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Fe3O4 is a kind of promising anode material for lithium-ion batteries, however, the poor electrical
conductivity and serious volume expansion limit their practical application in practice. In this article, the
Fe3O4@C composite is prepared by facilely decomposing of the cellulose/ferric tartrate complex system.
A ferric tartrate complex aqueous solution has been explored to dissolve cellulose. After a freeze-drying
and subsequently carbonization at high temperature, ferric tartrate complex is decomposed to Fe3O4 and
deposited homogenously inside the porous carbon derived from cellulose, obtaining the in-situ porous
Fe3O4@C composites. The porous carbon can provide good electrical conductivity and adapt to the
volume change of the Fe3O4 nanoparticles in electrochemical research. As LIB anode material, The
Fe3O4@C anode delivers high initial charging capacity of 864.9 mAh·g-1 at 100 mA·g-1 and excellent
cycling stability of 86.4% capacity retention after 300 cycles at 1000 mA·g-1.

Keyword: Cellulose, Ferric tartrate complex, Fe3O4@Carbon composite, Lithium-ion batteries.

1. INTRODUCTION
In recent years, in addition to being widely used in portable electronic devices, lithium-ion
batteries have gradually begun to be used in large-scale energy storage fields such as electric vehicles
and electric cruise ship[1-3]. However, the theoretical specific capacity of the traditional graphite anode
is only 372 mAh·g-1, which is difficult to satisfy the needs for higher energy density lithium-ion
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batteries[4, 5]. With the further development of the battery field, exploiting new electrode materials with
better electrochemical performance is more and more urgent.
Over the years, researchers have developed a variety of anode materials, such as transition metal
oxides[6-8], silicon[9-11], and tin[12, 13]. Among them, Fe3O4 material, with the characteristics of
clean, low cost and high theoretical capacity of 926mAh·g-1, is regard as a great substitute for traditional
graphite anode[14,15]. Among various electrode materials, Fe3O4 is an anode material with great
application potential[16,17]. However, there are also some disadvantages that limit its practical
application: (1) as a semiconductor material, Fe3O4 has a low conductivity, which affects the
conductivity of the anode materials[18]; (2) The formation of the solid electrolyte interphase (SEI) films
will consume a great deal of lithium ions during charge/discharge process, resulting in a higher
irreversible capacity and a lower Coulombic efficiency[14,19]; (3) During the cyclic process, the Fe3O4
anode displays a large volume expansion, which pulverizes the active material and induce the separation
of anode materials from the current collector during the subsequent cycle[20]. As a result, the pure Fe3O4
anode material shows poor cycling performance and low specific capacity.
In order to solve these problems, researchers have adopted a variety of strategies to optimize the
Fe3O4 anode materials. The mesoporous carbon material has the advantages of large specific surface
area, good electrical conductivity and small volume change[21,22]. It is considered to be an ideal
framework material for electrode material. Yang et al.[15] synthesized Fe3O4@C composites by a simple
solvothermal method with porous three-dimensional nanostructures. The Fe3O4 nanoparticles are
deposited homogenously inside the porous carbon material and displayed excellent electrochemical
properties as LIB anode material. The Fe3O4@C composite anode possessed the reversible capacity of
1450 mAh·g-1 in the initial cycle and 1300 mAh·g-1 after 100 cycles. Han et al.[23] prepared
Fe3O4@Carbon microsphere composites by a simple electrospray method. The abundant mesopores in
the carbon matrix could effectively adapt the volume change of Fe3O4 during charging/discharging
process and promote the rapid diffusion of ions. As an anode material, the composites deliver excellent
reversible specific capacity of 1317mAh·g-1 and rate performance of 525mAh·g-1 at 5A·g-1. Therefore,
the Fe3O4 nanoparticles in combination with mesoporous carbon material is a promising choice to
improve the electrochemical performance of Fe3O4 material.
Herein, we have reported a novel approach to synthesize porous Fe3O4@C by dissolving
cellulose using FeTNa (NaOH solution containing ferric tartrate complex) solution. After a freeze-drying
process, the FeTNa/cellulose complex were then decomposed at high temperature in an inert atmosphere.
Meanwhile, the cellulose converted into porous carbon framework while FeTNa changed to Fe3O4,
resulting in porous Fe3O4@C composites. During charge/discharge processes, the porous carbon not
only provides a conductive three-dimensional framework, but also offer sufficient space to relieve the
volume expansion of Fe3O4 nanoparticles. As LIB anode material, the Fe3O4@C composites anode
material delivers initial charging specific capacity of 864.9 mAh·g-1 at 100 mAh·g-1 and capacity
retention of 617.3 mAh·g-1 at 1000mA·g-1 after 300 cycles.
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2. EXPERIMENTAL SECTION
2.1 Synthesis of Fe3O4@C composites
According to the reported method[24], FeTNa (NaOH solution containing ferric tartrate
complex) solution was used to dissolve cellulose. In a typical synthesis, 7.54 g of sodium tartrate
dihydrate was dissolved into 30 ml of deionized water with an ice-water bath. Then, added 2.70 g of
ferric chloride hexahydrate in the solution and stirred for 30 min with magnetic stirrer. Thereafter, 47.36
ml of 2.5 mol·L-1 sodium hydroxide aqueous solution was dropped into the above solution slowly with
a peristaltic pump. The dropping rate was conserved to keep the temperature of the solution below 15°C.
Cellulose was then dissolved by the above obtained FeTNa solution in a solute mass ratio of 1:X
(X=0.01, 0.05 and 0.10), and three typical masses of cellulose i.e. 0.13, 0.67, and 1.41g has been applied.
After cellulose is dissolved completely by the FeTNa aqueous solution, the resulted suspension was
dried by freeze-drying technique and subsequently calcined at 500°C in an Ar atmosphere for 5 hours.
The carbonized samples were washed with deionized water until the rinsing solution turn to neutral and
then dried in vacuum oven at 60°C for 12h. Correspondingly, the as-prepared Fe3O4@C samples were
denoted as Fe3O4@C-1, Fe3O4@C-5 and Fe3O4@C-10, respectively.

2.2 Characterization
The morphology and elemental compositions of the samples was characterized by scanning
electron microscope (SEM, JEOL-7800F). The X-ray diffraction (XRD) patterns were obtained by a
Rigaku ultima IV XRD X-ray diffractometer using Cu Kα radiation. The contents of Fe3O4 and carbon
in the sample were measured by thermogravimetric analysis (TGA, TG/DTA6300) from 40 to 700℃ at
temperature increasing step of 10℃/min under air atmosphere. The nitrogen adsorption/desorption
isotherms were collected with a Quantachrome Autosorb-IQ-MP/XR. The Brunauer-Emmett-Teller
method is applied to estimate the specific surface under the relative pressure range P/P0 = 0.05-0.35 and
the pore size distribution of the sample is calculated the Barrett-Joyner-Halenda model with the
desorption branch data.

2.3 Electrochemical characterization
The electrochemical performance of Fe3O4@C composites was characterized using 2016-type
coin cells. Active material, conductive carbon black and carboxymethyl cellulose (CMC) were uniformly
mixed in deionized water at a ratio of 8:1:1. The slurry was uniformly coated on copper foil and dried in
the vacuum oven at 60℃ for 12 hours. The coin cells were assembled in an argon atmosphere glove box
using metallic lithium as the reference electrode, Celgard 2400 microporous polypropylene membrane
as the separator and 1M LiPF6 dissolved in EC/DEC/DMC (1:1:1 by volume) as the electrolyte. The
galvanostatic charge/discharge performance was tested on a CT2001A LAND battery test system in the
voltage range of 0.1V-3.0V at the room temperature. The cyclic voltammetry tests were performed on a
CHI760D electrochemical workstation at a scanning rate of 0.1mV·s-1 in the voltage range of 0.01 to
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3V. The electrochemical impedance spectroscopy was recorded on the same electrochemical workstation
in the frequency range from 0.001Hz to 100KHz.

3. RESULTS AND DISCUSSION

Figure 1. Schematic illustration of fabrication process of Fe3O4@C composites

Figure 1 shows the synthesizing method of the Fe3O4@C composites. First, use ferric tartrate
complex aqueous (FeTNa) solution to dissolve cellulose. Then, after freeze-drying and subsequently
carbonization at high temperature, ferric tartrate complex is decomposed to Fe3O4 and deposited
homogenously inside the porous carbon material, obtaining the in-situ porous Fe3O4@C composites.

Figure 2. SEM images of (a) Fe3O4@C-1, (b) Fe3O4@C-5 and (c) Fe3O4@C-10. (d-f) the elemental
mappings of C, Fe, O for Fe3O4@C-5
The morphology and elemental compositions of Fe3O4@C composites were characterized by
scanning electron microscope (SEM). As shown in figure 2, the Fe3O4 nanoparticles were uniformly
embedding in the carbon frameworks. However, in figure 2a, it was observed that several large particles
with size of several hundred nanometers were incorporated in the Fe3O4@C-1 composite due to the low
carbon content which can’t form a continuous supporting network, resulting in agglomeration of Fe3O4
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nanoparticles. In the samples of Fe3O4@C-5 and Fe3O4@C-10 (Figure 2b and c), Fe3O4 nanoparticles
could be evenly distributed in them without agglomeration. Such a characteristic of the structure can be
ascribed to the formation of complexes between FeTNa and cellulose, which help to break the hydrogen
bonds among the cellulose macromolecule chains and to dissolve cellulose in the aqueous solution of
FeTNa. The elemental mappings of Fe3O4@C-5 composite collected with the energy dispersive
spectrometer (EDS) attached on the SEM have been shown in Figure 2d, e and f. It is evident that the C,
Fe and O elements are uniformly distributed in the composite, and also proved that the Fe 3O4
nanoparticles were deposited homogenously inside the porous carbon.

Figure 3. (a) XRD pattern of these Fe3O4@C composites, and (b) The TG curves of them.
Figure 3a shows the XRD patterns of the Fe3O4@C composites. From the curves, it is obvious
that all the three samples show diffraction peaks at 18.3°, 31.4°, 35.5°, 43.1°, 53.5°, 57.0° and 62.6°,
which can be indexed to the (220), (311), (222), (400), (422), (511) and (400) crystal planes, respectively,
of Fe3O4 (JPDS No. 75-0033). The XRD results confirm the formation of the Fe3O4 compound[25]. The
sharp diffraction peaks and higher intensity also demonstrate that the Fe3O4 nanoparticles are in good
crystallinity. The broad diffraction peak appears at 24° corresponding to the characteristic peak of the
amorphous carbon, indicating the carbon matrix of the three Fe3O4@C composites are amorphous
ones[26].
The composition of the Fe3O4@C composites was characterized by thermogravimetric analysis
(TGA). As shown in Figure 3b, when the temperature rose to 300°C, there is a slight mass increase
which can be attributed to the oxidation of Fe3O4 to Fe2O3[27]. The quality of the samples achieved a
stable equilibrium at around 540°C indicating that all the carbon moieties in the composites has been
burned. Based on the TG curves, the carbon contents of 8.5wt%, 43.4wt% and 48.2wt% can be calculated
in composites of Fe3O4@C-1, 5 and 10, respectively. Correspondingly, the Fe3O4 content of 61.5%,
56.6% and 51.8%, respectively, in them can be deduced. The carbon contents in these Fe3O4@C
composites are proportional to the mass ratio of dissolved cellulose.
Nitrogen sorption isotherms of these Fe3O4@C composites have been tested to analyze the
specific surface area and pore size of them and the results have been depicted in Figure 4. All three
samples showed type IV isotherms, indicating that the composite material possess a typical mesoporous
structure (see Figure 4a, c and e). With the increase of the amount of dissolved cellulose, the specific
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surface area is reduced gradually from 300.1 m3·g-1 for Fe3O4@C-1 to 183.7 for Fe3O4@C-5 and 131.4
m3·g-1 for Fe3O4@C-10. Carbonized cellulose will occupy part of the pores formed by rinsing off the
sodium salt, causing a decrease in the specific surface area. Alternatively, low cellulose content can’t
form a stable carbon network, resulting in agglomeration of Fe3O4 nanoparticles, which further increases
the specific surface area. All these three samples show ore size distribution in between 3-5nm as have
been displayed in Figure 4b, d and f. The suitable pore structure can not only offer sufficient active sites
to promote the transmission of ions and electrons, but also adapts to the volume change of the Fe 3O4
active material during charging/discharging process.

Figure 4. N2 adsorption-desorption isotherms and pore size distribution profiles of Fe3O4-1 (a, b),
Fe3O4@C-5 (c, d), and Fe3O4@C-10 (e, f).

The electrochemical performance of these Fe3O4@C composites has been evaluated in 2016-type
coin cells using metallic lithium as reference electrode and the results are presented in Figure 5. The
galvanostatic measurements of the Fe3O4@C composites have been carried in the voltage range of 0.013V at a current density of 100mA·g-1 (Figure 5a). From the first discharge curve, an obvious voltage
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plateau at 0.75V can be corresponded to the reduction of Fe3O4 to Fe. The first discharge/charge specific
capacity of the Fe3O4@C-1, 5 and 10 composites are 1328.6/899.1, 1263.7/864.9 and
1100.9/757.5mAh·g-1, corresponding the initial Coulombic efficiency is 67.67%, 68.44% and 68.81%,
respectively. With the increase of carbon concentration, it is apparent that the capacity of the Fe3O4@C
composites decreases gradually because of the specific capacity of carbon material is much lower than
Fe3O4.

Figure 5. (a) first voltage profiles, (b) CV curves for the first three cycles of Fe3O4@C-5 composite, (c)
cycling performance of the three Fe3O4@C composites, (d) rate performance, and (e) cycles and
Coulombic efficiency for Fe3O4@C-5 sample at 1000 mA g−1

The irreversible lithium loss in the charge/discharge process is ascribed to the formation of solid
electrolyte interface (SEI) and the abundant mesoporous structure irreversibly capturing lithium ions.
Furthermore, the cyclic voltammograms (CVs) tests for the Fe3O4@C-5 composite with a scan rate of
0.1mV/s and voltage in between 0.01V and 3V have been conducted and the first three cycles are shown
in Figure 5b. In the first cycle process, an obvious reduction peak appearing at 0.65V can be ascribed to
the formation of SEI. In the subsequent cycle, the reduction peak shifted to 0.9V corresponding to the
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reduction of Fe3O4 to metallic Fe and the formation of Li2O (Fe3O4 + 8Li+ + 8e- →3Fe + 4Li2O) [28].
The oxidation peaks appeared at 1.6 and 1.8V is corresponding to the conversion reaction of Fe to Fe3O4
[29]. The obvious shift of reduction and oxidation peaks indicated that the structure has been
significantly changed[30]. The CV curves of the subsequent cycle show good consistency, which also
means that the batteries possess excellent cycle stability.
The cycling stability of these Fe3O4@C composites at 500 mAh·g-1 for 100 cycles were presented
in Figure 5c. With the decreases of carbon content, the cycle stability of the Fe3O4@C composites is
going down gradually. Although the first charge specific capacity of the Fe3O4@C-1 anode has the
highest capacity of 777.7mAh·g-1, the retention rate was only 58.9% after 100 cycles. The rapid dropping
of capacity can be ascribed to the low content of carbon in the composite, which can’t construct a stable
conductive framework and suppress the huge volume change of Fe3O4 nanoparticles [31,32]. In contrast,
the Fe3O4@C-10 composite exhibited excellent cycling stability, even though the first discharge capacity
of the sample is only 646.6mAh·g-1 due to the low content of Fe3O4. In comparison with the other two
samples, the Fe3O4@C-5 sample possesses better comprehensive performance. The results have shown
that the Fe3O4@C-5 anode has the high specific capacity of 749.3mAh·g-1 and great cycle stability with
96.9% capacity retention after 100 cycles.
Figure 5d displayed the rate capability of the Fe3O4@C composites at the current density from
100 to 2000 mA·g-1. It was obvious that all the three composites show outstanding rate performance. In
particular, the Fe3O4@C-5 composite exhibits the best performance of 861.0, 802.4, 726.1, and 660.2
mAh·g-1 at the current density ranges from 100 to 2000mA·g-1, respectively. Even after going through
high-rate cycling, the capacity of the samples can restore to initial levels when the rate returns to
100mA·g-1. The reason of the excellent rate performance is because of the porous carbon matrix which
establishes the fast ion/electron transmission channels and provide stable conductive networks to
maintain favorable electrical contact between active material and current collector. Taking into
consideration the comprehensive performance, the long-term cyclability of Fe3O4@C-5 anode was
further examined under 1000mA·g-1 in Figure 5e. It is found that the first discharge specific capacity is
714.2mA·g-1 and still remains at 617.3mA·g-1 corresponding to 86.4% capacity retention even after 300
cycles. Such good properties can be explained due to the uniformly distribution of the Fe 3O4
nanoparticles a in the porous carbon skeleton, which can effectively pave side effect of volume
expansion of Fe3O4 nanoparticles during the cycle process.
The electrochemical impedance spectroscopy of Fe3O4@C composites has been tested to learn
more properties of these composites. The Nyquist diagram as showed in Figure 6a is composed of a
semicircle in the high-frequency range and an oblique straight line in the low-frequency range, which
are corresponding to the charge transfer resistance (Rct) and the diffusion characteristics of lithium ions
in solid materials (Zw), respectively [33]. In order to get a more intuitive result, equivalent fitting has
been made using the equivalent circuit diagram as shown in Figure 6b. According to the fitting results,
Fe3O4@C-1 shows a high Rct (43.7Ω), while Fe3O4@C-5 and Fe3O4@C-10 which dissolve a certain
amount of cellulose decreased to 36.6 and 30.2Ω. It is obvious that the formation of a more uniform
conductive network by dissolving more cellulose precursor could significantly reduce the resistance of
the composite [34]. At the same time, the straight slope of the Fe3O4@C-5 and Fe3O4@C-10 materials
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in the low frequency region are higher than Fe3O4@C-1, which means that they own a faster Li+ diffusion
rate than the latter. It is also consistent with the carbon contents in them.

Figure 6. (a) The EIS spectra of these Fe3O4@C composites, and (b) the equivalent circuit
The electrochemical performance of the similar Fe3O4 composites described in previous
literatures are shown in Table 1. By contrast, it is clear that the Fe3O4 composites in this work exhibit
better rate performance and cycle performance. Obviously, the stable carbon network formed by
pyrolyzing the dissolved cellulose can increase the electronic conductivity of the resulted Fe3O4@C
composites and improve the electrochemical performance of them.
Table 1. Comparison of electrochemical performance of different Fe3O4 composites
Rate performance
Composites
Fe3O4
nanospheres
Fe3O4@C
Fe3O4@C
Fe3O4@C
nanofibers
Fe3O4@C
nanosheets
Fe3O4
nanoparticles
Fe3O4@C
Fe3O4@C

Cycle performance
Ref.

Capacity
(mAh·g-1)

Current density
(mA·g-1)

Final capacity
(mAh·g-1)

Current density
(mA·g-1)

Cycle

631

2000

743

200

100

[17]

150

1000

539

100

100

[19]

545

2000

525

1000

300

[23]

636

1000

611

1000

300

[27]

309

1000

647

100

100

[35]

435

2000

522

100

200

[36]

225

1600

522

100

100

660

2000

617

1000

300

[37]
This
work
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4. CONCLUSION
Fe3O4@C composites have been successfully synthesized by using FeTNa aqueous solution to
dissolve cellulose and then to decompose them at high temperature after freeze-drying of the solution.
This method achieves homogenous distribution of Fe3O4 nanoparticles in the porous carbon material,
which provides more active sites to promotes ion/electron transmission and adapts the volume change
of Fe3O4 nanoparticles during charging/discharging process. As LIB anode material, the Fe3O4@C anode
exhibits high reversible specific capacity of 864.9 mAh·g-1 at 100 mAh·g-1, outstanding rate
performance, and capacity retention of 617.3 mAh·g-1 at 1000mA·g-1 after 300 cycles. A stable carbon
network by dissolving more cellulose can greatly increase its electronic conductivity of the resulted
Fe3O4@C composites and improve the electrochemical capability of them. This approach provides a
novel method for fabrication of Fe3O4@C with superior performance and promising practical application
for the future lithium-ion batteries.
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