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Fe,Os/graphene composite anode materials have been successfully synthesized by a PVP-assisted
homogeneous precipitation method. The size of Fe,O3 nanoparticles on the surface of graphene sheets
was less than 35 nm. Fe,Os; nanoparticles and graphene sheets formed a network structure.
Electrochemical properties were evaluated in two-electrode cells versus metallic lithium. The
Fe,Os/graphene composite exhibited excellent electrochemical lithium storage performances. The first
discharge and charge capacities were 1600 and 1053 mA h g™ at a current density of 100 mA g, and
the first coulomb efficiencies was 65.8%. The reversible specific capacity remained 893 mA h g* and
the capacity retention was 84.8% after 100 cycles.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) as a promising electrochemical power source have attracted great
interest [1]. The applications of LIBs have been extended to aerospace and hybrid vehicle domain from
portable electronic gradually [2]. As a result, the high energy density batteries are more and more
required. As the major anode material of commercial LIBs, graphite has excellent electrochemical
properties and low cost. However, it has a low theoretical capacity of 372 mA h g, which cannot meet
future requirements of power LIBs [3]. Therefore, the new alternative anode materials with higher
performances are desired. The theoretical capacity of Fe,Osis 1005 mA h g™, and Fe,Os has the
characteristics of low processing cost and environment friendly. Therefore, it is widely attracted
significant research attention [4-6]. However, Fe,O3 used as an anode material for LIBs will suffer
from poor cycle performance, because it will agglomerate and happen huge volume change in the
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process of charging and discharging [7]. To improve the charge-discharge properties and cycle
performances of Fe,Oj3 electrodes, composite anode materials have been widely considered. Carbon
nanofibers, carbon nanotubes and graphene have high electronic conductivity, excellent buffering
effect and mechanical strength, which have been introduced into Fe,O3; composite anode materials [8-
10]. Graphene has been widely studied due to its theoretical lithium storage capacity of 744 mA h g™
and unique properties [11]. Graphene not only possesses stable structure, but also has the
characteristics of high specific surface area (~2600 m? g') and excellent electronic conductivity
(~6000 S cm™) [12-14]. Fe203/graphene composite as anode materials for LIBs have been reported,
however the cycling performances of Fe,Os/graphene electrode for LIBs need to be improved [15-17].
Herein, we reported a facile PVP-assisted homogeneous precipitation synthesis method of
Fe,Os/graphene composite. The electrochemical performances of Fe,Os/graphene composite anode
material for LIBs were studied and compared with that of pure Fe,O3 nanoparticles and graphene
sheets.

2. EXPERIMENTAL

2.1 Preparation of materials

Graphite oxide was prepared by the modified Hummers method as we reported previously [18].
The 2 mg mL™ graphite oxide aqueous solution was handled by ultrasonic for 1 h to prepare graphene
oxide. The Fe,Os/graphene composite was prepared by a PVP-assisted homogeneous precipitation
method. In a typical reaction, 0.512 g ferric nitrate, 2.268 g urea solution, and 0.5 g PVP was added to
100 mL graphene oxide aqueous solution in turn, then ultrasonic treatment for 30 min. Put the
graphene oxide supernatant solution into a reaction system and reacted 1.5 h at 90 °C. Washed sample
using deionized water and ethanol for several times by centrifugation and freeze-dried overnight. The
dried sample was heat-treated at 500 °C for 2 h in N,. Fe,Os/graphene composite was finally obtained.
As comparison, pure Fe O3 was prepared under the same conditions without the addition of graphene
oxide supernatant solution. The graphene sheets was prepared under the same conditions without the
addition of ferric nitrate and urea.

2.2 Materials characterizations and electrochemical measurements.

The structures of the as-prepared materials were characterized by X-ray diffraction (XRD,
Bruker D8 Advance). The morphologies were characterized by scanning electron microscopy (SEM,
QUANTA 200F) and transmission electron microscopy (TEM, FEI TECNAI G2 F20).
Electrochemical measurements were carried out using CR2025 coin-type cells. Fe,Os/graphene
composite was the active material of working electrode, and the mass ratio of active material,
polyvinylidene fluoride and acetylene black was 8:1:1. The galvanostatic charge and discharge curves
of cells were measured by a battery testing system (Neware Electronic Co.) at different current
densities. Cyclic voltammetry (CV) curves and electrochemical impedance spectroscopy (EIS) data
were recorded by an electrochemistry working station (AUTOLAB PGSTAT302).
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3. RESULTS AND DISCUSSION

The structures of products were analyzed by XRD. Figure 1 shows the XRD patterns of
graphene oxide, graphene sheets, pure Fe,Oz nanoparticles and Fe,Os/graphene composite. The
diffraction peaks at ~11° can be attributed to (002) of the graphene oxide [19]. The diffraction peaks of
Fe,O3 nanoparticles are clearly distinguishable. All strong diffraction peaks are consistent with (012),
(104), (110), (113), (024), (018), (214) and (300) of hematite crystalline Fe,O3 phase (JCPDS card no.
33-0664). Graphene oxide diffraction peaks are not observed in the Fe,Os/graphene composite,
indicating that graphene oxide is reduced to graphene. And no diffraction peaks of graphene sheets are
observed, indicating that the graphene sheets are completely exfoliated and the diffraction peaks of
graphene are covered by those of Fe,O3[20].
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Figure 1. XRD patterns of graphene oxide, graphene sheets, Fe,O3 nanoparticles and Fe,Os/graphene

Figure 2 shows the morphologies and structures of graphite oxide, graphene sheets, pure Fe,O3
nanoparticles and Fe,Os/graphene composite. From figure 2 (a), we can see that there are many folds
on the surface of graphite oxide sheets. Figure 2 (b) shows graphene sheets are composed of many
thinner transparent sheets, which implies the graphene sheets are only a few layers. Figure 2 (c) shows
TEM image of Fe,O3 nanoparticles prepared using PVP-assisted homogeneous precipitation method,
and the average particle diameter of Fe,O3; nanoparticles is about 40 nm. The TEM image of
Fe,Os/graphene composite in figure 2 (e) reveals that the graphene sheets is decorated with Fe,O3
nanoparticles on the basal plane. The Fe,O3 nanocrystals are in the diameters ranging from 25~30 nm,
uniformly anchored on the surface of graphene sheets. From the HRTEM images in figure 2 (d) and
(P, the interplanar distance of 0.25 nm can be identified as d (110) of Fe,O3 nanoparticles [21].


app:ds:particle

Int. J. Electrochem. Sci., Vol. 11, 2016 8657

\@OFO.ZS nm

Figure 2. SEM image of (a) graphite oxide, TEM image of (b) graphene sheets, TEM image (c) Fe,O3
and (e) Fe,Os/graphene, HRTEM images of (d) Fe,O3 and (f) Fe,Os/graphene

A series of electrochemical measurements were performed to study the lithium storage
capabilities of the Fe,Os/graphene composite. The CV curves of the Fe,Os/graphene composite at a
scan rate of 0.1 mV s™are shown in figure 3. In the first cycle, there are two peaks at 0.01 and 0.75 V
in the cathodic polarization process, which should be attributed to the formation of a series of LiCg and
reduction of Fe,O3[22]. Meanwhile, there are two peaks at 1.67 and 1.92 V in the anodic polarization
process, which can be ascribed to iron oxide into bivalent iron and continue to be oxidized to ferric
iron. The peak at 0.75 V is corresponding to the first discharge voltage plateau. After the first cycle,
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the CV curves of the Fe,Os/graphene composite are almost completely overlap, which revealing the

Fe,Os/graphene composite has an excellent reversibility.

Figure 3. CV curves of different cycles of the Fe,Os/graphene composite at 0.1 mV s™
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The lithium storage performances of pure Fe,Os; nanoparticles, graphene sheets and
Fe,Os/graphene composite as anode materials were tested. The different cycling discharge-charge
curves of pure Fe,O3 nanoparticles and Fe,Oz/graphene composite were shown in figure 4. The test
current density was 100 mA g*, and the voltage range was 3.0~0.01 V. Figure 4 shows the first
discharge and charge specific capacities of Fe,Os; are 1502 and 898 mA h g™, respectively. By
comparison, the discharge and charge specific capacities of Fe,Os/graphene are 1600 and 1053 mA h g™,
respectively. The first coulomb efficiency of Fe,Os/graphene is 65.8% and higher than that of Fe,0s.
In addition, there is an obvious voltage platform in the discharge curve in the first discharge process of
Fe,Os/graphene composite, which is consistent with the result of CV measurement.
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Figure 4. Galvanostatic discharge/charge profiles
Fe,Os/graphene composite
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The voltage platform corresponds to the formation of Fe and Li,O, which is a conversion
reaction between Fe,O3 and Li*. The large irreversible capacity losses during the first cycle is related
to the decomposition of electrolyte forming a sold-electrolyte interface (SEI) [23]. In the second cycle,
the coulombic efficiency of Fe,Os/graphene increased to 91.7% and the specific discharge capacity
maintained 876 mA h g™.
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Figure 5. (a) Rate capability from 100 to 1000 mA g™; (b) Cycling performances of Fe,Os, graphene
sheets and Fe,Oz/graphene composite

The rate performance and cycling performances of materials are shown in figure 5. The
Fe,Os/graphene composite has a good rate capability, as shown in figure 5 (a). The reversible specific
capacities of Fe,Os/graphene composite are 859, 761, 448, 249 and 175 mA h g* at the current
densities of 100, 300, 500, 700 and 1000 mA g™, respectively. A reversible capacity of 890 mA h g™ is
achieved after the rate changed back to 100 mA g™. Moreover, the reversible specific capacity of
Fe,Os/graphene composite presents a slight increase when the current density changes back from 1000
to 100 mA g. The cycling performances of Fe,Os, graphene sheets and Fe,Os/graphene composite are
shown in figure 5 (b). We can see that the discharge-charge specific capacities slightly decrease at the
initial cycles, but a slight increase after 31th cycles. The reversible specific capacity is 894 mA h g™
after 100 cycles at 100 mA g™, and the capacity retention is 84.8%. It is obvious that the cycling
performance of Fe,Os/graphene composite is better than that of graphene sheets and Fe,O;
nanoparticles. The smaller size of Fe,O3 nanoparticles, the network microstructure of Fe,Os/graphene,
and the synergy between Fe,O3; nanoparticles and graphene sheets are primary reason of the better
electrochemical performances of Fe,Oz/graphene composite. Fe,O3 nanoparticles can prevent the stack
of graphene sheets, and graphene sheets can prevent the agglomeration and volume
expansion/contraction of Fe,Os; nanoparticles. On the other hand, the network structure of
Fe,Os/graphene composite is a highly conductive matrix, which can ensure the stability contact and
improve the electrical conductivity of electrode materials.
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Figure 6. Nyquist plots of Fe,O3 and Fe,Os/graphene composite after the first discharge/charge cycle

The EIS for Fe,O3 and Fe,Os/graphene composite was further compared. Figure 6 shows the
nyquist plots of Fe,O3 and Fe,Oz/graphene composite after the first discharge and charge cycle. The
nyquist plots is composed of two semicircles at high-frequency and medium-frequency regions and a
linear part at the low-frequency end. The semicircle in medium-frequency region is assigned to charge-
transfer impedance and the constant phase element of the electrode/electrolyte interface [24]. It is
obviously that the semicircle radius of Fe,Os/graphene is much smaller than that of the Fe,Os,
indicating charge transfer resistance of Fe,Os/graphene composite is lower than Fe,O3, which further
illustrate the addition of graphene sheets improved the electronic conductivity of Fe,Oz/graphene
composite.

4. CONCLUSIONS

Fe,Os/graphene composite was successfully synthesized by a PVP-assisted homogeneous
precipitation method. The preparation method is more simple and controllable. The Fe,Os/graphene
composite electrode exhibited better performances of lithium storage compared with the Fe,O3 and
graphene sheets. The smaller size of Fe,O3; nanoparticles, the network microstructure of
Fe,Os/graphene, and the synergy between Fe,O3 nanoparticles and graphene sheets are primary reason
of the better electrochemical performances of Fe,Os/graphene composite.
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