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Graphene-encapsulated LiFePO, nanospheres have been developed by a solid state reaction using the
graphene oxide-encapsulated FeOOH as raw materials. The LiFePO4 nanospheres with an average diameter
of ~20 nm were wrapped tightly with a 3D graphene network. Such a special nanostructure facilitated the
electron and lithium ion migration to provide good electrochemical performance, especially at high current
rates. This graphene-encapsulated LiFePO4 material could deliver discharge capacities of 166.6, 108.6 and
90.6 mAh g~ ' at 0.1C, 5C and 10 C respectively and showed a capacity decay of <9% when cycled 5 C and
10 C charge/discharge for 300 times.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Olivine-structured LiFePO4 (LFP) is one of the most promising
cathode materials for lithium ion batteries, because of its nontoxicity,
safety, high capacity, long cycle life, thermal stability and low-cost
[1-3]. However the low electronic conductivity and slow lithium ion
diffusion rate constrain the electrochemical performance, especially
the high-rate performance. Numerous attempts have been made to
solve these problems, such as particle size reduction [4], carbon coating
[5,6] and aliovalent doping [7].

Graphene with a two-dimensional monolayer sheet of sp?-bonded
carbon atoms has large specific surface area (2630 m? g~ '), excellent
electrical conductivity, good mechanical flexibility and strong thermal/
chemical stability. The incorporation of graphene into the compound
materials as a reinforcing component can provide them with the unique
functions of graphene. Hereby a lot of graphene modified materials with
enhanced performance are investigated and applied in different fields
such as sensors, catalysis, supercapacitors, hydrogen storage and lithium
ion batteries [8-11]. Hitherto, graphene modified materials as anodes
and cathodes for rechargeable lithium-ion batteries have been intensive
explored. Ji et al. demonstrated that graphene modified Fe;0,4 exhibited
much better electrochemical performance than pure Fe304 nanoparticles
[12]. At the same time, graphene modified Sn was proved improved
electrochemical performance compared with pure graphene and Sn
[13]. Garphene was used to buffer the huge volume change of the active
materials, preserve the electrode integrity upon continuous charge/
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discharge cycles, and enable efficient ion and electron transport. But,
the active material particles just intersperse on graphene, and these
particles partially contact graphene, resulting in a limited enhancement
in electron conductivity. Yang et al. [14] confirmed that the graphene-
encapsulated Cos04 exhibited better discharge performance and cycle
stability than mechanical mixture of graphene and Cos0, because
of lower contact and charge-transfer impedances. Since the graphene-
encapsulated structure can improve the electron conductivity much
better, which can ameliorate low electronic conductivity, one of the
disadvantages of LiFePO, material, such a special structure applied
to LiFePO4 material can enhance the electrochemical performance a
lot. Herein, we synthesize graphene oxide-encapsulated FeOOH nano-
partilces(GOE-FeOOH) first and successfully transform them to
graphene-encapsulated LiFePO, nanospheres (GE-LFP) through solid
state reaction. GE-LFP showed excellent rate capability and cycle
stability.

2. Experimental details

All chemicals were of analytical grade and used as received. GO was
made from natural graphite via a modified Hummers method [15].
FeOOH nanoparticles were prepared by the hydrolysis of aqueous FeCl;
solution [16]. 0.5 g of FeOOH nanoparticles was dispersed into 50 mL
toluene via sonication. After 2 h, 0.5 mL of aminopropyltrimethoxysilane
(APS) was added into the above solution and refluxed for 24 h under
argon atmosphere to obtain APS-modified FeOOH. Then 400 mL APS-
modified FeOOH dispersion (0.25 mgmL™!) was added into 400 mL
aqueous GO suspension (0.05 mg mL~!) under mild magnetic stirring.
After 1.5 h, the above suspension was filtered and dried at 60 °C to obtain
GOE-FeOOH. The final GE-LFP composite was prepared by a solid state
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reaction. The mixture of GOE-FeOOH, LiCH3COO-2H,0, NH4H,PO, (in
molar ratio=1:1:1) and polyethylene glycol (PEG-4000, 100 mg PEG
per 1 mmol LFP) was milled with ethanol for 20 h. The dried mixture
was heated at 300 °C for 2 h and 700 °C for 10 h respectively with a
heating rate of 10 °C/min to get the final product GE-LFP. Here, polyeth-
ylene glycol was used to further coat LiFePO, with carbon.

Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku
D/MAX-2250V diffractometer using Cu Ka radiation (40 kV and 40 mA).
Thermogravimetric analysis was performed on the STA 449C system
(Netzsch, Germany). Field-emission scanning electron microscope (FE-
SEM) was performed on Hitachi S-4800. Transmission electron microsco-
py (TEM) and high resolution TEM (HRTEM) images were performed on
a JEOL (JEM-2100 F) microscope with an accelerating voltage at 200 kV.

Electrochemical testing was performed using coin type cells with
lithium metal as the counter electrode, Celgard 2500 as the separator
and 1 M LiPFg in ethylene carbonate and diethyl carbonate (EC/DMC,
1:1, w/w) as electrolyte. The working electrode was fabricated by
mixing GE-LFP, acetylene black, and polyvinylidene fluoride (PVDF)
with a weight ratio of 80:10:10. Cell assembly was carried out in a
glove box filled with highly pure argon gas. The galvanostatic charge/
discharge experiments were performed between 2 and 4.2 V at differ-
ent current loads by a CT2001 battery tester.

3. Results and discussion

FeOOH nanoparticles (JCPDS Card No. 34-1266) were prepared by
the hydrolysis of aqueous FeCl; solution as shown in Fig. 1a. Scanning
electron microscopy (SEM) image (Fig. 1b) shows that these FeOOH
nanoparticles consist of major spindle-shaped particles and minor
spindle-shaped multipods with 50-100 nm in width and several hun-
dreds of nanometers in length. The typical SEM image (Fig. 1c) of
GOE-FeOOH reveals that GO sheets wrap tightly around the surface
of FeOOH nanoparticles. Thermogravimetric analysis (TGA) of GOE-
FeOOH reveals that the weight fraction of FeOOH in the composite
is as high as 75.6%.

The XRD pattern of GE-LFP in Fig. 2f illustrates the pure orthorhom-
bic phase of LFP (JCPDS Card No. 40-1499). LFP nanospheres with an av-
erage diameter of ~20 nm are wrapped densely by graphene huddling
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to a 3D continuous conductive network (Fig. 2a). The HRTEM images
of regions 1 and 2 marked by white rectangles in Fig. 2a are shown in
Figs. 3b and 2c. The measured fringe spacing values in Fig. 2b are
0.258 and 0.158 nm, corresponding to (220) and (340) planes of ortho-
rhombic phase. The inset in Fig. 2b shows the corresponding Fast-
Fourier-Transform (FFT) pattern, presenting a single-crystalline pattern
with sharp diffraction spots. It can be seen that one grain (marked by
black dotted curves) partially overlaps other grains in Fig. 2c. We select
region 3 and 4 by black rectangles representing the non-overlapping
and overlapping regions. The ordered lattice fringes in region 3 and
their corresponding FFT pattern (Fig. 2d) reveal that the grain is single
crystal. The interplane distances of 0.349, 0.295 and 0.231 nm can be
found, corresponding to (111), (121) and (012) planes of orthorhombic
LiFePO4. However there are several diffraction patterns in region 4, con-
sisting with the phenomenon of the overlapping grains. Carbon coating
is marked in the HRTEM images as well and the carbon content in GE-
LFP of 12.6 wt.% determined by TG curve (Fig. 2g) is calculated as the
reported paper [17].

Electrochemical testing of GE-LFP was carried out and the capacities
are calculated based on the mass of LFP with the amount of carbon
being subtracted. The typical voltage-capacity curves and the specific
capacities at different current rates are shown in Fig. 3a and b respec-
tively. At the rate of 0.1 C (17 mA/g), GE-LFP delivers a discharge capac-
ity of 166.6 mAh g~ !, corresponding to 98% of the theoretical capacity
of LiFePO,. The discharge capacities of GE-LFP reach 108.6 and
90.6 mAh g~ for 5 and 10 C respectively. The cycling capability of
GE-LFP at 5 and 10 C is shown in Fig. 3c and d respectively. In the 300
cycle the capacity losses are only 2.77% and 8.30% respectively. The
coulombic efficiency also shown in Fig. 3c and d stays at about 100%. Be-
sides, we investigated the morphology of GE-LFP after 50 cycles at 5 C
(Inset of Fig. 3c), which almost did not change. Hereby the excellent
cycle stability under fast charge/discharge conditions can mainly be as-
cribed to the peculiar graphene-encapsulated structure. The nanosized
LFP spheres provide shorter diffusion path and graphene increases the
electronic conductivity effectively. At the same time, the intimate con-
tact between graphene and LFP nanospheres enhances the electronic
conductivity and the 3D continuous graphene sheet serves as the fast
path for electron migration during the charge/discharge process.
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Fig. 1. (a) XRD pattern and (b) SEM image of FeOOH nanoparticles; (c) SEM image and (d) TG/DTA curves of GOE-FeOOH.
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Fig. 2. Characterization of GE-LFP: (a) TEM image; (b) and (c) HRTEM images of regions 1 and 2 marked by white rectangles in (a); (d) and (e) the corresponding Fast-Fourier-
Transform (FFT) images of regions 3 and 4 marked by black rectangles in (c); (d) XRD pattern and (h) TG curves of GE-LFP.
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Fig. 3. Electrochemical characterization of GE-LFP: (a) Typical charge/discharge curves and (b) the charge/discharge capacities at different current rates; cycling performance and
coulomibic efficiency at (¢) 5 and (d) 10 C. The TEM image of GE-LFP after 50 cycles at 5 C was shown in the inset of (c).
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4. Conclusions

We successfully synthesized 3D GE-LFP using the GOE-FeOOH as
the raw materials. The LFP nanospheres with an average diameter of
~20 nm shorten the lithium ion diffusion length and the intimate
contact between LFP nanospheres and graphene makes full use of
the graphene's good electronic conductivity to attain a high rate ca-
pacity. The excellent high-rate capacities of 108.6 and 90.6 mAh g~ !
are accomplished and low capacity losses of 2.77% and 8.30% at 5 C
and 10 C are achieved.
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