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Temperature glycine assisted solid-state synthesis was used to prepare LiFePO4/C composite samples
with two types of material improvements. It will be shown how can addition of a high conductive
support as well as doping with supervalent metal ions improve the electrochemical performance of
Li-ion cathode. Three samples with different properties were prepared and investigated e pure LiFePO4/
C with no material improvements, LiFePO4/C prepared with multi walled carbon nanotubes (MWCNT)
conductive support and LiFePO4/C doped by 1% of cobalt. Glycine was used as inorganic carbon coating
precursor during the synthesis of all samples. XRD measurements confirmed production of highly
crystalline LiFePO4 cathode material with diameter varying between 40 nm and 200 nm. Electrochemical
measurements confirmed increasing the intra-particle conductivity by MWCNT or Co doping. Galvano-
static battery testing shows that LiFePO4/MWCNT/C composite delivers highest capacity 130 mA h g�1 at
C/5. LiFePO4/MWCNT/C cathode material prepared by solid state synthesis exhibit excellent electro-
chemical performances, improved conductivity, and good rate capability compared to the LiFePO4/C
composite material.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Nowadays, lithium-ion batteries are key components in a lot of
everyday use of electronic equipment like mobile phones, com-
puters and other portable devices. The need of stable, safe and high
power density energy sources is rapidly growing with hybrid and
electric vehicle market expansion. Active cathode and anode ma-
terials are the host compounds for cyclic lithium insertion and
extraction. Since the first lithium-ion batteries were developed,
more structural types of active materials were proposed. First
intercalation compounds were the layered-structure rock salt ox-
ides LiCoO2 and LiNiO2 and subsequently the spinel LiMn2O4 [1]. All
the above mentioned materials are still widely commercially used
even for middle-power applications. The main problem of these
conventional materials is poor chemical and electrochemical
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stability in their highly oxidized state [2]. Among several compo-
nents in the lithium ion batteries, cathode materials have attracted
much attention in recent years [3]. Introduced in 1997 by Padhi
et al., olivine structured LiFePO4 has emerged as one of the most
promising cathode materials for the next generation of lithium ion
batteries [3]. LiFePO4 is highly interesting as it is relatively inex-
pensive and environmentally benign [4]. LiFePO4 has a high theo-
retical capacity of about 168 mA h g�1, flat discharge plateau at
3.4 V vs. Li/Liþ, long cycle life due to a small volume change (6.8%),
and very good cycling stability. On the other hand, there is an
intrinsic electron conductivity of bulk material as low as
10�9 S cm�1and poor ionic conductivity 10�5 S cm�1 [5]. There are
some basic approaches to dealing with the low conductivity
problems. Syntheses producing nanostructured particles of active
material are used for better active mass utilization [6e8]. Electronic
conductivity can be increased by mixing active material with
conductive supports, and especially by coating active material
particles with highly conductive materials like carbon from organic
precursors [8e11] or conductive polymers. Ionic conductivity can
be improved by supervalent metal ion doping or substitution and
by producing a nanoporous network [8]. Carbon coating or metal/
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Fig. 1. XRD patterns of the LiFePO4/C composites a) pure LiFePO4/C, b) LiFePO4/MWCNT/C, c) cobalt doped LiFePO4/C with impurities indicated at the top of picture.

Table 1
Lattice parameters of LiFePO4 deduced from the analysis of X-ray diffraction pattern
of our samples.

Sample a (�A) b (�A) c (�A)

A.S.T.M. 10.330 6.010 4.692
LiFePO4/C 10.328 6.012 4.693
LiFePO4/MWCNT/C 10.271 5.969 4.688
Co doped LiFePO4/C 10.283 5.989 4.679
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metal oxide coating can enhance the conductivity between parti-
cles, but has a little effect on the internal conductivity of LiFePO4.
When the LiFePO4 particles are not small enough (30e200 nm), it is
difficult to get a high-rate charge and discharge performance.
Therefore, increasing the intra-particle conductivity by multi wal-
led carbon nanotubes (MWCNT) or Co doping is a very important
issue. Apart from the afore mentioned approaches, metal ion
doping in the Li or Fe site is regarded as a promising method for
increasing electrical conductivity and working voltage [12]. Cobalt
[13,14], manganese [15], nickel [16], and vanadium [17] are
considered favourable dopants because of the higher chemical
potential of Co2þ/3þ, Mn2þ/3þ, Ni2þ/3þ, and V2þ/3þ. Herein, we
report a facile solid state approach for the synthesis of LiFePO4

cathode material exhibiting good electrochemical properties after
doping with cobalt or mixing with MWCNT.

2. Experimental

2.1. Preparation of samples

For the material preparations, the glycine assisted combustion
method was used as published elsewhere [8] and slightly modi-
fied. A stoichiometric amounts of lithium nitrate (0.9 g, Sigmae
Aldrich), iron oxalate (2.4 g, SigmaeAldrich) and ammonium
dihydrogen phosphate (1.7 g, SigmaeAldrich) were dissolved in
10 ml of deionized water, heated to 60 �C and stirred until a ho-
mogenous solution was obtained. Another solution prepared by
dissolving 2 g of glycine (SigmaeAldrich) in 10 ml of hot deionized
water (90 �C) was poured into it. The molar ratio of glycine to
LiFePO4 was 2:1, 2 wt.% of carbon conductive support (Timcal Su-
per P or MWCNT with diameter 3e10 nm, length 10e20 mm) was
added to the hot solution and the resulting mixture was heated up
to 95 �C and continuously stirred until a creamy mass was ob-
tained. In case of cobalt doped sample, 1 wt.% of cobalt in ratio to
resulting LiFePO4 was introduced to the solution in the form of
0.1 g cobalt nitrate hexahydrate. The prepared product was
collected, put onto a stainless steel plate in a tube furnace and
dried in flowing argon atmosphere at 300 �C for 12 h. Finally, the
cathode material was sintered at 750 �C for 6 h in flowing Ar at-
mosphere to prevent the oxidation process. When removed
from the furnace, the material was milled in a ball mill and the
powder thus obtained was used for physical and electrochemical
characterization.
The slurry was made bymixing the active cathodematerial with
Super P carbon and polyvinylidene fluoride (PVdF) in N-methyl-2-
pyrrolidon (NMP) with a weight ratio of 80:10:10. This paste was
then coated onto aluminium foil as current collector using the
doctor-blade technique and subsequently dried in a vacuum oven
at 130 �C for 18 h. Circular electrodes with 18 mm diameter were
cut out of the coated foil, with an area of 2.54 cm2 and total mass of
2.2e2.6 mg on a substrate of Al foil. Test cells were assembled using
these cathodes with a counter and a reference electrode made from
lithium metal foil and a separator layer (SEPARION� and fiber glass
separator Whatman GF/D). All handling was done in an argon filled
dry glove box. The electrolyte consisted of 1 M LiPF6 in ethylene
carbonate/ethylmethyl carbonate (EC/EMC, volume ratio 1:1).

2.2. Electrochemical testing

Cyclic voltammetry (CV) measurements were performed at
room temperature using a three-neck glass tube cell placed in Ar
filled glovebox. For chargeedischarge cycling, rate capability and
electrochemical impedance spectroscopy measurements (EIS),
the two electrode El-Cell� coin-type cell was used. Impedance
measurements were carried out in the frequency range 105 Hz to
0.1 Hz with amplitudes of �10 mV at room temperature. Cycling
measurements were controlled with an Autolab instrument
system and performed between 2.5 and 4.0 V vs. Liþ/Li at room
temperature.

2.3. Support characterization

The X-ray diffractogram was collected by a Bruker D8 Advance
diffractometer equipped with a Göbel mirror and a Cu Ka radiation
tube (l ¼ 0.15406 nm). TEM evaluations were performed in a JEOL
JEM-2000 EX II.



Fig. 2. TEM images of LiFePO4/C particles (a) and (b) at two different magnifications and TEM images of LiFePO4/MWCNT/C particles at two different magnifications (c) and (d).
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3. Results and discussion

3.1. XRD analysis

The XRD patterns of prepared LiFePO4/C, LiFePO4/MWCNT/C and
cobalt doped LiFePO4/C samples are shown in Fig.1. Themain phase
of all prepared materials can be indexed as Pnma orthorhombic
structure of synthetic triphylite LiFePO4 structure. It was found that
minor amounts of impurity phases like Li3PO4, magnetite Fe3O4 and
barringerite Fe2P were present. The diffraction peak intensity of
LiFePO4/C/MWCNT is higher than that of LiFePO4/C but very similar
to that of 1%Co LiFePO4/C. The results prove that the modified solid
state synthesis method can reduce the synthesis temperature and
reaction time compared with the ordinary method. The grain size
after Co and MWCNT addition was same or very similar to grains
Fig. 3. Cyclic voltammograms of pure LiFePO4/C, LiFePO4/C/MWCNT and Co doped
LiFePO4/C.
size of pure LiFePO4 cathode material. The X-ray pattern of our
samples is in quantitative agreement with prior works and the
lattice parameters a, b, c (Table 1) deduced from the analysis of the
diffraction pattern using a least-square fit for the Pnma ortho-
rhombic space group are found in quantitative agreement with X-
ray Powder Diffraction Data File, published by A.S.T.M. (American
Society for Testing Materials).
3.2. TEM analysis

Fig. 2a and b shows the TEM images of the pure LiFePO4/C
sample without doping or additional support. It is possible to see
the coated nanoparticles of the active material fixed in a carbon
matrix. High resolution images indicate the coating the crystalline
Fig. 4. Chargeedischarge profiles of prepared samples measured at C/5 charge and C/5
discharge rate.



Fig. 5. EIS Nyquist plots measured on LiFePO4/C, LiFePO4/MWCNT/C and cobalt doped LiFePO4/C.
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active material particles with carbon. Fig. 2c and d shows a low and
a high-magnification image of the LiFePO4/MWCNT/C sample. It is
possible to see carbon coated nanoparticles fixed in mixed MWCNT
and carbon matrix. The multiwall carbon nanotubes provide highly
conductive inter-particle connection between carbon coated core-
shell structured particles and thus improves the electronic con-
ductivity. The diameter of LiFePO4 particles varies from 40 nm to
200 nm. Our LiFePO4/C samples are characterized by a complex
structure, nanometre sized, formed by single particles, strings and
clusters.
3.3. Electrochemical characterization

Fig. 3 shows the cyclic voltammograms of LiFePO4/C, LiFePO4/
MWCNT/C and cobalt doped LiFePO4/C measured at a sweep rate
0.1 mV s�1. The tenth cycle at all samples is shown and no signifi-
cant changes in CV curves during the cycling indicate a good
cyclability of all materials. In all samples, single cathodic and anodic
peak is present and it illustrates one electron exchange reaction
during the LiFePO4 to FePO4 transformation. All currents were
calculated per weight of active LiFePO4 material. Pure material has
the highest specific anodic and cathodic current, nevertheless
MWCNT supported and Co doped materials have a slightly higher
Fig. 6. Rate capability of LiFePO4/C, LiFePO4/MWCNT/C and cobalt doped LiFePO4 at
rate C/5.
anodic peak potential. Also the sintering temperature has a
considerable effect on the properties of final LiFePO4 products
affecting not only the purity of LiFePO4 particles, but also the
discharge capacity of the material [18,19]. Therefore, a moderate
temperature is very important. In general, the appropriate sintering
temperature range is 650e750 �C.

Fig. 4 shows the chargeedischarge profiles of pure, MWCNT
supported and Co doped LiFePO4/C compositematerial measured at
C/5 charge and discharge rates. All samples have a flat plateau at
3.4 V across a long capacity range. There is a slight difference in the
charge and discharge plateau voltages that can be attributed to the
polarisation of electrode due to impurity phases.

The electrochemical impedance spectroscopy measurements
represented as Nyquist plot are on Fig. 5. Typical characteristics for
Li-ion cells were obtained. A depressed semicircle in high frequency
region gives information about electrolyte resistance, single parti-
cle insulating layer and charge transfer resistance [20]. The straight
line in the low frequency region describes solid state diffusion of Liþ

ions into the particle material. According to the impedance results
pure LiFePO4/C and MWCNT supported LiFePO4/C are almost the
same regarding charge transfer resistance and very similar in
diffusion region. The sample with MWCNT support exhibits three
times lower charge transfer resistance. Porous microstructure and
large surface area of MWCNTmay provide a lot of transport passage
for lithium-ion, which also may increase the lithium-ion diffusion.
Among the three samples, the sample with MWCNT support
showed the lowest resistance, suggesting that the MWCNT coating
improved the conductivity of the battery. The small impedance of
LiFePO4/C/MWCNT sample can be attributed to the higher elec-
tronic conductivity resulted from the MWCNT/LiFePO4 network.

Fig. 6 shows the rate capability of LiFePO4/C, LiFePO4/MWCNT/C
and cobalt doped LiFePO4/C composite materials. The measure-
ment was made with a fixed charge rate of C/5 and varying sub-
sequent discharge rates from C/10 to 10C. The pure LiFePO4/C
sample exhibits a significant discharge capacity drop from
130 mA h g�1 at C/10 to 20 mA h g�1 at 10C. The LiFePO4/MWCNT/C
sample and cobalt doped LiFePO4/C demonstrate excellent rate
capabilities with different capacities but with the same amount of
capacity fade out. All capacities are related to the content of active
LiFePO4 material.

4. Conclusions

Nanostructured LiFePO4/C composite electrode materials that
can be improved in two different ways have been synthesized by a
temperature assisted solid state synthesis using glycine as a carbon
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precursor for particle coating. An addition of a highly conductive
MWCNT support instead of Super P during the synthesis
and doping by 1% of cobalt were the techniques to successfully
improve the performance of electrode materials in the high
discharge rate region. The basic LiFePO4/C material exhibits ca-
pacity of 130 mA h g�1 at C/5 and 20 mA h g�1 at 10C rate, cobalt
doped sample exhibits capacity of 110 mA h g�1 at C/5 and
70 mA h g�1 at 10C rate and LiFePO4/C/MWCNT material has ca-
pacity of 130 mA h g�1 at C/5 and 90 mA h g�1 at 10C. LiFePO4/C/
MWCNT and Co doped LiFePO4/C materials have almost the same
slope of rate capability curve but LiFePO4/C/MWCNT sample ex-
hibits higher high-rate capacity. An addition of MWCNTand doping
by Co ions offers an easy way to improve the performance of
samples produced by glycine assisted solid state synthesis.
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