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bstract

The freeze-drying method is proposed as an effective synthesis process for the obtaining of LiFePO4/C composites. The citric acid is used as
complexing agent and carbon source. After the low temperature annealing, the freeze-dried solution leads to a homogeneous carbon covered
iFePO4 sample. The chemical characterization of the material included ICP and elemental analysis, infrared spectroscopy, X-ray diffraction,
agnetic measurements and thermal analysis. SEM and TEM microscopies indicate an aggregate morphology with tiny particles of lithium

ron phosphate inside a carbon matrix. Impedance spectroscopy showed a 8.0 × 10−7 S cm−1 conductivity value. Cyclic voltammetry graphics
isplayed the two peaks corresponding to the Fe(II)/Fe(III) reaction and demonstrated the good reversibility of the material. The specific capacity

alue obtained at C/40 rate was 164 mAh g−1, with a slight decrease on greater C-rates reaching 146 mAh g−1 at C/1. The capacity retention study
as evidenced good properties, with retention over 97% of the maximum values in the first 50 cycles, which allows an effective performance of
he freeze-dried sample as cathodic material in lithium-ion batteries.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the pioneering work of Padhi et al. [1], mixed
rthophosphate LiFePO4 has been intensively studied as cath-
de material for Li-ion batteries [2]. One of the main problems
f LiFePO4 is its low electronic conductivity, which limits the
lectrochemical extraction of lithium and causes a steep fall in
harge/discharge capacities at high rates. The control of par-
icle size [3–6], and the presence, in the cathode composite
lectrode, of highly dispersed conductive substances such as car-
onaceous materials [7,8] and some metals [9,10] enhance the
harge/discharge performance. These factors (particle size and
onductive coating) are largely affected by the method of prepa-
ation. Therefore, to produce commercially available LiFePO4

proper preparative method is an urgent research target.

In the beginning, solid-state reaction was the most common
ay of synthesizing this cathode material [11–14]. This method

∗ Corresponding author. Tel.: +34 946012458; fax: +34 946013500.
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mplies the addition of a carbon source during or after the pro-
ess, usually needing an extra grinding or ball-milling step to get
well-made composite [15–18]. The homogeneity of the mix-

ure must be high to avoid the formation of secondary phases,
uch as Fe2O3 or Li3Fe2(PO4)3, that do not contribute to the elec-
rochemical properties of the samples. Commonly, the ceramic
rocess is associated to several calcination steps with fairly high
nnealing temperatures, which enhances particle growing and
avours the sintering of the particles. This makes the Li diffu-
ion paths longer and difficults a good carbon coating on the
articles.

Hydrothermal procedure also enhances grain growth, lead-
ng to micrometer-sized monocrystals, not covered in carbon
19,20]. However, interesting results have been obtained by
dding sucrose [21,22] or carbon multiwall nanotubes [23] dur-
ng the synthesis, or including a surfactant in the solution to
ontrol the particle size [24]. Either coprecipitation – which

s also a common synthesis method [25–27] – or emulsion-
rying process – that has been tried a few times [28,29] – allows
he obtaining of samples with different carbon percentages and
article sizes. Both methods imply an annealing step after the

mailto:teo.rojo@ehu.es
dx.doi.org/10.1016/j.jpowsour.2007.06.161
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recipitation or precursor-drying process, which has great influ-
nce on the particle size [30,31]. In the case of coprecipitation,
he particle size is usually above 1 �m, and it has been reported
he possible presence of impurities, such as Li3PO4.

The main solution route to synthesize LiFePO4 powders
s sol–gel method. This procedure is a good choice for vari-
us reasons. First, it involves the mixture of the reactants in
olution, forming gel complexes, so assures the homogeneity
f element distribution. Second, the chelating agent acts as a
arbon source, covering the LiFePO4 grains with a conductive
ayer and preventing grain growth. Third, this method allows the
se of mild annealing temperatures, not favouring great particle
izes [32,33]. So, this procedure yields particles on the order
f nanometers, always smaller than 1 �m [34–36]. Some other
ynthesis ways have been used, not so often, to obtain LiFePO4
owders with improved properties, such as spray pyrolysis [37],
echanical alloying (see reference [6]) or microwave process-

ng [38]. Polyol method has recently also been reported as a
ossible procedure to synthesize nano-sized LiFePO4 [39].

In this paper, we report on a new LiFePO4 synthesis
ethod. The freeze-drying of a citric acid, lithium, iron and

hosphate-containing solution favours the creation of lithium
ron phosphate small particles and allows the formation of a car-
on coating during the synthesis process. The result is a fine
owder of LiFePO4/C composite with a good electrochemical
erformance.

. Experimental

.1. Sample preparation

Stoichiometric amounts (10−3 mol) of citric acid mono-
ydrate (C6H8O7·H2O), ferrous acetate (FeC4H6O4), lithium
ydroxide hydrate (LiOH·H2O) and ammonium dihy-
rogenophosphate (NH4·H2PO4) with a molar ratio of 1:1:1:1
ere dissolved in 25 ml water. The solution obtained was
rop-by-drop frozen under liquid nitrogen and subjected to
he freeze-drying process for 48 h in a Telstar Laboratory
reeze-Dryer Cryodos-80. The powder obtained was calcined

wo times, at 350 and 600 ◦C, under nitrogen atmosphere.
lemental analysis by ICP-AES (Perkin–Elmer Optima 2000)
f the prepared sample agreed well with the stoichiometry of
he LiFePO4 compound. A Perkin–Elmer 2400CHN analyzer
as employed for determining the carbon amount in the sample,

nd the result was 16.1%. By this technique, the presence of a
% of nitrogen was also detected.

.2. Characterization of the synthesized powder

Infrared transmittance spectrum was recorded using a MATT-
ON FTIR 1000 spectrometer. Powder diffraction pattern was
ollected in a Philips PW1710 diffractometer working with
u K� radiation at room temperature. Magnetic measurements

ere carried out in a SQUID magnetometer from 5 K to room

emperature under a 0.1 T magnetic field. Thermal analysis
as performed with a SDT2960 instrument. The morphologi-

al characterization was made by scanning electron microscopy

t
f
o
i
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SEM) using a JEOL JSM-6400 microscope at 20 kV accelerat-
ng voltage, and by transmission electron microscopy (TEM) in
Philips CM200 microscope equipped with an EDAX Energy
ispersive X-ray Analysis (EDX).

.3. Electrochemical measurements

Conductivity measurements were made on disc-shaped pel-
ets at 25 ◦C with a frequency response analyzer connected to an
utolab PGSTAT30 potentiostat, over a frequency range from
MHz to 1 MHz with 100 mV amplitude. The cyclic voltam-
etry and galvanostatic tests were conducted using Swagelok

ype cells assembled in an environmentally controlled dry box.
he negative electrode was a disk of lithium metal foil. A glass
icrofibre sheet soaked in a solution of 1 M LiPF6 in EC:DMC

1:1 w/w) was placed between the two electrodes. The compos-
te positive electrode contained 30% of S-black, 9% of binder
polyvinylidene fluoride, PVDF) and 61 wt.% of active material.
yclic voltammetry (CV) measurements were carried out using
biologic multichannel potentiostat galvanostat (MPG) in the

ange from 1 V to 4 V versus Li/Li+ at 0.1 mV s−1, whereas gal-
anostatic tests were made in an Arbin BT2000 Battery Tester.

. Results and discussion

.1. Synthesis and characterization of the sample

The freeze-drying method has been developed, in this work,
o prepare LiFePO4/carbon composite cathode materials. This
ynthesis method has been already proved to be useful to get
ne particle size perovskite phases, with application in SOFC
uel cells [40,41]. Several advantages support the choice of this
rocedure: homogeneous reactants distribution, presence of a
arbon source, mild annealing temperatures. The homogeneity
f the element distribution in the reaction mixture was provided
y using a water-based solution route synthesis. In our case,
he citric acid was employed to provide acidic medium in solu-
ion, preventing the oxidation of the ferrous ions, and also as
carbon source, affording the network structure of carbon for

lectronic conduction. The freeze-dried homogeneous precur-
or needed only moderate conditions of temperature and time to
eact to form the desired LiFePO4/C composite. The heat treat-
ent in an inert atmosphere favoured the conversion of citric

cid into carbon. The content of C in the finally obtained mate-
ial was 16.1% in weight, so a 25% of the citric acid and acetate
onversed into carbon. The elemental analysis also showed a
itrogen percentage of 2%. The presence of nitrogen in the sam-
le can be justified considering the porosity of the carbonaceous
aterial, which can adsorb N2 from the synthesis atmosphere.
The characterization of the sample showed the existence of

single LiFePO4 crystalline phase. The observed bands in the
R spectrum were all of them assigned to the vibrational modes
f the LiFePO4 compound [42,43]. Likewise, all the diffrac-

ion peaks from the powder X-ray diffractogram were indexed
or the LiFePO4 olivine structure [44], without the appearance
f any unknown diffraction maximum. Magnetic susceptibil-
ty measurements exhibited the characteristic antiferromagnetic
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particles. A lot of particles are of around 30 nm size, but some
of them are larger, of around 300 nm. The last ones appear in
Fig. 1. Thermogravimetric curve of the LiFePO4 sample in air atmosphere.

ehaviour of the LiFePO4 material with a Neel temperature of
0 K [45,46]. No anomalies were detected in the thermal evo-
ution of the χm values, which indicated the absence of any

agnetic additional phase.
Thermogravimetric measurements were carried out by heat-

ng the sample at 10 ◦C min−1 in the range from room
emperature to 800 ◦C in air atmosphere. The results are given in
ig. 1. The thermal analysis showed a total mass loss equivalent

o 16% of the initial mass. The weight loss takes place in three
teps. The first one occurs from room temperature to around
75 ◦C (mass loss 2%), and it could be attributed to the desorp-
ion of approximately 0.05 mol of N2 per mol of C in the sample.
his percentage matches with the elemental analysis results for
itrogen obtained for this sample. The second step takes place
rom 300 ◦C up. At this temperature a smooth rise is observed
n the thermogravimetric curve, which corresponds to the start
f the LiFePO4 oxidation process. This step continues up to
00 ◦C. At this point the graphic exhibits a steep fall (mass loss
4%), corresponding to the combination of two processes, the
xidation of LiFePO4 started at 300 ◦C, and the loss of the whole
mount of carbon present in the sample. Finally, at 800 ◦C an
ntense red residue is obtained. The X-ray diffractogram of this
esidue confirmed the total absence of LiFePO4 and the coexis-
ence of two Fe(III) compounds, Li3Fe2(PO4)3 and Fe2O3. So,
he oxidation of the compound during the thermogravimetric
tudy is complete.

The SEM micrographs of the prepared LiFePO4 powder are
epicted in Fig. 2. The general appearance of the sample is
ostly homogeneous. However, globular grains of sizes smaller

han 0.5 �m together with larger aggregates in the range of
–5 �m are distinguishable. As can be observed in Fig. 2b, the
aterial seems to be framed by an amorphous carbon matrix
ith the LiFePO4 particles (of sizes smaller than 100 nm) cap-

ured inside. The aggregates would be the remainder from the
reeze dried metalo-organic network and so, mainly carbon sur-
ounding LiFePO particles. Transmission electron microscopy
4
TEM) and energy dispersive analysis (EDX) were used to con-
rm this latter point.

t
c

ig. 2. SEM images from the LiFePO4 sample (a) 2500× and (b) 10,000×.

Fig. 3 shows the TEM images of the sample. As can be seen in
ig. 3a, the nanoparticles of LiFePO4 of about 30 nm size (darker
nes) are embedded in a web of lighter nanoparticles identified
s carbon by EDX. Diffraction patterns for this C web indicated
hat it is formed by an amorphous phase, as it was expected for
arbon subjected to mild annealing temperatures. Similar parti-
le distribution was observed by Chung et al [47] in their 6 wt.%
arbon LiFePO4/C composites. In the case of the freeze-dried
ample, the greater amount of carbon, of a 16%, becomes more
isible in the micrographs. Moreover, as it can be observed in
ig. 3b, some zones of the composite present an elevated per-
entage of carbon with few LiFePO4 particles inside. Phosphate
articles of greater size, close to 300 nm, are also observed in the
aterial. Those bigger LiFePO4 grains are also surrounded by

he same nanocarbon webs (Fig. 3c), although, eventually, they
ould lose part of their carbon coating during the preparation
f the sample for TEM by the ultrasound procedure.

So, the sample exhibits two kinds of carbon coated LiFePO4
he most heterogeneous zones of the material. Therefore, in situ
oating of carbon from the pyrolysis of the freeze-drying powder
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Fig. 3. TEM images of the sample (a) LiFePO4 nanoparticles surrounded by a carbon web; (b) aggregated LiFePO4 particles and amorphous carbon; (c) bigger
LiFePO4 grains covered in carbon.
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Fig. 5. Discharge curves at different rates at room temperature. First cycle of
C/40 and 25th cycle of C/10, C/5 and C/1.

Table 1
Specific capacity values for different cycling rates

Capacity

mAh g−1 mAh g−1 (LiFePO4/C)−1

C/40 164 138
C/10 162 136
C/5 157 132
C/1 146 123
%
σ

i
b
a
u
v

V. Palomares et al. / Journal of

inders the particle growth efficiently. The nanocarbon webs are
ffective in preventing the LiFePO4 grain growth, and provide a
onducting network that connects all the particles, which must
nhance the electrochemical properties of LiFePO4 [48].

.2. Electrochemical measurements

Impedance spectroscopy measurements showed a conductiv-
ty value of 8.0 × 10−7 S cm−1, greater than the theoretical one
f 10−9 S cm−1 (see reference [1]). This increase in the con-
uctivity is due to the presence of carbon in the sample, 16.1%
eight. However, higher conductivity values have been reported

or materials with lower C percentages (see references [17,32]).
he poor conductivity of the carbon present in this freeze-dried
iFePO4/C composite is related to the heat treatment temper-
ture of 600 ◦C, which was relative low temperature to obtain
igh conductivity of the carbon.

Fig. 4 shows the cyclic voltammograms of the synthesized
iFePO4/C material. The cathode exhibited sharp oxidation

3.5 V) and reduction (3.3 V) peaks, consistent with a two-
hase reaction at about 3.4 V versus Li/Li+. No other peaks are
bserved, evidencing the absence of electroactive iron impu-
ities. The well-defined peaks, the symmetrical form of the
V plots, and its good reproducibility, confirm the outstand-

ng reversibility of the lithium extraction/insertion reactions in
his freeze-dried sample. The discharge curves for cycle 25 are
hown in Fig. 5. The cells were cycled between 2 V and 4 V at
ifferent current rates. The plateau voltages are almost the same
o 3.4 V, and little polarization is observed. The small voltage
ifference between the charge and discharge plateaus of about
.2 V at C/40, C/10, C/5 and C/1 rates is representative of its good
inetics, especially considering that the electrochemical process
nvolves diffusion of lithium-ions in the solid phase and electrons
umping across a poorly conducting compound. The maximum
pecific capacity values for the different cycling rates, displayed

n Table 1, range from 164 mAh g−1 at C/40 to 146 mAh g−1

t C/1. These values are equal to the best-published results for
iFePO4 cathodes (see the references in this article). As it was
xpected, the specific discharge capacity decreases with increas-

Fig. 4. Cyclic voltammogram of LiFePO4/C at 0.1 mV s−1 (four cycles).

t
c
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f
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T
C

C
C
C

C 16.1
(S cm−1) 8 × 10−7

ng C rate, due to the low lithium-ion diffusion rate in olivine,
ut this decrease is slight, only a 4% between C/40 and C/5, and
n 11% at C/1. Table 1 also includes the calculated capacity val-
es from the total weight of the LiFePO4/C composite. These
alues are lower than those calculated versus LiFePO4, since
he substantial carbon percentage in the sample, 16%, does not
ontribute to the specific capacity.

The results of the capacity retention study, at different rates,
or the cells prepared with the freeze-dried LiFePO4 composite
re shown in Fig. 6. The sample manifests very good cycling per-
ormance with a maximum specific capacity of 158 mAh g−1 at
/10, and smooth capacity fading rate of 0.1 mAh g−1 per cycle.
he initial gain displayed in the graphic can be due to the great
mount of carbon in the sample, that disturbs the penetration of
he electrolyte in the cathode. By this phenomenon, the max-
mum specific capacity of the material is showed after a few

ycles (see reference [28]) and it is more pronounced for higher
ates as it is expected for a kinetic effect. The good behaviour on
ycling has also been observed in the outstanding reversibility
f the CV plot. Table 2 shows the capacity retention percent-

able 2
apacity retention percentage for 50 cycles at different rates

/10 97.5
/5 98
/1 98.7
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Fig. 6. Capacity retention study at different rates.

ge for 50 cycles at different rates. This parameter is, in most
ases, over 97% of the maximum specific capacity, in the range
howed by other reported samples. This satisfactory response
ay be attributed to small particle size and a good carbon

oating.
A parameter to take into account for practical applications

s the “tap density” of the electrode material. The approxi-
ate value obtained for LiFePO4/C is 1.2 g cm−3, a third of

.6 g cm−3, the crystallographic density of the compound. The
elatively low temperature of firing, in addition to the large
raction of carbon, results in low value of this parameter.

The electrochemical performance of the freeze-dried sample
s excellent, in spite of its no perfect homogeneous morphology
nd its low conductivity value of around 10−7 S cm−1. Com-
aring with similar materials obtained by different synthetic
ethods, this sample offers similar discharge behaviour to those

repared by other solution methods, such as coprecipitation or
ol–gel. In order to improve the results, it could be desirable to
educe the amount of carbon in the sample to a medium value
f 5%, for example, what would lead to a greater proportion
f active material per gram of composite. With this objective,
everal possibilities are being tried, including the change in
omplexing agent proportions and the use of oxygen plasma
reatment to eliminate part of the carbon produced.

. Conclusions

The freeze-drying method is a new synthesis procedure use-
ul to prepare LiFePO4/C composites. The obtained material
resents the required purity, adequate morphology and a good
lectrochemical performance. The observed specific capacity
alues for the different cycling rates are fairly good. The capac-
ty retention study shows very optimistic results, with retention
ver 97% of the maximum values in the first 50 cycles. Although
he sample presents an elevated carbon content of 16.1% weight,

ts conductivity is slightly lower than observed in other materials
ith less carbon. This fact indicates that it would be advanta-
eous to reduce the amount of carbon in future samples in order
o maximize the active material in the composite.
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