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Due to their advantages of a high voltage, high specific capacity, long cycling life, low pollution, etc.,
lithium-ion batteries are widely used in consumer electronics, such as smart phones and laptops. Fe2O3
is chosen as the object of study in this work. Combining Fe»O3 with RGO allows for combining the
advantages of a high specific surface area, high stability and high electrical conductivity to produce a
new material for high-performance cathodes. The Fe2Os/RGO composite exhibits a remarkably high
reversible specific capacity of 1582 mAh/g with a specific discharge capacity of 812 mAh/g at 0.1C after
100 cycles.
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1. INTRODUCTION

At present, lead-acid batteries, nickel cadmium batteries, nickel hydrogen batteries and lithium-
ion batteries are the most common chemical power supplies. Among them, lead-acid batteries are the
widely used traditional battery. Although they have established manufacturing technology and are
inexpensive, their energy density is low, and they easily cause serious environmental pollution during
production and use. With the development of society and the large increase in environmental protection
awareness, it is imperative to vigorously develop new, efficient, and environmentally friendly batteries
[1-7]. As a kind of green secondary power supply, lithium-ion batteries have the advantages of a high
working voltage, large specific capacity, long cycling life and no production of pollution; thus, lithium-
ion batteries are widely used in smart phones, notebook computers and other consumer electronic
products. Furthermore, the high specific energy of lithium-ion batteries as a portable power supply and
power battery show attractive prospects; thus, they have become a focus of attention worldwide and have
been widely studied by many researchers.
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Graphene, as a new type of nanocarbon material, has shown excellent physical and chemical
properties, such as an ultrahigh specific surface area, good electrical and thermal conductivity, structural
flexibility and a unique porous structure, which has rapidly triggered a worldwide research boom [8—
12]. In recent years, a large number of theories and experiments have shown that graphene and its
derivatives can play an important role in chemical energy storage, including their use in supercapacitors,
lithium-sulfur batteries, lithium-air batteries and lithium-ion batteries [13].

Graphene has amazing lithium-ion storage capacity [14-16], and many studies have reported that
graphene is a potential anode material for lithium-ion batteries [17-26]. Song et al [27] used a graphene
sheet prepared by oxidation and ultrasonic expansion as the anode material for lithium-ion batteries,
which showed a first cycle discharge capacity of 1233 mAh/g at 0.2 mA/cm? and retained a discharge
capacity of 502 mAh/g after 30 cycles. Wang et al. [28] showed a reversible discharge capacity of 887
mAh/g at 0.1C and maintained a discharge capacity of 730 mAh/g after 200 charge-discharge cycles.
Graphene not only has excellent lithium storage performance but is also an ideal carrier for active
materials. The reversible capacity and cycling stability of active materials are significantly improved
when graphene is compounded with a variety of active materials that are poor in those properties, such
as tin, silicon, metal oxides and metal sulfides. Graphene can synergistically enhance the electrochemical
performance of active materials, mainly due to the following factors: (1) the large specific surface area
of graphene can store a large amount of lithium ions, which helps to improve the specific capacity of
active materials; (2) graphene has good conductivity, which is conducive to electron transport; (3)
graphene has good flexibility, which is conducive to buffering the volume change of active materials
caused by charging and discharging; and (4) graphene and active materials interact closely to effectively
avoid aggregation between active substances.

Poizot et al. [29] was the first to report the use of transition metal (Mn, Fe, Co, Cu) oxides as
anode materials for lithium-ion batteries, and a large number of transition metal oxide anode materials
were studied, such as FeOx [30-33], Cos04 [34-38], NiO [39-42], CuO [43-48] and ZnO [49-51].
Compared with silicon-based anode materials, transition metal oxide materials have a much smaller
volume strain and higher theoretical capacity, usually in the range of 600-1000 mAh/g [52]. Assuming
that their average density was 5 g/mL, their corresponding volume capacity could reach 3000-5000
mAh/g [53].

The main problems of Fe>Os used as a cathode material for Li-ion batteries are as follows: (1)
Fe203 has low conductivity and poor reversibility in regard to the electrode reaction, and (2) the large
expansion and poor circulation of the electrode. To improve the electrochemical performance of Fe2Os,
the following two methods can be used. The first is to make the active substances have stable micron or
submicron structures. A material with this structure can provide a short lithium-ion diffusion path, which
can ensure the stability of the electrode. The second is to modify the surface of the active material to
reduce its loss during the electrochemical reaction. Therefore, coating the surface of an active material
with a carbon material can improve the conductivity of the active material, improve the contact between
the active material and electrolyte, and stabilize the electrode during cycling.

The hydrothermal method is a common preparation method. It is not only easy to perform but
also easy to prepare particles with a regular morphology. Graphene has many excellent properties and
unique advantages in modifying energy storage materials. The purpose of this paper is to combine the
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advantages of reduced graphene oxide (RGO) with Fe;O3. By using cheap ferric chloride as the raw
material, Fe,O3 and graphene are compounded by a simple hydrothermal method to prepare a graphene
iron matrix composite as a new cathode material with improved electrochemical performance for use in
lithium-ion batteries.

2. MATERIALS AND METHOD

All reagents were analytical grade and used without purification. XRD analysis of the material
was carried out by a D/max — 1A X-ray diffractometer. A Cu Ka radiation source was used (A= 1.54056
A), the test voltage was set at 30 kV, and the current was set at 30 mA. The scanning range was 10 ~
90°, and the scanning speed was 8°/min. The decomposition process of the composites was analysed by
TG-209/Vector-22 thermogravimetry infrared spectroscopy instrument in an air atmosphere. The
temperature range was 20 to 900 °C, and the heating rate was 10 °C/min. The microstructure of the
material was observed by transmission electron microscopy (TEM, JEM-2010HR). The acceleration
voltage was 200 kV, the point resolution was 0.23 nm, and the lattice resolution was 0.14 nm. For TEM,
a small amount of sample was dispersed in anhydrous ethanol, then clean filter paper was placed on a
copper grid, and a clean micro-sampler was used to absorb a small amount of dispersed sample solution.
The sample was added to the copper grid and dried under an infrared lamp for observation. Raman
spectroscopy was carried out on a Renishaw inVia laser micro-Raman spectrometer with a 514.5 nm
laser as the light source. The powdered sample could be directly pressed on a single-crystal Si wafer
during sample preparation. The elemental analysis of the sample surface was carried out by X-ray
photoelectron spectroscopy (XPS, Escalab 250).

A graphene oxide (GO) suspension was prepared by the Hummer's method. Briefly, 1.635 g of
FeCls-6H20 was added to 30 mL of water with magnetic stirring. Then, 15 mL of the GO solution was
added and stirred for an additional 30 min. The mixture was transferred into a 50 mL hydrothermal pot
and kept in an oven at 180 °C for 12 h. After natural cooling, the hydrothermal products were collected,
filtered and washed and then dried at 80 °C for more than 12 h. Finally, the samples were collected for
testing. In contrast, pure Fe>Os was prepared by the same method without GO, while pure RGO was
prepared directly by the hydrothermal method without the ferric chloride solution.

Electrode preparation: A certain amount of electrode active material, acetylene black and PVDF
was weighed according to a mass ratio of 8:1:1. PVDF was added into an appropriate amount of NMP,
stirred and dissolved for use, while the electrode active material and acetylene black were ground evenly
before being added to the NMP solution with PVDF. This solution was stirred for approximately 5 h to
obtain a uniform slurry. Then, the slurry was evenly coated on a dry copper foil cleaned with absolute
ethanol, placed in a vacuum drying oven, and dried at 120 °C for 10 h. After cooling, the copper foil was
removed, and the copper foil coated with active material was cut into electrode discs with a diameter of
14 mm. Then, the electrode disc was further pressed flat and tight by an electrode hydraulic press. The
electrode was dried under an infrared lamp, and the quality of the electrode was analysed and recorded
before being transferred to a glove box for assembly.
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3. RESULTS AND DISCUSSION

When a GO solution is added to a ferric chloride aqueous solution, there will be slight amount
of floc formation because the negatively charged GO easily combines with Fe** in the solution through
electrostatic adsorption. To avoid excessive agglomeration and sedimentation, the ferric chloride
solution and GO solution are mixed evenly by continuous magnetic stirring. After the solution is stirred
and mixed evenly, it is poured into a hydrothermal pot for the hydrothermal reaction. During the initial
stage of the reaction, the increase in temperature promotes the hydrolysis of Fe** adsorbed on GO to
gradually form Fe(OH)s. GO with a large number of oxygen-containing functional groups can induce
the formation of particles during the initial stage. As the reaction continues, Fe(OH)s decomposes into
Fe>O3 and is supported on GO. During the whole hydrothermal process, GO gradually removes most of
the oxygen-containing groups and is finally reduced to a certain extent. In the process of Fe>Os crystal
growth, GO also plays a role similar to that of a surfactant. The groups on the surface of GO may
selectively adsorb on some crystal faces of Fe>Oz crystals, resulting in a regular and uniform fusiform
structure of Fe2Os. The formation scheme of the composite is shown in Figure 1.

oY e
R

Hydrothermal
an - s

Graphene oxide Fe3* RGO Fe,0,

Figure 1. Hydrothermal synthesis of Fe2Os/RGO composites.

Figure 2 shows the TEM image of the Fe2O3/RGO composites. The average diameter of the
Fe203 particles is calculated to be 15 nm, and they are uniformly loaded on RGO.
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Figure 2. (A) TEM image of Fe203/RGO composite. (B) Particle size distribution of Fe2Os.
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Figure 3A shows the XRD patterns of the Fe2O3, RGO and Fe203/RGO composites. It can be
seen from the test results that the XRD diffraction peaks of the Fe,O3/RGO composite and pure Fe2O3
correspond to those of haematite-type Fe2Os (JCPDS No. 33-0664). The diffraction peaks near 23.7°,
33.1°, 34.8°, 40.7°, 49.7°, 54.2°, 57.3°, 62.3°, 64.2°, 71.6° and 75.1° correspond to the (012), (104),
(110), (113), (024), (116), (018), (214), (300), (1010) and (220) planes of haematite-type Fe20O3 [54,55],
respectively. It is also obvious from the figure that there is a diffraction peak near 25° for both pure RGO
and the Fe>O3/RGO composites, which corresponds to the typical diffraction peak of the (002) surface
of graphite. Fe»Oz has no such diffraction peak, which indicates that the GO in solution is reduced after
a 12 h hydrothermal reaction at 180 °C, thereby showing a certain degree of graphitization [56,57]. This
result is beneficial for improving the electrical conductivity of the Fe,O3/RGO composite.

To determine the content of Fe2Oz and RGO in the Fe,O3/RGO composites, thermogravimetric
analysis of the Fe2O3/RGO composites was conducted in an air atmosphere. The test results are shown
in Figure 3B. It can be seen from the thermogravimetric curve that when the temperature increases to
approximately 400 °C, Fe2O3/RGO composites begin to lose weight, corresponding to the process of
RGO being oxidized to CO2. When the temperature is increased to 550 °C, the weight loss process is
complete, corresponding to the complete oxidation of all RGO, and the mass of residual material is
basically unchanged. According to the calculation, the mass contents of Fe>Oz and RGO in the
Fe203/RGO composites are approximately 80% and 20%, respectively.
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Figure 3. (A) XRD patterns of Fe203, RGO and Fe203/RGO composites. (B) TGA curve of Fe203/RGO
composites.

To study the state of the elements in the Fe2O3/RGO composite, we performed a wide scan using
XPS. As shown in the figure, the peaks observed from the Fe2O3/RGO composite can be assigned to Cis,
Ou1s, Fezp and Fesp, indicating the existence of C, O and Fe. Figure 4B shows the narrow scan of the Fe
in the Fe2O3/RGO composite. The results show two major peaks located at 710.9 and 724.5 eV,
corresponding to Fezpa2 and Fezpur, respectively, and further correspond to the Fe®* in Fe2Os.
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Figure 4. (A) Wide XPS spectra of Fe;O3/RGO composite. (B) Narrow Fe scan of Fe;O3/RGO
composite.

Figure 5 shows the Rama spectrum of the Fe203/RGO composite. Two peaks corresponding to
the D and G bands of GO are observed at 1322 and 1597 cm™. The intensity ratio of the D and G bands
is 1.53, indicating the presence of defects in the composite, which can be used to improve the electro-
activity. In addition, several peaks located at 218.4, 284.3, 396.5 and 596.4 cm™ are observed and

correspond to AQig, Eg2+g3, Egs and Egs, respectively [58-60].
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Figure 5. Raman spectrum of Fe2O3/RGO composite.
The electrochemical performance of the Fe2O3/RGO composite was tested using 2025 coin cells.

Figure 6A shows the galvanostatic discharge/charge of the Fe2O3/RGO composite at 0.1C. Two typical
plateaus are observed at 2.30 V and 2.05 V. At 0.1C, the discharge capacities of the initial cycles are
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1582 mAh/g and 1503 mAh/g. Additionally, the discharge capacity remains at 812 mAh/g after 100
cycles, while the Coulombic efficiency remains 96.6% over 100 cycles.

Figure 6B shows the cycling performance of Fe»Os and the Fe.O3/RGO composite. Fe,O3
without RGO shows 1285 mAh/g at the initial cycle. However, the performance decreases significantly
after 100 cycles, with only 422 mAh/g remaining at the end. In contrast, the Fe,O3/RGO composite
shows a much better performance with over 800 mAh/g remaining after 100 cycles.

The proposed Fe203/RGO composite also shows excellent performance when used at different
rates. As shown in Figure 6C, the discharge capacity of the Fe,O3/RGO composite slowly decrease with
an increasing rate. These results suggest that the Fe2O3/RGO composite has a stable reversible capacity
at 1C. Furthermore, this result is comparable with some cathode materials, as listed in Table 1. It can be
found that Fe;Os has a great influence on the electrochemical properties of carbon materials. This
excellent performance should be ascribed to the unique structure composed of hierarchical pores and the
conductive network formed in the composite.
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Figure 6. (A) Electrochemical performance of the Fe2O3s/RGO composite was tested using 2025 coin
cells. (B) Cycling performance of Fe,Os and Fe;O3/RGO composite. (C) Performance of
Fe203/RGO composite using different rates. (D) Long-term stability of the Fe;Os/RGO
composite.

Figure 6D shows the long-term stability of the Fe2Os/RGO composite. The results show that the
cathode can remain at 812 mAh/g and 633 mAh/g for over 100 cycles and 200 cycles, respectively. The
Columbic efficiency can reach over 95% for each cycle. This performance may be ascribed to the large
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surface area of RGO, which provides sufficient electrochemical surface area. In addition, the curl and
fold of RGO can form many micropores and nano-cavities, which also shorten the diffusion path of Li
ions.

Table 1. Comparison of electrochemical properties of the Fe2O3/RGO composite with recently literature.

Materials Current density | Voltage Capacity Reference
range

Mn(VOz3)@PPy | 100 mA/g 1.5-45V 102.6 mAh/g | [61]
KHCF@PPy 100 mA/g 2.0-4.2V 80 mAh/g [62]
Li,FeSiO4/C 100 mA/g 1.5-48V 182 mAh/g [63]
NCM811 100 mA/g 1.5-4.0V 200 mAh/g [64]
Fe203/RGO 200 mA/g 15-40V 663 mAh/g This work
composite

4. CONCLUSIONS

Fe>03/RGO composites were prepared via a one-pot hydrothermal synthesis by mixing ferric
chloride solution and graphene oxide. This method was simple and would be easy to scale for increased
production. A series of characterizations was conducted with Fe>Os3, RGO and the Fe;O3/RGO
composite. The Fe2Os particles were small, uniform in size and uniformly loaded on RGO. The contact
area between the Fe»Oz particles and graphene was greatly increased, which improved the conductivity
of Fe203 and the cycling stability of the electrode through the conductive network formed by graphene.
Compared with pure Fe2Os, the electrochemical performance of the Fe2Os/RGO composite was greatly
improved.
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