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We synthesized a novel 2D hybrid material composed of Li2FeSiO4 nanorods (LFSNRs) anchored on

graphene. Such a chemically bonded interface leads to electron coupling at the interface between the

nano-LFS and graphene, creating effective charge transport for LFSNR@graphene hybrid cathodes. Used

as a cathode material, it possesses a high capacity (300 mA h g�1 at 1.5–4.8 V), high charging–

discharging rate (134 mA h g�1 @ 12 C) and long-life performance (maintaining 95% capacity over 240

cycles), which is mainly attributed to the effective depolarization introduced by the synergistic effects of

LFSNRs bonded with graphene, which improves the electrochemical activity of the LFSNRs. Thus, a

hybrid cathode modified with an interfacial chemical structure with nanoparticles bonded with an

electrical conduction network such as graphene or CNTs can significantly enhance the electrochemical

performance, and this novel type of material is very promising for commercial applications that require

high energy, a long operating life, and excellent abuse tolerance, such as electric vehicles.
Introduction

Rechargeable Li-ion batteries have been widely used for
consumer electronics and are desirable for the development of
hybrid electric vehicles (HEV) and electric vehicles (EV), due to
their high energy density and good environmental compati-
bility.1 Lithium transition metal silicates, Li2MSiO4 (M ¼ Fe,
Mn, Co, or Ni), with high reversible capacities (the theoretical
capacity reaches about 332 mA h g�1 for Li2FeSiO4 when two Li
ions are intercalated), low cost, high safety, and abundant
sources are very promising advanced cathode materials for next
generation Li-ion batteries.2–11 However, Li2MSiO4 based
cathode materials inherently possess much lower ionic and
electrical conductivities than those of commercial cathode
materials, such as olivine-type lithium transition metal phos-
phates, LiMPO4, and layered Li transition metal oxides, LiMO2.
For example, the intrinsic electronic conductivity3 of Li2FeSiO4

(LFS), �1.0 � 10�14 S cm�1, is lower than that12 of LiFePO4, 1 �
10�9 S cm�1, by ve orders of magnitude, and the intrinsic ionic
diffusion coefficient3 of LFS, 1.0 � 10�17 cm2 s�1, is lower than
that12 of LiFePO4, 1 � 10�14 cm2 s�1, by three orders of
magnitude, which seriously limits rates of Li-ion and electronic
charge transport so as to inuence the reversible capacity and
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rate performance of LFS during the insertion/extraction of two
Li ions.13,14

In order to overcome the drawbacks of the lower ionic and
electrical conductivity of the cathode materials, nanotechnol-
ogies, such as the morphology control of the nanomaterial
fabrication and hybridization between the active nanomaterials
and graphene or carbon nanotubes as the electron conductive
network, have been widely developed to enhance the electro-
chemical performance of Li-ion batteries. In particular, one-
dimensional (1D) nanostructures, including nanorods,15 nano-
wires,16 and nanobelts,17 have received great interest and have
been widely applied in electrode materials for Li-ion batteries,
because the 1D active materials have the advantages of having
short Li-ion diffusion distances, facile strain relaxation upon
cycling, and very large surface to volume ratios to increase
contact with the electrolyte.18 However, pure 1D nanomaterials
still suffer from poor rate performances and fast capacity fading
due to their accumulation, resulting in loss of connectivity with
the electron transport network during lithiation/delithiation.

Recently, graphene, with its unique two-dimensional (2D)
carbon atomic crystal structure, has been widely used in
hybridization with active nanomaterials for energy storage and
conversion devices because of its high conductivity, light
weight, high mechanical strength, structural exibility, and
large surface area.19 Hu et al.20 reported that highly conductive
graphene modied LiFePO4 (LFP) can assist the electron
migration during cycling, diminishing the irreversible capacity
at the rst cycle, and leading to �100% coulombic efficiency
without fading at various C-rates. However, the reported LFS/
graphene composites21 showed different capacities from 149 to
J. Mater. Chem. A, 2015, 3, 9601–9608 | 9601
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313 mA h g�1. There is no clear evidence to demonstrate the
diversity of these materials. Wang et al.22a revealed that
LiMn0.75Fe0.25PO4 (LMFP) nanorods grown directly on graphene
oxide over the simple physical mixture, show much better
charge and discharge kinetics due to the chemical bonding
between the LMFP and graphene.22b It can be expected that
when the nano-LFS particles are anchored on graphene with a
strong interaction such as chemical bonding, electron coupling
at the interface between the nano-LFS and graphene will be
created, with the result that the electronic transportation
between the nano-LFS and graphene will signicantly enhance
the electrical conductivities of the hybridised nano-LFS and
graphene cathode, which should possess excellent capacities
and charging–discharging rates for Li-ion batteries. Herein we
report a novel 2D hybrid material composed of Li2FeSiO4

nanorods (LFSNRs) anchored on graphene (LFSNR@graphene),
which is shown to possess a high capacity of 300 mA h g�1, large
current charging–discharging rate and long-life performance as
a cathode material. We also propose and realize the mechanism
of the LFSNR@graphene with excellent electrochemical
performance to modify the interfacial chemistry, with LFSNRs
being chemically bonded with graphene to generate the elec-
tron coupling between the nano-LFS and graphene, which
makes the LFSNRs feel direct electric-potential without IR
(current-resistant) deduction to create the depolarization effect
to enhance the electrochemical activity of the LFSNRs.
Experimental
Synthesis of LFSNRs and LFSNR@graphene hybrid

The free Li2FeSiO4 nanorods (LFSNRs) were synthesized via a
hydrothermal method. First, 0.01 mol of Fe(NO3)3$9H2O was
thoroughly dissolved in 10 mL of ethylene glycol with 0.01 mol
of ascorbic acid until the crimson colour faded; second, 0.01
mol of tetraethyl orthosilicate (TEOS) and 0.04 mol of
LiOH$2H2O were added into 50 mL of deionized water with
vigorous stirring for 40 min; third, the two solutions were
rapidly mixed to obtain a dark green colloidal solution, which
was transferred into a 100 mL Teon-lined stainless steel auto-
clave and maintained at 200 �C for 6 days. The grayish LFSNR
precipitate was collected, washed with water and ethanol
several times, and dried at 80 �C in vacuum for 12 h. To prepare
the LFSNR@graphene hybrid material, we used a simple PVP
anchoring technology. First, 0.3 g of LFSNR powder was added
to 30 mL of a homogeneous aqueous solution containing 0.03 g
of PVP and 0.03 g of graphene oxide nanosheets prepared by a
modied Hummers' method (see the ESI† for more info.). The
mixture was vigorously stirred for 30 minutes, subsequently
freeze-dried and mildly heated at 600 �C for 6 h under an Ar
atmosphere.
Fig. 1 Schematic illustration of the synthesis of the LFSNR@graphene
hybrids.
Material characterization

X-ray diffraction (XRD) data of the samples were collected with a
D8 Advance X-ray diffractometer, using Cu Ka radiation (l ¼
1.5418 Å) in a 2q range from 10� to 80� at room temperature.
Microstructures were observed by Field-emission scanning
9602 | J. Mater. Chem. A, 2015, 3, 9601–9608
electron microscopy (FESEM) (Hitachi S-4800, 10 kV), and
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) (JEM-2100F).
Raman spectra were obtained using an RM-1000 Renishaw
confocal Raman microspectroscope with 514.5 nm laser radia-
tion at a laser power of 0.04 mW in the range 200–3000 cm�1.
The valence state of the key elements in the samples was
studied by X-ray photoelectron spectroscopy (XPS) (PHI Quan-
tera, U-P).
Electrochemical measurements

The electrochemical properties of the materials were tested with
2032-type coin cells assembled in a glove box lled with pure
argon. A lithium pellet was used as the anode, Celgard 2400 as
the separator and a 1.0 M solution of LiPF6 in ethylene
carbonate/dimethyl carbonate (1/1 v/v) (bought from Zhangjia-
gang Guotai-Huarong New Chemical Materials Co., Ltd. China)
as the electrolyte, and the cathode electrodes were produced
with 75% active material, 15% conducting agent (Vulcan XC-72)
and 10% poly-(tetrauoroethylene) (PTFE) binder. Galvano-
static charge–discharge measurements were performed using
a multichannel battery testing system (LAND CT2001A). All
the measurements were carried out at a room temperature of
30 � 5 �C. Charge–discharge specic capacities mentioned in
this paper were calculated using the mass of LFS determined by
excluding the carbon content and capacity of graphene.
Results and discussion

The synthesis route for LFSNR@graphene is illustrated in Fig. 1.
First, LFSNR was obtained via a hydrothermal method using a
suspension with a 4 : 1 : 1 : 0.5 molar ratio of LiOH, TEOS (ethyl
orthosilicate), Fe(NO3)3$9H2O and ascorbic acid (AA) in a 5 : 1
volume ratio of water/ethylene glycol (EG) at 200 �C for 6 days.
AA & EG were not only used as the reducing agent but also as the
solvent, possessing a good coordinating ability and playing a
critical role in the connection of the precursors and ligand to
form coordination complexes with iron ions. This promotes the
preferred orientation of the crystals to be grown as nanorods.
Subsequently, the prepared LFSNRs were anchored on gra-
phene oxide nanosheets. Aer freeze drying, 2D hybrid mate-
rials with Li2FeSiO4 nanorods anchored on graphene oxide
nanosheets were formed and further heated at 600 �C for 6 h to
obtain the LFSNR@graphene hybrid materials. This process is
also described in the “Synthesis of graphene oxide nanosheets”
(ESI) with SEM images (Fig. S1†).
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/C5TA01529D


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 T
ow

n 
L

ib
ra

ry
 o

f 
Sh

en
zh

en
 o

n 
23

/0
8/

20
15

 0
7:

18
:3

6.
 

View Article Online
Typical XRD patterns of the free-standing LFSNRs and
LFSNR@graphene are shown in Fig. 2a. The distinguishable
sharp intense peaks correspond to the highly crystalline nature
of the as-prepared LFS. As reported, there are at least three
different structures for LFS, namely a monoclinic structure with
space group P21/n,14 and two orthorhombic structures with
space groups Pmn21 (ref. 22) and Pmnb.23 The diffraction peaks
of the LFSNRs were indexed according to the orthorhombic
Pmn21 structure with the lattice parameters: a ¼ 0.628 nm, b ¼
0.533 nm and c ¼ 0.497 nm, and a few Fe3O4 impurities were
unavoidably present in the samples. Different from the Pmn21
structure, LFSNR@graphene has a monoclinic P21/n structure
with cell parameters of as ¼ 0.824 nm, bs ¼ 0.502 nm and cs ¼
0.825 nm and bs ¼ 99.09� conrmed by a superstructure peak at
32�. In addition, the broad peak at approximately 22� corre-
sponds to graphene. Fig. 2b shows a schematic of the Pmn21
and P21/n phases of LFS. All LiO4, FeO4 and SiO4 tetrahedra are
connected by corner-sharing and point in the same direction
parallel to the c-axis for the Pmn21 phase. When the LFSNRs
were heated at 600 �C, half of the LiO4, FeO4, and SiO4 tetra-
hedra turned to point in the opposite direction, parallel to the
bs-axis, to become the P21/n phase. A similar LFS phase change
aer heating was also reported by Yabuuchi et al.24 Meanwhile,
Fig. 2 Characterization of the LFSNR@graphene hybrids: (a) XRD pattern
the P21/n phase for LFS, (c) SEM and TEM images of the free LFSNRs; (d

This journal is © The Royal Society of Chemistry 2015
rst-principle investigations of Li ion diffusion25 have shown
that there are two diffusion channels for Li ions in the P21/n-LFS
structure, but only one diffusion channel along the bs-axis is le
when Li2FeSiO4 is delithiated to become LiFeSiO4.

The SEM and TEM images (Fig. 2c) reveal the hydrothermal
products retain a 1D nanocrystal morphology, with features
similar to nanorod with a length of 200–300 nm and diameter of
10–25 nm. The HRTEM image (inset of Fig. 2c) shows a lattice
spacing of d ¼ 0.53 nm, corresponding to the (010) plane of
Pmn21-LFS crystals. The fast Fourier transform pattern of the
lattice structure exhibits a selected zone of single-crystalline LFS
(Pmn21), which can be identied as the [001] projection of the
reciprocal lattices, implying that the long axes of the nanorods
are along the a-axis of the LFS crystals. The enlarged HRTEM
image shows that the obtained distances of the different atomic
dots correspond to the distances of the central atoms in the
LiO4, FeO4, and SiO4 tetrahedra of the exposed (001) facets
(inset of Fig. 2c), indicating a perfect crystal obtained under
these conditions. Fig. 2d shows the SEM and TEM images of the
LFSNR@graphene. It can be seen that the LFSNR@graphene
hybrid is formed as a 2D nanosheet with nanorods rmly
embedded in the graphene sheets (inset of Fig. 2d). Note that
the nanorods maintain good crystallinity (Fig. 2a) aer the
s (b) schematic illustration of the structural change from the Pmn21 to
) SEM and TEM images of the LFSNR@graphene hybrids.

J. Mater. Chem. A, 2015, 3, 9601–9608 | 9603
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phase change occurs from Pmn21-LFS to a P21/n-LFS structure
aer heating.

In order to nd out whether chemical bonding exists at the
interface between the nano-LFS particles and graphene, various
cross-checking experiments were carried out using TEM,
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS), as shown in Fig. 3. The TEM image shown in Fig. 3a
shows the LFS nanorod, graphene nanosheet, and the interface
around the LFS anchored on graphene. The TEM image shown
in Fig. 3b shows that the interplanar distance, 0.53 nm, is
related to the (101) plane of P21/n-LFS, the long axes of the
nanorods (the crystal growth direction) are perpendicular to the
<101> direction, and the short axes are parallel to the graphene
sheet along the b-axis, which is one of the Li+ diffusion direc-
tions in the P21/n-LFS crystals.25 The high-resolution TEM
images (Fig. 3a and b) show that the interface layer around the
LFS anchored on graphene includes two parts: one is the free-
standing graphene layer structure with defects, the other is the
region in contact with the LFS crystal, where the discrete layers
are shown in the “interface” zone in Fig. 2b, indicating the LFS
crystal has transformed into amorphous LFS. Thus, it can be
proposed that the new layers at the interface around the LFS
anchored on graphene are generated by a type of chemical
bonding interaction between the LFS and graphene.
Fig. 3 Bond effects of the LFSNRs and graphene: (a) TEM image of a
single nanorod in the hybrid material, (b) HRTEM image of a single
nanorod in the hybrid material, (c) Raman spectra of free LFSNRs,
graphene and the LFSNR@graphene hybrid, (d) binding energy at the C
1s region for graphene and the LFSNR@graphene hybrid, (e) electron
and Li ion transport schematic of the Li2FeSiO4 nanorods bonded with
graphene.

9604 | J. Mater. Chem. A, 2015, 3, 9601–9608
Raman spectra of the LFSNR, graphene and LFSNR@gra-
phene materials are shown in Fig. 3c. For comparison, the
samples of graphene and the LFSNRs (P21/n) were obtained
using the same graphene oxide nanosheets (GONS) and LFSNRs
(Pmn21) by the same heating treatment at 600 �C for 6 h as that
used to prepare the LFSNR@graphene. For the LFSNRs, several
peaks in the range 400–700 cm�1 correspond to Fe–O vibra-
tions,10 and the peak at�800 cm�1 is assigned to the symmetric
stretching internal vibration modes of the SiO4 anions in LFS.10

Raman spectra of both graphene and LFSNR@graphene show a
strong and sharp peak at around 1590 cm�1 (G band), which is
assigned to the E2g stretching vibration of sp2 carbon bonds.
The other at around 1335 cm�1 (D band) is due to the activation
of an otherwise symmetry forbidden set of modes by the defects
in the sp2 electronic network. In addition, the existence of a
characteristic peak at �2700 cm�1 (2D band) indicates that the
LFSNR@graphene hybrids possess graphitic structures, which
can improve the electronic conductivity of the cathode material.
The ratio of the D to G band intensity (ID/IG) is widely used to
evaluate the degree of ordering in the carbon materials.26

Meanwhile, the exact positions of the bands depend on the laser
frequency and the details of the electronic and phonon energy
dispersion.27 A closer look at the spectrum indicates that the
bands are shied by �5 cm�1 to lower frequencies (red-shi)22a

in the LFSNR@graphene hybrids compared to pristine gra-
phene, suggesting that the shi is related to surface interactive
effects. The ID/IG ratio of the LFSNR@graphene hybrid is 1.26,
which is higher than the value of 1.17 for graphene, indicating
that there are more defects on graphene generated at the
interface. Both the Raman red-shi and the ID/IG ratio increase
for LFSNR@graphene can be realized as the degradation of the
sp2 electronic network of graphene due to the creation of the C
atom sp3 hybrid at the interface of the LFSNR and the graphene,
such as the (graphene)–C–O–Fe– bonding shown in Fig. 3e.

Strong evidence for the interfacial chemical bonding
between the LFSNRs and graphene can be observed through
XPS by comparing the samples of the LFSNR@graphene with
the pure graphene (Fig. 3d). The scale of the binding energy
(B.E.) in the XPS spectrum is referenced by setting the B.E. of C
1s to 284.6 eV. The observed C 1s BEs of LFSNR@graphene are
285.6 eV (C–O), 287.5 eV (C]O) and 289.5 eV (C]O–O),
respectively. The high atomic percentages (52.12%) of C]C
further indicates that the hybrid possesses graphene composi-
tion which results in superior conductivity. Compared to the
graphene reduced by the same graphene oxide, extra oxygen-
containing functional groups (C–O, C]O–O) are present in the
LFSNR@graphene. It can be proposed that the interface struc-
ture with –C–O–Fe, –C–O–Li and –C–O–Si chemical bonding is
generated during the heat treatment at 600 �C, while the gra-
phene oxide with free C–O and C]O–O groups is reduced to
graphene under the same heat treatment conditions. As a
result, a homogenous 3D conductive network is connected to
the LFS crystal. In addition, the Fe 2p2/3 B.E. of 711.8 eV
(Fig. S2,† right) is consistent with the B.E. of Fe2+.5 The Si 2p B.E.
of 101.8 eV (Fig. S2,† le) is in line with that of Si4+ in poly-
siloxane, indicating the formation of an orthosilicate [SiO4]
structure.5 Hence, the interfacial chemical structure can be
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Typical galvanostatic charge–discharge curves of the LFSNRs
bonded with graphene at 20 mA g�1 in the range 1.5–4.8 V.

Fig. 5 AC impedance plots of the free LFSNRs and LFSNRs bonded
with graphene cathodes, from 0.01 Hz to 100 kHz.
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realized as the C–O and C]O–O groups of the graphene oxide
nanosheets chemically bond with the unsaturated surface Li, Si
and Fe atoms of the LiO4, SiO4 and FeO4 tetrahedra. As a result,
the symmetries of the LiO4, SiO4 and FeO4 tetrahedra on the
surface of the LFSNRs are offset as shown in Fig. 3e.

Such a chemically bonded interface of LFSNR@graphene
would lead to easier charge transfer than that resulting from
physical van der Waals interaction. In addition, in the homog-
enous 3D conductive network, this combined effect will
improve the electron transport of LFSNR@graphene, enhancing
the electrical conductance greatly. A comparative investigation
of the electrochemical performance of the free LFSNRs and the
LFSNR@graphene hybrids as cathodes for Li-ion batteries was
carried out as described below. Coin cells with metallic lithium
as the anode were assembled to investigate the electrochemical
performance of these cathodes. Firstly, the as-prepared
batteries were cycled between 1.5 and 4.8 V with a high voltage
electrolyte at a room temperature of 30 � 5 �C and current
density of 20 mA g�1, and the CV curves in Fig. S3† support the
reliability of the high-quality commercial electrolytes. Further-
more, as noted, the capacity of graphene is �200 mA h g�1

(Fig. S5†). According to graphene content of�4.7 wt% (Fig. S4†),
�9.4 mA h g�1 was excluded when the specic capacities were
calculated. In order to demonstrate the possible structural
advantages of the hybrids, the free-standing LFSNRs (graphene
as conductive additives) were used as contrast. Fig. S6† shows
the typical charge–discharge curves of the LFSNRs at 20 mA g�1

between 1.5 and 4.8 V for 10 cycles. Note that the initial cycle
shows a high irreversible capacity. Subsequently, for the 2nd

cycle, it possesses a discharge specic capacity of 165.2 mA h
g�1 with a high coulombic efficiency of 99%, representing a
reversible extraction of one Li ion per formula unit. However, a
large charge–discharge platform voltage difference indicates
large polarization impedance, and the low specic capacity is
because of its electrochemically inactive nature.5 Compared
with our previously reported micro-sized LFS hierarchical
shuttle,28 the nano-sized LFS rods show a relatively poor cycle
performance, which could be due to the aggregation of the
nanomaterials that hinder the transfer of Li ions under cycled
processes. However, the electrochemical performance was
greatly improved aer anchoring LFSNRs on graphene. The 10
cycle charge–discharge curves of the LFSNR@graphene hybrid
at a current density of 20 mA g�1 are shown in Fig. 4. Compared
to the LFSNRs, the hybrid presents a signicantly increased
discharge specic capacity from 165.2 to 306.4 mA h g�1

(approaching the theoretical capacity of 332 mA h g�1) with two
Li ion storages per LFS formula unit. Aer 20 cycles, the
discharge capacity nally stabilises at 284 mA h g�1, corre-
sponding to a capacity retention rate of 94%. The overpotential
was evaluated from the difference between the charge potential
and discharge potential at the half reversible capacity, noted as
DV(Q/2).29 The overpotential of LFSNR@graphene (0.41 V) is
much lower than that of free the LFSNRs (0.77 V). The electro-
chemical impedance spectra (EIS) were used to provide further
insights (Fig. 5). The Nyquist plots indicate that the charge
transfer resistance (Rct) of the LFSNR@graphene cathode is 70
U, much lower than the 240 U of the LFSNR, indicating higher
This journal is © The Royal Society of Chemistry 2015
electrochemical activity of LFSNR@graphene than that of
LFSNR. Moreover, aer ten cycles, the Rct values of
LFSNR@graphene and LFSNRs increase to 78 U and 310 U,
respectively. The above results demonstrate the better structure
stability and cyclability of the LFSNR@graphene than the free
LFSNRs, and suggest that LFSNR@graphene has the faster
kinetics for Li ion insertion/extraction.

To evaluate the advantages of the LFSNR@graphene hybrid
structure, the rate performance at progressively larger current
densities was measured, ranging from 0.05 to 2 A g�1 (Fig. 6a).
Firstly, note that the free LFSNR cathode shows a low discharge
capacity of less than 20 mA h g�1 at a high density of 2 A g�1 (12
C). For the LFSNR@graphene hybrid, discharge specic capac-
ities of 280, 249, 209, 176 and 134 mA h g�1 can be reached at
current densities of 0.05 (0.3 C), 0.1 (0.6 C), 0.2 (1.2 C), 1 (6 C)
and 2 A g�1 (12 C), respectively, which are higher than those of
most of the other previously reported LFS cathodes, including
3D macroporous graphene-based Li2FeSiO4 composites30

(excluding the capacity of graphene) (Fig. S7†). Even when
J. Mater. Chem. A, 2015, 3, 9601–9608 | 9605
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Fig. 6 Electrochemical measurements of the LFSNR@graphene
hybrid and free LFSNR cathodes: (a) specific capacitance variation at
different current densities, (b) cycle capacity at a high rate current
density of 2 A g�1 for 240 cycles.

Fig. 7 Cyclic voltammetry (CV) of the LFSNRs bonded with the gra-
phene hybrid compared to the free LFSNR cathode.
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suffering from a rapid change in the current density, the elec-
trode exhibits a stable capacity at each value. When the current
was turned back to 0.2 A g�1, the full (100%) capacity recovered
and was maintained for the following 10 cycles without an
obvious decrease, indicating excellent robustness. Signicantly,
the 2D LFSNR@graphene hybrid cathode also demonstrated
long-life performance at a high current density. Fig. 6b reveals
the discharge specic capacity of 134 mA h g�1 without any loss
at 2 A g�1 for 240 cycles except for the initial few cycles, and the
coulombic efficiency is�100%, indicating a super high stability
and a very promising application scenario in cathode materials
for high power Li-ion batteries.

Cyclic voltammetry (CV) was conducted to reveal the elec-
trochemical reactions of the LFSNR@graphene hybrid (Fig. 7).
For the free LFSNRs, only one pair of redox peaks was observed
at 3.2/2.5 V, corresponding to the redox reaction2,3 of Fe2+/Fe3+,
whereas multiple pairs of redox peaks were recorded for the
LFSNR@graphene hybrid. The redox reaction of the Fe2+/Fe3+ is
down-shied by about 0.2 V (located at 3.0/2.6 V), indicating the
low overpotential due to the depolarization with high electronic
conductivity of the LFSNR@graphene hybrid as cathodes.
Signicantly, two reversible anodic peaks appear at about 4.3
9606 | J. Mater. Chem. A, 2015, 3, 9601–9608
and 4.7 V, and the corresponding cathodic peaks are centered at
3.3 and 4.1 V, respectively, indicating some novel electro-
chemical reactions to increase the lithium storage in the
cathode. Therefore, all of this corresponds to a depolarization
effect,31 which is introduced by the synergistic effects of the
LFSNRs chemically bonding on graphene and the greatly
improved electrical conductance.

Different rate cyclic voltammetry measurements from 0.1 to
0.5 mV s�1 were used to characterize the kinetics of the
LFSNR@graphene hybrid material (Fig. S8†). Assuming that the
current obeys a power-law relationship with the sweep rate leads
to:32,33

iP ¼ anb

where a and b are adjustable values. Whereas a b-value of 0.5
would indicate that the current is controlled by a semi-innite
linear diffusion, the value of 1 indicates that the current is
surface-controlled. Fig. 8 shows the b-values (which are
obtained from the slope of a plot of the peak current versus the
potential scan rate on a logarithmic scale (Fig. S9†)) at different
anodic and cathodic peak positions. The b-values at 2.6
(anodic), 3.0 (anodic), 3.3 (anodic), 4.3 (anodic) and 4.7 V
(anodic) are between 0.5 and 1, indicating a concurrence of both
lithium semi-innite linear diffusion of the LFNR crystal and
the surface reaction of graphene. The redox reaction corre-
sponding to the peaks at 4.3 and 4.7 V are similar to current
reported redox10,11 of Fe3+/Fe4+, which has been carried out
using ex situ Mössbauer spectroscopy9 and in situ XANES spec-
troscopy.7 In addition, it was also found that the b-value below
1.6 V was 0.98 (approaching 1) and was independent of the
charge–discharge rate, indicating a full surface reaction of
graphene and the LFS-nanorods.

Further investigation of the charge–discharge curves were
used to understand the excellent electrochemical perfor-
mance of the LFSNR@graphene hybrid material. Fig. 9a is a
discharge curve at a current density of 20 mA g�1. It can be
observed that there are three parts contributing to the total
This journal is © The Royal Society of Chemistry 2015
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Fig. 8 b-values obtained from the slope of the peak current versus the
CV scan rate on a logarithmic scale (Fig. S6†) at different anodic and
cathodic peak positions.

Fig. 9 (a) A discharge curve of the LFSNR@graphene hybrid at a
current density of 20 mA g�1, the inset shows a schematic illustration
of the LFSNR@graphene hybrid for Li storage; (b) variation of the
capacity in different regions versus the discharge rate for the
LFSNR@graphene hybrid.

This journal is © The Royal Society of Chemistry 2015
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discharge capacity. The rst is the sluggish slope capacity
(region I) between 1.5 and 2.1 V. Fig. 9b shows the variation
of capacity in different regions versus the discharge rate
(the different charge–discharge curves at different current
rates from Fig. S10†), in which the capacity for region I is
almost constant (40 mA h g�1), further verifying that the
favored lithium storage process is not a kinetic phenomenon.
Therefore, we speculate that region I corresponds to an
interfacial Li storage procession of the LFSNRs and graphene,
which is similar to that reported for LFP-NP@NPCM34

(LiFePO4 nanopaticles embedded in a nanoporous carbon
matrix) at low potential. The second is the capacity plateau
(region II) at 2.6 V corresponding to the reduction reaction
of Fe3+ to Fe2+, with an increase in current rate from 0.12 to 12
C, the discharge capacity decreased from 154 to 84 mA h g�1,
accounting for 65% of the total capacity. Note that the
capacity, 154 mA h g�1 at 2.6 V @ 0.12 C, is quite close
to half lithium insertion to Li2FeSiO4 with the reduction
reaction of Fe3+ to Fe2+. The third is region III between 2.8 and
4.8 V, corresponding to the reduction reaction of Fe4+ to Fe3+,
with the increase of current rate, the discharge capacity
toboggans.
Conclusions

In summary, we synthesized single crystalline LFS nanorods,
and subsequently bonded them with highly conducting gra-
phene nanosheets by a simple PVP modied route. Such a
chemically bonded interface leads to electron coupling at the
interface between the nano-LFS and graphene to create effective
charge transport for LFSNR@graphene hybrid cathodes. Used
as a cathode material, it possesses a high capacity (�300 mA h
g�1 at 1.5–4.8 V), high charging–discharging rate (134 mA h g�1

@ 12 C) and long-life performance (maintaining 95% capacity
over 240 cycles), which is mainly attributed to the effective
depolarization introduced by the synergistic effects of the
LFSNRs bonded with graphene, which improves the electro-
chemical activity of the LFSNRs. Thus, a hybrid cathode modi-
ed with an interfacial chemical structure with nanoparticles
bonded with an electrical conduction network such as graphene
or CNTs can signicantly enhance the electrochemical perfor-
mance, and this novel type of material is very promising for
commercial applications that require high energy, long oper-
ating lives, and excellent abuse tolerance, such as electric
vehicles.
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