placed in an
electric furnace at 250 °C for 4 h. Then, the fibers were trans-
ferred into a tube furnace and heated to 700 °C at heating rate
of 2 °Cmin−1 under N2 atmosphere; the temperature of 700 °C
was maintained for 2 h. After cooling, black carbon fibers
(CF) were obtained.

Synthesis of Fe2O3

In total, 2.7 g of FeCl3·6H2O was dissolved in 100 mL of
deionized water which was magnetically stirred for 2 h in an
oil bath at 80 °C. Samples were collected after static settle-
ment 12 h, washed by distilled water three times, and dried for
12 h at 60 °C in an electronic oven. Then, samples were heat-
treated at 400 °C for 4 h in an electric furnace with heating rate
of 2 °C min−1, and red-brown samples were obtained after
cooling down with the furnace.

Synthesis of CF@Fe2O3 and CF@Fe3O4@C

Two grams of CF was added into 60 mL of concentrated nitric
acid, magnetically stirred at 65 °C for 2 h, separated by cen-
trifugation, washed with deionized water to pH = 7, and dried
for 12 h at 80 °C. FeCl3·6H2O (2.16 g) and the above CF (0.1
g) were dissolved with 60 mL of deionized water with mag-
netic stirring for 5 h under 75 °C in water bath. Then, the
samples were separated by centrifugation, washed with deion-
ized water three times, dried at 80 °C for 12 h, and heated to
400 °C for 4 h at heating rate of 2 °C min−1 to obtain
CF@Fe2O3. Fifty milligrams of dopamine hydrochloride
and 100 mg CF@Fe2O3 were put in 42.5 mL of Tris buffer
solution (pH = 8.5), and the solution was continuously stirred
f o r 1 8 h a t r o om t empe r a t u r e . Th e ob t a i n e d
CF@Fe2O3@dopamine samples were collected by centrifu-
gation, washed three times with water, and dried at 80 °C for
12 h. Finally, the CF@Fe2O3@dopamine samples were put
into the tube furnace under N2 atmosphere, then heated to 580
°C at a rate of 2 °C min−1 and maintained for 2 h to obtain
CF@Fe3O4@C.

The synthetic procedure for mace-like CF@Fe3O4@C
composites is shown in Fig. 1. Iron oxide electrode materials
have poor conductivity, while CF have good conductivity [7,
8]. To improve the electrical conductivity, CF would be
compounded with iron oxides. First, the heat-treated CF were
processed with nitric acid solution to add functional groups
such as –OH and –COOH. Furthermore, FeOOH in situ grew
on the surface of the carbon fibers in water bath, and then
CF@Fe2O3 was obtained by heat treatment. Finally,
CF@Fe2O3 coated with dopamine hydrochloride was heat-
treated to obtain CF@Fe3O4@C.

Material characterization

TGA (STA449F5, NETZSCH) of sample was tested with a
heating rate of 5 °C min−1 in the range of 40~800 °C under air
condition. The crystal structures were investigated by X-ray
diffraction (XRD, D/MAX2500PC, RIGAKU, with Cu-Kα
radiation, λ = 1.54178 Å) in 10 to 80°. The surface chemical
properties of CF@Fe3O4@C were evaluated by X-ray photo-
electron spectra (XPS, Thermo ESCALAB 250XI). Raman
spectra and Fourier transform infrared (FT-IR) analysis of
samples were carried out using Raman spectroscopy (DXR,
Thermo Fisher Scientific, with a 632.8-nm laser) and FT-IR
spectroscopy (VERTEX70, Bruker, with a resolution of 2
cm−1), respectively. N2 adsorption/desorption measurements
were per formed by a Quantachrome ins t rument
(QUADRASORB, SI-MP) at 77 K. The morphological char-
acteristics of the samples were observed by scanning electron
microscopy (SEM, Scios, FEI) and transmission electron mi-
croscopy (TEM, JEM-2800, JEOL) with an accelerating volt-
age of 200 kV.

Electrochemical measurement

In order to investigate the electrochemical performance of
CF@Fe3O4@C composite, the active material, acetylene
black, and PVDF were mixed according to a mass ratio of
7:1.5:1.5 with NMP. Then, the mixture was coated on a cop-
per foil collector. After drying, it was made into a circular
piece with the active material loading about 1~2 mg cm−2.
The button-type CR2032 half-cell was assembled in an argon
glove box with metal lithium foil as the counter electrode,
Celgard 2400 as the separator, and water and oxygen content
below 0.1 ppm respectively. The electrolyte was 1.0 M LiPF6
in EC/DMC/DEC (1:1:1 in volume). At room temperature,
discharge and charge performances of cells were tested on
Land CT2001A in the cut-off voltage 0.01~2.5 V (vs. Li+/
Li). Cyclic voltammetry (CV) was performed at the scan rate
of 0.1 mV s−1 in 0~3 V (vs. Li+/Li) on the PGSTAT204
electrochemical workstation. Electrochemical impedance
spectroscopy (EIS) was conducted in the frequency range of
0.1~106 Hz. To have a better comparison, CF, Fe2O3, and
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CF@Fe2O3 were also experimented for the electrochemical
performances.

Results and discussion

The TG curves of CF, Fe2O3 , CF@Fe2O3, and
CF@Fe3O4@C precursors are shown in Fig. 2a. The total
mass loss values of CF, Fe2O3, CF@Fe2O3, and
CF@Fe3O4@C are 99.5%, 21.8%, 85.2%, and 67.4%, respec-
tively. Taking CF@Fe3O4@C as an example, the mass loss
from 40 to 220 °C (about 4.9%) is mainly due to the removal
of adsorbed water and crystal water. With temperature in-
creasing, the subsequent mass loss (62.5%) from 220 to 580
°C can be attributed to the decomposition of dopamine hydro-
chloride [9, 10]. It can be considered that the stable
CF@Fe3O4@C composite has formed because of the mass
loss no longer changing after exceeding 580 °C. The carbon
contents of CF@Fe2O3 and CF@Fe3O4@C are 85.2% and
67.4% according to the results by TG measurement.

Figure 2b shows the XRD patterns of Fe2O3, CF@Fe2O3,
and CF@Fe3O4@C. It can be seen that the main diffraction
peaks of spindle-shaped Fe2O3 and CF@Fe2O3 are consistent
with α-Fe2O3 standard card (PDF#33-0664), such as the dif-
fraction peaks at 24.1°, 33.2°, 35.6°, 49.5°, 54.1°, 62.4°, and
64.0°, corresponding to (012), (104), (110), (024), (116),
(214), and (300) of α-Fe2O3, respectively. The crystal plane
is a hexagonal crystal structure, and its space group is R-3C
(167) (a = b = 5.0356 Å, c = 13.7489 Å) [11, 12]. The main
diffraction peaks of CF@Fe3O4@C are consistent with the
Fe3O4 standard card (PDF#65-3107), such as the diffraction
peaks at 30.1°, 35.5°, 43.1°, 53.5°, 57.0°, 62.6°, and 74.0° that
correspond to (220), (311), (400), (422), (511), (440), and
(533) of Fe3O4, respectively. The crystal plane is a cubic
crystal structure and the space group is Fd-3m (227) (a = b
= c = 8.3905 Å) [13, 14], indicating that the phase of Fe3O4 is
obtained from CF@Fe2O3 coated with dopamine hydrochlo-
ride after heat treatment. The XRD results of CF are shown in

Fig. 2c. Obvious peaks at 26° and 44° are the characteristic
peaks of amorphous carbon, indicating that polyacrylonitrile
has transformed into CF after heat treatment.

The Raman spectra of CF, Fe2O3, CF@Fe2O3, and
CF@Fe3O4@C are given in Fig. 2d. For the spectra of
Fe2O3, CF@Fe2O3, and CF@Fe3O4@C, there are some ob-
vious peaks between 200 and 800 cm−1, such as the peaks at
220, 286, 402, 490, and 602 cm−1, which should be attributed
to the characteristic scattering peaks of Fe2O3 and Fe3O4

[15–18]. Meanwhile, the spectrum of CF only shows two
strong peaks near 1350 and 1560 cm−1, which are attributed
to the D and G peaks of graphitized carbon. In addition, the
sample CF@Fe2O3 appears a strong peak at 1350 cm

−1, which
should be a characteristic peak of carbon fiber. While
CF@Fe3O4@C demonstrates two peaks at 1350 and 1560
cm−1, which should be attributed to the D and G peaks of
the carbon fiber and the coated carbon layer, representing
the presence of carbon with a disordered graphite composite
structure [19, 20].

The functional groups of CF, Fe2O3, CF@Fe2O3, and
CF@Fe3O4@C were clarified by Fourier transform infrared
transmittance spectra, as seen in Fig. 2e. For the spectra,
strong peaks at 3416, 2357, 1630, 1541, 1026, 575, and 446
cm−1 are obvious. The peak at 3416 cm−1 is a stretching vi-
bration peak of –OH, which is the absorption peak of absorbed
water [21, 22], and the peak at 2357 cm−1 is the absorption
peak of CO2 in the air. The peak at 1630 cm−1 may be the
hydroxyl bending vibration peak of water, and the bands at
1541 cm−1 and 1026 cm−1 are attributed to the C=C and C–O
stretching, respectively. For the curves of Fe2O3, CF@Fe2O3,
and CF@Fe3O4@C, the peaks at 574 cm−1 and 449 cm−1, 549
cm−1 and 468 cm−1, and 563 cm−1 and 462 cm−1 belong to the
absorption of Fe–O [22, 23]. This indicates the existence of
iron oxides and also accords with the results of XRD and
Raman.

To further determine the surface electron valence and
chemical composition of CF@Fe3O4@C, X-ray photoelec-
tron spectroscopy (XPS) was performed. The survey spectrum

Fig. 1 Schematic illustration of synthetic CF@Fe3O4@C
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and the high-resolution spectra of Fe 2p, C 1s, and O 1s are
shown in Fig. 2f–i. It can be seen that characteristic peaks of
the elements Fe, C, and O are exhibited in the ranges of 705–
740, 282–292, and 256–240 eV, respectively. The results of
XPS are consistent with those of XRD, Raman, and FT-IR.
For Fig. 2g, the existence of iron ion in C@Fe3O4@C can be
determined by the characteristic peaks of Fe2p3/2 and Fe2p1/2
at 711.1 and 725.0 eV, respectively. At the same time, the
satellite peaks at 720.1 and 733.7 eV correspond to Fe2p3/2
Sat. and Fe2p1/2 Sat., respectively, also proving the existence
of iron ion. The spectrum of C 1s is shown in Fig. 2h; the
peaks at 284.8, 286.4, and 288.7 eV correspond to graphite C–
C, C–O, and C=O, respectively. As can be seen from Fig. 2i
about the O 1s spectrum, the peak at 530.1 eV corresponds to
O–Fe, further confirming the presence of iron oxides, and the
other two peaks at 531.8 and 533.7 eV correspond to O–C and
O=C, respectively [24, 25].

The micromorphology and structure of CF, Fe2O3,
CF@Fe2O3, and CF@Fe3O4@C using SEM and EDS are
shown in Fig. 3. As can be seen from Fig. 3a, the shape of
the electrospun fiber is smooth and regular with uniform di-
ameter about 200~300 nm. The SEM image of CF is shown in
Fig. 3b, the surface is smooth with fractures and bending, and
the diameter has no obvious shrinkage or expansion. Figure 3c
and d show the micromorphology of spindle-shaped particles
of Fe2O3 with regular shape and size consistency about 70 nm
in diameter and 180 nm in length. Figure 3e and f exhibit the
micromorphology of CF@Fe2O3 that spindle-shaped Fe2O3

grow uniformly on the CF surface upright, and the outline of
CF is clearly visible. The shapes of CF@Fe3O4@C are shown
in Fig. 3g and h. The outline of CF is still visible, and the iron
oxide–coated carbon has lost the original spindle-like mor-
phology and becomes the uniform spherical particles.
Meanwhile, the thin film can be seen on the surface of the

Fig. 2 a TG curves of CF, Fe2O3, CF@Fe2O3, and CF@Fe3O4@C;
XRD patterns of (b) Fe2O3, CF@Fe2O3, and CF@Fe3O4@C; and (c)
CF; (d) Raman spectra and (e) FT-IR spectra of CF, Fe2O3,

CF@Fe2O3, and CF@Fe3O4@C; XPS of CF@Fe3O4@C: (f) survey
spectrum and high-resolution spectra of (g) Fe 2p, (h) C 1s, and (i) O 1s
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spheres, indicating that CF@Fe2O3 is successfully coated
with dopamine as a carbon source.

In order to determine the content of various elements in the
composites, EDS analysis was performed on the samples
CF@Fe2O3 and CF@Fe3O4@C, and the results are shown
in Fig. 3i and j. As shown in Fig. 3i, CF@Fe2O3 is composed
of Fe, O, and C elements, and the contents are 41.38 wt%,
40.54 wt%, and 18.08 wt% respectively. For Fig. 3j,
CF@Fe3O4@C is composed of Fe, O, C, and N, and the
contents are 16.93 wt%, 34.65 wt%, 35.63 wt%, and
12.79 wt% respectively. The comparison results show that
the C element content increases significantly and N element
content reaches 12.79 wt% obviously from dopamine hydro-
chloride of CF@Fe3O4@C.

The morphology and crystal structure of CF@Fe2O3 and
CF@Fe3O4@Cwere examined by TEM and HRTEM testing,
and the results are shown in Fig. 4. In Fig. 4a, it can be seen
that the spindle-shaped Fe2O3 particles are clearly angular and
uniformly arranged on the outer layer of CF. In Fig. 4b, the
representative HRTEM image shows a lattice spacing of
0.369 nm corresponding to the lattice fringes of the α-Fe2O3

(012) plane, indicating that the crystalα-Fe2O3 is formed [26].
This result is consistent with the result of the XRD pattern. As
shown in Fig. 4c, the edges and corners of the spindle-shaped

Fe2O3 in CF@Fe3O4@C disappeared and transformed into
spherical Fe3O4 particles. The HRTEM image in Fig. 4d clear-
ly shows that Fe3O4 particles are uniformly coated with a layer
of carbon material with a thickness about 8 nm. The selected
area electron diffraction pattern in the embedded figure shows
diffraction ring of Fe3O4 on the (220), (311), (400), and (440),
indicating that the crystal structure of Fe2O3 carbon coating
has transformed into Fe3O4 after heat treatment. This result is
also consistent with XRD pattern.

As shown in Fig. 5, the nitrogen adsorption-desorption iso-
therms and pore size distribution characteristics of CF, Fe2O3,
CF@Fe2O3, and CF@Fe3O4@C were investigated. In Fig. 5a,
the curve trend of CF is close to the H4 type hysteresis curve
between 0 and 1.0 (P/P0), indicating that it contains narrow slot-
ted pores. The specific surface area is 8.35 m2 g−1 and the aver-
age pore diameter is 3.42 nm. Figure 5b shows the results of
Fe2O3; the curve trend is H3 type hysteresis curve.

There are more mesopores near 13 nm and 33 nm, its spe-
cific surface area is 38.25 m2 g−1, and the average pore size is
7.29 nm. Figure 5c shows the results of CF@Fe2O3, and a
hysteresis loop is close to the H3 type hysteresis curve. Its
specific surface area is 33.40 m2 g−1 and the average pore size
of 11.48 nm. The results of CF@Fe3O4@C are displayed in
Fig. 5d, and the curve is close to the H5 type hysteresis curve

Fig. 3 a SEM image of fibers by electrospinning. b SEM image of CF after heat treatment. c, d SEM images of Fe2O3. e, f SEM images of CF@Fe2O3.
g, h SEM images of CF@Fe3O4@C; EDX spectrum of (i) CF@Fe2O3 and (j) CF@Fe3O4@C
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Fig. 5 Nitrogen adsorption-
desorption isotherms and pore
size distribution of aCF, b Fe2O3,
c CF@Fe2O3, and d
CF@Fe3O4@C

Fig. 4 a TEM image and b
HRTEM image of CF@Fe2O3. c
TEM image and d HRTEM
image and SAED patterns of
CF@Fe3O4@C
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between 0.4 and 1.0. It is generally considered that this curve
is common in mesoporous materials with partially blocked
channels [27, 28]. The specific surface area becomes smaller
to 17.91 m2 g−1 because those pores of CF@Fe2O3 are par-
tially filled with carbon coating.

The BJH results show that the average pore diameter is
8.28 nm. It is worth noting that the average pore size becomes
smaller, especially the pore distributions in the range of 3~4
nm, comparing with CF@Fe2O3 without carbon uncoated.

The galvanostatic charge-discharge curves of CF, Fe2O3,
CF@Fe2O3, and CF@Fe3O4@C for the 1st, 2nd, 5th, and
10th cycles are shown in Fig 6. At current density of
100 mA g−1 in the range of 0.01~2.5 V (vs. Li+/Li), the initial
discharge/charge specific capacities are 882/601, 1198/818,
1164/801, and 1368/940 mAh g−1, respectively. After 10 cy-
cles, Fe2O3 shows the lowest discharge/charge specific capac-
ity of 352/325 mAh g−1, which may be due to its structural
instability and volume expansion leading to the loss of some
electrode materials after charge/discharge cycles. The
discharge/charge specific capacity of CF is relatively stable
and keeps 471/468 mAh g−1. The specific capacity of
CF@Fe2O3 is 522/492 mAh g−1. The CF@Fe3O4@C has
the highest discharge/charge specific capacity of 633/634
mAh g−1, and the coulomb efficiency is close to 100%. All
these may be mainly due to the better conductivity from the
carbon fiber and coated carbon layer, and Fe3O4 has a rela-
tively high theoretical specific capacity and the coated carbon
layer can effectively alleviate volume expansion to restrain the
capacity fading of the electrode material.

The first to third cycles of cyclic voltammetry (CV) curves
of CF, Fe2O3, CF@Fe2O3, and CF@Fe3O4@C electrodes in
0.01~3.0 V (vs. Li+/Li) with the scan rate of 0.1 mV s−1 are
presented in Fig. 7. As shown in Fig. 7a, an obvious reduction
peak in the first cathodic scan of CF appears near 0.7 V,
corresponding to the process of reaction between C and Li
to form LiC6 and the decomposition of the electrolyte to form
a solid electrolyte phase interface (SEI) film. The reduction
peak gradually weakens in subsequent cycles and shifts to
around 0.8 V. During the anodic scan, a weaker oxidation
peak appears near 1.55 V, which is considered to be the oxi-
dation process of C [29, 30]. For the CV curves of Fe2O3 (Fig.
7b), the first sharp reduction peak at 0.56 V corresponds to the
reduction of Fe3+ and the formation of the SEI film and Li2O.
The obvious reduction peak near 1.55 V can be attributed to
the irreversible conversion of iron oxide. During the first an-
odic scan, a broad peak around 1.7 V corresponds to a revers-
ible oxidation reaction and forming iron oxide and Li+ [31,
32]. Figure 7c shows the CV curves of CF@Fe2O3, the reduc-
tion peaks at 0.55, 0.95, 1.65, and 2.1 V during the first ca-
thodic scan. The strong reduction peak at 0.55 V corresponds
to the reaction process of C and Li to form LiC6. The sharp
reduction peak near 0.95 V corresponds to the reduction of
Fe3+ and the formation of the SEI film and Li2O. The weaker
reduction peaks near 1.65 and 2.1 V can be attributed to the
irreversible conversion of iron oxide. For the subsequent cy-
cles, the reduction peaks mainly appear near 1.05 V. During
the first anodic scan, there are two oxidation peaks at 1.68 V
and 2.05 V, corresponding to the formation of iron oxide and

Fig. 6 Galvanostatic discharge-
charge curves of a CF, b Fe2O3, c
CF@Fe2O3, and d
CF@Fe3O4@C at 100 mA g−1 in
the range of 0.01~2.5 V (vs. Li+/
Li)
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Li+ [33–35]. The CV curves of CF@Fe3O4@C are shown in
Fig. 7d, and strong reduction peaks appear at 0.7 and 1.6 V
during the first cathodic scan, which correspond to the con-
version of Fe3+ and Fe2+ to Fe0, as well as the reaction of C
and Li+ and the formation of a SEI film. In the subsequent two
cathodic scan processes, the peaks gradually stabilize at 0.8
and 1.52 V, which can be attributed to the reversible reduction
reaction of Fe3+ and Fe2+. During the first anodic scan, strong
peaks appear at 1.9 and 2.35 V, corresponding to the oxidation
process of Fe0 to Fe2+ and Fe3+ with the reduction of Li+.
During the following anodic scans, the peak at 1.9 V becomes
weak, corresponding to the process of Fe0 to form iron oxides.
The strong peak disappeared near 2.35 V, indicating the pres-
ence of some irreversible reaction [36–38].

Figure 8a shows the specific capacity and coulomb effi-
c i ency cu rve s o f CF , Fe 2O3 , CF@Fe2O3 , and
CF@Fe3O4@C electrodes at a current density of 100 mA
g−1 in voltage of 0.01~2.5 V (vs. Li+/Li). It can be seen that
the first discharge/charge specific capacities are 882/601,
1198/818, 1164/801, and 1368/940 mAh g−1, and the cou-
lomb efficiencies are 68.1%, 68.3%, 68.8%, and 68.7%, re-
spectively. After 100 cycles, the discharge/charge specific ca-
pacities are 376/376, 304/299, 438/436, and 741/740 mAh g−1

and the coulomb efficiencies are 100%, 98.3%, 99.5%, and
99.8%, respectively. The specific capacity of Fe2O3 declines
continuously to 40 cycles and then begins to slowly rise.
There are some possible reasons: (i) The increased charge

transfer kinetics in active materials enables new reactions after
40 cycles; (ii) The pulverization undergone by electrode ma-
terials during cycling leads to an increase in specific surface
area; (iii) The morphology evolution during cycling gives rise
to a reactivation of the electrochemical reaction [39]. The
specific capacities of CF and CF@Fe2O3 tend to stabilize after
10 cycles. Remarkably, the capacity of CF@Fe3O4@C grad-
ually increases after 10 cycles that could be because
CF@Fe3O4@C forms the channel structure for rapid lithium
ion transfer after multiple charge/discharge. After the 100 cy-
cles, the specific capacity of Fe2O3 decays fastest, the reason
is that the volume expansion during charging/discharging
causes the active material to detach from the current collector.
It is worth noting that CF@Fe3O4@C not only has carbon
fibers that increase the conductivity of iron oxides but also
has the coated carbon layer that can effectively improve the
specific capacity fading caused by volume expansion.
Furthermore, the mesoporous distribution in the range of
3~4 nm provided more active reaction sites and also helped
to increase the specific capacity. The formation and activation
of a stable SEI layer with repeatedly absorbing and releasing
lithium ions caused the gradual penetration of electrolyte over
the porous active material during cycling and the progressive
generation of electrochemical active polymeric films, leading
to gradually increase of the specific capacity [40]. This phe-
nomenon is particularly obvious at low current densities
[41–45].

Fig. 7 CV curves of a CF, b
Fe2O3, c CF@Fe2O3, and d
CF@Fe3O4@C
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The rate performance results of CF, Fe2O3, CF@Fe2O3,
and CF@Fe3O4@C electrodes are shown in Fig. 8b. The cur-
rent densities were 100, 200, 500, 1000, 2000, and 5000 mA
g−1, and then returned to 100 mA g−1. As can be clearly seen
from the figure, the discharge specific capacities of four elec-
trodes displayed a gradual decrease with the current density
increase. The polarization effect of the electrode materials
becomes larger and the deposition of Li+ becomes more pro-
nounced due to the current increasing. The average discharge
specific capacities were 178, 14, 192, and 270 mAh g−1 re-
spectively at the current density of 5 A g−1, and which
returned to 471, 309, 446, and 631 mAh g−1 respectively
when the current density was restored to 100 mA g−1, indicat-
ing that CF@Fe3O4@C electrode has better rate performance
and reversible performance. The reason may be that carbon
fiber improves the electrical conductivity, providing

CF@Fe3O4@C electrode with fast electrochemical kinetics,
low internal resistance, and fast charge transfer capacity [46,
47]. In addition, the Fe3O4 provides high specific capacity,
and the carbon coated on the surface relieves the volume ex-
pansion of Fe3O4 during the charge/discharge cycles [48].

Figure 8c presents the initial electrochemical impedance spec-
troscopy (EIS) of CF, Fe2O3, CF@Fe2O3, and CF@Fe3O4@C,
respectively. All the Nyquist plots are consisted of high-
frequency semicircles and low-frequency sloping lines. In gen-
eral, the high-frequency semicircle indicates the solid electrolyte
interface resistance or SEI film and the straight line is associated
with ion diffusion resistance [15, 49, 50]. It can be seen from the
figure that the semicircle of CF electrode is the smallest, and the
semicircle of CF@Fe3O4@C is smaller than Fe2O3 and
CF@Fe2O3. This indicates that the charge transfer resistance
and the electrolyte or surface resistance of CF is the smallest, that

Fig. 8 a Specific capacity and
coulombic efficiency after 100
cycles at 100 mA g−1 in the range
of 0.01~2.5 V (vs. Li+/Li). b Rate
performance, c electrochemical
impedance spectroscopy (EIS),
and d equivalent circuit model for
the fitting of the Nyquist plots and
cycle stability at 500 mA g−1 in
the range of 0.01~2.5 V (vs. Li+/
Li)
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of CF@Fe3O4@C and CF@Fe2O3 is similar and smaller, and
that of Fe2O3 is the largest. As shown in Fig. 8d, the equivalent
circuit model is composed of the constant phase element (CPEct)
associated with electrode double-layer capacitance, the Warburg
element (Wo) associated with Li ion diffusion in the electrode,
the electrolyte resistance (Rs), and the charge transfer resistance
(Rct) [19, 25]. The Rct values of CF, Fe2O3, CF@Fe2O3, and
CF@Fe3O4@C are 274 Ω, 753 Ω, 482 Ω, and 396 Ω, respec-
tively. It is obvious that theRct of CF@Fe3O4@C is smaller than
that of Fe2O3 and CF@Fe2O3, showing the faster charge-transfer
reaction for Li+ insertion and extraction than Fe2O3 and
CF@Fe2O3 electrode. It can be seen that the introduction of
carbon fiber and shell could further increase the electronic con-
ductivity and result in the enhanced reaction kinetics of electrode
materials.

Furthermore, to understand the charge/discharge perfor-
mance of the electrode materials at a large current and long
cycle, the discharge specific capacities of 500 cycles were
carried out at a current density of 500 mA g−1 in 0.01~2.5 V
(vs. Li+/Li). As shown in Fig. 8e, all the specific capacities
decrease with the increasing cycling, and Fe2O3 is the
smallest. After 90 cycles, it decayed to a minimum (110
mAh g−1), then increased slightly and stabilized about 308
mAh g−1 until 500 cycles. The discharge specific capacities
of CF, CF@Fe2O3, and CF@Fe3O4@C have generally stabi-
lized after 50 cycles, which were 421, 474, and 503 mAh
g−1after 500 cycles, respectively.

It can be seen that the CF@Fe3O4@C electrode has higher
cycle stability performance at a large current density.

In order to investigate the stability of the electrode struc-
ture, the surface morphology of CF, Fe2O3, CF@Fe2O3, and
CF@Fe3O4@C electrodes was observed by SEM. The SEM
images of samples after 500 cycles at a current density of
500 mA g−1 are shown in Fig. 9. According to the comparison
between the results in Fig. 9 and the SEM images before
cycling in Fig. 3, it can be seen clearly that the spindle-
shaped Fe2O3 of CF@Fe2O3 outer layer and spherical particle
Fe3O4 of CF@Fe3O4@C cannot be observed. Not only the
particles of Fe2O3 but also the fiber-like electrode materials of
CF, CF@Fe2O3, and CF@Fe3O4@C have almost doubled in
size compared with the original. The surface of particles and
fiber active materials was covered with a layer of SEI film,
which also confirmed the results of the SEI film generated in
the CV test results. More importantly, it can be clearly seen
from Fig. 9a, c, and d that the active materials still remain
fibers shape after 500 cycles, indicating that the electrode
materials can still maintain the structural integrity, rarely fall-
ing off and collapsing.

They were in a good working condition, which can
confirm the specific capacities of CF, CF@Fe2O3, and
CF@Fe3O4@C electrode materials were stable after
long-term charging and discharging cycles. In Fig. 9b,
the original spindle-shaped Fe2O3 particles were severe-
ly broken, which can also explain the specific capacity
decayed faster during the charging/discharging cycles. In
short, from this result, the CF@Fe3O4@C electrode ma-
terial has good reversible cycling performance in terms
of structural stability.

Fig. 9 SEM images of a CF, b
Fe2O3, c CF@Fe2O3, and d
CF@Fe3O4@C after 500 cycles
at 500 mA g−1
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Conclusion

In summary, we designed and synthesized mace-like
CF@Fe3O4@C composites by an in situ growth and carbon
coating approach with heat treatment. Comparison with CF,
Fe2O3, and CF@Fe2O3, it is discovered that CF@Fe3O4@C
composites display higher electrochemical performance (such
as reversible capacity, rate performance, and long cycle per-
formance). At 100 mA g−1 in the range of 0.01~2.5 V, the
discharge/charge specific capacities at the first and 100th cy-
cles are 1368/940 mAh g−1 and 741/740 mAh g−1. The spe-
cific discharge capacity can still retain 503 mAh g−1 after 500
cycles at 500 mA g−1. It can be attributed to that carbon fibers
and carbon coating improve the electrical conductivity of iron
oxides and carbon-coated layer avoids the specific capacity
fading caused by volume expansion of iron oxides during
charging/discharging. It provides an effective synthesis meth-
od and structural design strategy of anode material for high-
energy lithium-ion battery.

Funding This work was supported by the National Science Foundation
of China (51603147) and Tianjin application foundation and advanced
technology research plan project (15ZCZDGX00270 and
14RCHZGX00859).
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