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A carbon nano-tubes (CNTs) modified spherical Li;FeSiO4 cathode material has been synthesized by a
solid-state reaction method. The as-prepared Li;FeSiO, composite has a micro-spherical morphology
and is significantly constituted of a large number of nano-spheres connected by CNTs. Charge-discharge
test shows that the sample exhibits discharge capacity of 153 mAhg-' at 0.1 C rate in the voltage range

of 1.5-4.6 V. When discharging at 10C rate, the samples demonstrate a specific discharge capacity of
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78 mAhg-'. Such an enhancement of the electrochemical properties has been ascribed to a reduction of
the particle size, the network-like connection with CNTs and the porous micro-spherical morphology.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the power system supplied to drive electric vehi-
cles (EVs) and hybrid electric vehicles (HEVs) becomes one of hot
research areas. In the light of the outstanding commercial success of
the lithium-ion batteries in portable devices, they become the most
promising candidate for EVs and HEVs. As a paramount component
of lithium-ion batteries, cathode materials with good capacity and
capacity retention at high rates are attracting vast attention [1].
After the first report from Goodenough and co-workers, LiFePOg4
has been widely studied and many achievements have been made
[2,3]. As a branch of polyanion structure compounds, Li,FeSiO4 has
drawn intensive attention, as it exhibits a stable cycle life with a
reversible practical capacity of around 160 mAhg-! [4-8]. How-
ever, the poor rate capability of Li;FeSiO4, which results from its
poor intrinsic conductivity [9], inhibits its further use in large-scale
battery systems.

It has been proved that reducing particles to nanometer scale
can shorten the lithium ion transport distances and enhance ionic
diffusion rate [10-13]. In addition, coating the particles with car-
bonaceous conductors [10,14-16] and doping of metallic elements
[9,17-21] are effective ways to improve the electronic conductiv-
ity. These methods have been used to improve the electrochemical
performance of Li; FeSiOg4, individually or in combination. However,
nano-sized particles easily aggregate and absorb moisture from the
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air, and more binder is needed during electrode preparation due
to the high specific surface of the nano-sized active material [22],
all of which are disadvantageous to electrode preparation and the
electrochemical properties of Li; FeSiOy.

The literature [15] reported the synthesis of
Li;FeSiO4/carbon/carbon nano-tubes by a traditional solid-state
reaction method. The results indicated that the Li;FeSiO4/C/CNT
composite exhibited better electrochemical performance than
the LiFeSiO4/C composite. It is verified that CNTs can provide
valid conductive network in the electrode. Here we report on our
work to improve the electrochemical properties and processability
of Li;FeSiO4 materials, by making this material micro-spherical
structured with a large number of primary nano-particles linked
together, more importantly, CNTs and sucrose are used collab-
oratively to improve the electronic contact between particles.
The spherical morphology may improve the process ability of the
Li, FeSiO4 composite, while micro-porosity is useful for improving
the wetting ability of the cathode, and network-like connections
with CNTs and coated carbon for nano-sized spherical particles
is good for increasing the specific surface area of the sample and
the contact of particles, preventing the aggregation of ultrafine
particles.

2. Experimental

Li;FeSiO4 composites were prepared by a solid-state reaction method with
ball-milling and spray-drying assisted. The stoichiometric amount of FeC,04-2H,0
(99.1%), LiC204 (99.9%), and SiO; (99.9%) was ball milled (QM-3SP04, Nanjing
NanDa Instrument Plant) for 10 h in agate media in deionized water, and dried at
100°C. Then the mixtures were transferred into a tube furnace and heated to 350°C
for 3 h, under an argon atmosphere. The pre-calcinated mixtures and the carbon
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precursor of sucrose (17 wt.% compared to the Li,FeSiO4) were ball milled again
in ethanol for 15h. The ball-milled mixtures were dispersed in ethanol to obtain
an emulsion, then the obtained emulsion product was divided into two parts. As
One part (Pr-A), 4wt.% CNTs (the diameter is 60-70nm and the length is 6 wm,
Chengdu Organic Chemicals Co., Ltd.) compared to the Li,FeSiO4 were dispersed
with the emulsion in advance, and then spray dried at 120°C (DC1500, Shanghai
Attainpak Equipment). For the sake of comparison, the other part (Pr-B) was directly
spray dried. The spray dried precursors were then heated to 700°C at a heating
rate of 3°Cmin—1 for 10 h under an argon atmosphere. The Li;FeSiO4/C/CNTs and
Li;FeSiO4/C samples obtained from the Pr-A and Pr-B are denoted sample-A and
sample-B.

The obtained Li,FeSiO4 materials were subjected to X-ray diffraction (XRD, Pan-
alytical X'Pert, Philips) for phase analysis using Cu Ka radiation. The morphology of
the spray dried precursors and Li,FeSiO4 composites were observed by scanning
electron microscope (SEM, EM3200, KYKY).

For electrochemical measurements, the Li, FeSiO4/carbon black/polyvinylidene
fluoride (PVDF) mixture with weight ratio 80/10/10 for sample-A and the
LiFeSiO4/CNTs/carbon black/PVDF mixture with weight ratio 76.8/3.2/10/10 for
sample-B were used as the cathode. The amount of the CNTs is the same in both
samples. The cells (CR2025 coin type) were assembled in an argon-filled glove box
(Etelux). The electrolyte was 1 molL~! LiPFg in ethylene carbonate/diethylene car-
bonate/methyl ethyl carbonate (1:1:1, v/v/v)and lithium foil was used as the counter
electrode. The cells were measured using Neware galvanostatic charge-discharge
unit in the voltage range of 1.5-4.6 V.

3. Results and discussion
3.1. Physical properties and morphology

Fig. 1 shows the XRD patterns of the as-prepared samples. The
main diffraction peaks of both Li, FeSiO4 samples could be indexed
within the orthorhombic Pmn2; space group [4,16], while the syn-
thesized sample-B show some differences in the XRD. The major
difference is the absence of the peak around 21.8-22.3° (26), the dif-
ference may be related to the synthesis conditions of the material
such as the reducing atmosphere and sintering time [12]. Mean-
while, two unidentifiable peaks were observed in the diffractogram
of sample-A and sample-B, which may be attributed to the super-
structure of the synthesized composites. Meanwhile, compared
with the pattern of sample-A, sample-B contains Li,SiO3 impurity.
It is apparent that the Li; FeSiO4/C/CNTs composite has higher crys-
tallinity, which is similar to the result reported in literature [15].
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Fig. 1. XRD patterns of the sample-A and sample-B.

The XRD patterns do not show any peaks corresponding to carbon
due to its low content or amorphous nature.

SEM images of precursor powders and LiyFeSiO4 samples
are shown in Fig. 2a-d. The as-prepared Pr-A and Pr-B pow-
ders obtained from spray-drying exhibits sphere-like morphology,
shown in Fig. 2a and b, with a particle diameter of several microns.
The images indicate that the pre-calcinated mixtures, sucrose and
CNTs can be bound together and micron-sized spherical particles
can be obtained by spray-drying. The morphology of sample-A,
obtained from the Pr-A precursor, is shown in Fig. 2c. It becomes
apparent that the synthesized Li;FeSiO4/C/CNTs sample remains
spherical after calcining at 700 °C and is significantly constituted of
a large number of spherical primary nano-particles. More impor-
tantly, the ultrafine primary particles were connected by the CNT
networks. However, as shown in Fig. 2d, the morphology of the
calcinated powders of sample-B, obtained from the Pr-B precursor,
are not micro-spherical and some primary particles agglomerated
with irregular morphology after calcining at 700 °C, which differs
from the sample-A. Such a morphological change took place during
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Fig. 2. SEM images of precursor powders and Li,FeSiO4 samples: (a), Pr-A; (b), Pr-B; (c), sample-A; (d), sample-B.
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Fig. 3. Charge-discharge profiles of the Li,FeSiO4 electrode at 0.1 C rate in the volt-
age range of 1.5-4.6 V.

calcining. The presence of CNTs is important to keep all reactants
in good contact with each other throughout the reaction and pre-
vent the growth and agglomeration of particles. The small particle
size of Li;FeSiO4 provides short pathways for rapid lithium ion and
electron conduction within the nano-particles, while the coated
carbon and CNTs connect the nano-particles together, providing a
highly conductive channel for the electron mobility between adja-
cent Li;FeSiO4 nano-particles.

3.2. Electrochemical performance

Fig. 3 displays the charge-discharge behavior for the third cycle
of the Li,FeSiO4 electrodes between 1.5V and 4.6V operating at
0.1Crate (C=160mAg-1). The discharge capacity of the sample-A
and B is 153 mAh g~ and 147 mAh g~! respectively. The discharge
capacity of the sample-A is 3.9% higher than that of the sample-B.
The potential difference between the charge and discharge plateau
potentials is often used to examine the electrochemical reversibil-
ity of an electrode material. The results also show that sample-A
has a smaller difference between the charge and discharge plateau
potentials than that of the sample-B, which may indicates a higher
electrode reaction reversibility and lower polarization for sample-A
composite.

To further clarify the charge-discharge characteristics of
Li;FeSiO4, the differential capacities (dQ/dV) for the third
charging-discharging cycle were calculated and dQ/dV vs. voltage
curves are plotted in Fig. 4, which can provide similar informa-
tion of cyclic voltammograms. The oxidation/reduction peaks in
the curves correspond to the charge-discharge plateaus in the
charge-discharge curves [4]. As shown in Fig. 4, only a pair of
redox peaks is observed for each sample, which corresponds to
the lithium deintercalation and intercalation process. The redox
peaks of sample-A are sharper than those of sample-B, due to more
flat voltage plateaus in the charge-discharge curves for sample-A,
which is in good agreement with the charge-discharge behavior in
Fig. 3.

The discharge capacities of as synthesized samples at various
current densities are shown in Fig. 5. The cells were charged to
4.6V at 0.1 Crate, then discharged to 1.5V at n C rate (wheren=1,
3, 5,10).In all cases, the discharge capacity and voltage plateaus of
sample-A are higher than that of sample-B. The difference between
the discharge capacity of sample-A and sample-B increases with
increasing current density. When the current density is as high as
10C, the discharge capacity of sample-A is 78 mAhg~! and that of
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Fig. 4. Differential capacity curves of the Li;FeSiO, electrode at 0.1C rate in the
voltage range of 1.5-4.6 V.

sample-B is only 31 mAh g~!. The results show that sample-A had
a much better rate performance than that of sample-B.

The cycling stability and coulombic efficiency of the Li/Li; FeSiO4
cell atvarious discharging rates from 0.1 to 10 Cin every eight cycles
are shown in Fig. 6a and b. For accurate comparison of the rate
performance during discharging, the samples were charged at fixed
rate of 0.1 C. The cutoff voltages were 1.5 and 4.6 V. The results
indicate that following the 80 cycles sample-A and sample-B retain
97.5% and 94.8% of the original specific capacity, respectively, and
the sample-A showed better capacity retention. Meanwhile, the
cycle coulombic efficiency of both samples remains more than 99%
from the 4th cycle to the 80th cycle.

The improved rate performance and cyclability of the sample-A
can be attributed to the effects of porous micro-spherical structure
and nano-sized spherical primary particles connected by the CNT
networks. The network-like connection with carbon and CNTs is
favorable to the electron transfer. The nano-sized spherical particle
is good for increasing the area for electrode reaction and shortening
the diffusion path of lithium ion. The porosity of the micro-spheres
is useful for improving the wetting ability of the cathode. These can
lower the electrode polarization during charge and discharge, and,
thus, increase the utilization of active material, especially at high
rates.
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Fig. 5. Discharge curves of Li,FeSiO,4 electrode at various rates.
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Fig. 6. Cycling stability curves (a) and coulombic efficiency curves (b) of Li,FeSiO4
composites discharging at various rates from 0.1 to 10 C in every eight cycles.

4. Conclusions

In summary, we have successfully synthesized novel CNTs
modified micro-spherical Li;FeSiO4 composite. The synthesized
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micro-spheres contain large amount of nano-spherical primary
particles connected with carbon and CNTs. The nano-spheres
provide short pathways for rapid lithium ion and electronic con-
duction, and the carbon coating and CNTs linking improve the
electronic conductivity. The results indicate that the electrochemi-
cal performance of Li;FeSiO4/C/CNT was improved. The prepared
composite is the promising material proposed as a cathode for
powerful and large lithium-ion batteries.
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