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bstract

An easy, quick and low cost hydrothermal synthesis was developed to prepare high surface area phospho-olivine LiFePO4 powders to be used as
athode material for Li-ion batteries. The samples were prepared in double distilled water starting from commercial LiOH, FeSO4, H3PO4 and using
olutions with different concentrations of a surfactant compound (CTAB), in order to increase the specific surface areas, obtaining powders with very
mall grain size. The structural, morphological and electrochemical properties were investigated by means of X-ray powder diffraction (XRPD),

CP-AES, BET method, scanning electron microscopy (SEM) and constant current charge–discharge cycling. The electrochemical performances
f LiFePO4 prepared in this manner showed to be positively affected by the presence of CTAB during synthesis, showing capacities near the
heoretical value, only slightly affected by the discharge regime (from C/20 to 10C).

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that the main efforts in the development
f Li-ion systems regard the portable electronic devices, like
ortable phones, camcorders and lap-top computers, trying to
ncrease the battery power density, and the huge market of elec-
ric vehicles (EVs) and hybrid-electric vehicles (HEVs) where
ow cost, low pollution but high specific performance batter-
es are needed [1,2]. In particular, the investigation into new

aterials for the positive electrode is one of the basic lines of
esearch.

Since the pioneering works of Padhi et al. [3], mixed
rthophosphates LiMPO4 (where M = Mn, Fe, Co, Ni) isostruc-
ural to olivine have been intensively studied as lithium insertion
athode materials for the next generation of Li-ion secondary
atteries [4]. Among these compounds, the mineral triphylite,

aving the formula LiFePO4 and showing an ordered olivine
tructure, has proved to be one of the most promising among the
olyanionic compounds tested over recent years [3,5].

∗ Corresponding author. Tel.: +39 011 5644638; fax: +39 011 5644699.
E-mail address: claudio.gerbaldi@polito.it (C. Gerbaldi).
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This compound shows several advantages compared with
onventional cathode materials such as LiCoO2, LiNiO2 and
iMnO2, namely it is lower in toxicity and relatively inexpen-
ive. In addition, LiFePO4 has an interesting theoretical specific
apacity of about 170 mAh g−1, a good cycle stability and a
echnically attractive flat voltage versus current profile of 3.45 V
ersus Li+/Li, due to the two-phase extraction/insertion mecha-
ism. A further advantage of this material, thanks to its stability,
s the improved safety at high temperatures compared to the
ransition-metal oxides that lose oxygen on overcharging, which
ncreases the probability of electrolyte decomposition at higher
emperatures.

Lithium iron phosphate, at the first charge, can de-intercalate
Li+ ion per formula unit, corresponding to the oxidation of

e2+ to Fe3+. The extraction of Li+ ions gives rise to a new phase,
ePO4 (heterosite), which maintains nearly the same structure: a
nd b lattice constants decrease slightly while c increases [2,3].
his feature assures that the process is highly reversible and

epeatable.

The first investigations on LiFePO4 as electrode material

ave put in evidence that the capacity reached at room temper-
ture is far below the theoretical one. Moreover, a reversible
apacity loss is present throughout the charge–discharge cycles,
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ncreasing with the current density [3,5]. This capacity loss
eems to be related to the limited area of the interface between
he LiFePO4/FePO4 phases where the Li+ extraction/insertion
akes place. According to Andersson and Thomas, the factor
imiting the full conversion of LiFePO4 to FePO4 is based on
he combination of low lithium ion diffusion rate and poor
lectronic conductivity [6].

It has been readily recognized that the grain size is a critical
ssue to minimize high current capacity loss; e.g. Yamada et al.
btained 95% of theoretical capacity at room temperature and at
urrent density higher than 0.1 mA cm−2 using samples having
0 �m particle size [5].

Apart from increasing temperature, which can have a posi-
ive influence but is impractical for Li-ion batteries directed to a
ide market, another possible way of improving LiFePO4 per-

ormance has been followed by Ravet et al. [7,8], who succeeded
n coating the grains with carbon, so improving the capacity
hrough an increase of conductivity. The same method was
ndertaken by many researchers using organic materials, like
ucrose, added during preparation [9,10]. Our research group,
n particular, carried out investigations on phospho-olivine com-
ounds using ascorbic acid and citric acid as carbonaceous
dditives [2,11]. Prosini et al. obtained interesting results by
dding fine particles of carbon black during the synthesis [12].
roce et al. improved the kinetic properties of LiFePO4 by dis-
ersing copper or silver into the solution during synthesis [13].
he finely dispersed metal powder promoted a reduction of par-

icle size and an increase in the material conductivity. It was
lso claimed that the electronic conductivity of LiFePO4 could
e increased by doping with metals supervalent to Li+ (i.e. Mg2+,
l3+) [14].
The next logical step was to try to get an efficient charge trans-

ort preparing a homogeneous active material with refined grains
ize and intimate carbon contact. Huang et al. [15] obtained
igher current density capacities from a LiFePO4/C composite
ontaining 15% of carbon and a 100–200 nm particle size. In a
eview article, illustrating the progress in the design of olivine-
ype cathodes at Sony, Yamada et al. [16] showed a cathode

aterial preparation involving an addition of a “disordered con-
uctive carbon” added to the precursor of the material, being 3%
he minimum amount, and a subsequent stage of high energy ball

illing to get nano-scale homogenized particles.
Experience in this field has clearly shown that carbonaceous

aterials added to the precursors during synthesis have a fun-
amental importance in increasing the LiFePO4 performance.
hey can act as reducing agents to avoid the formation of triva-

ent Fe ions during firing, maintain the particles isolated from
ach other preventing their coalescence and enhance intra and
nter particle conductivity. The choice of the additive is, there-
ore, of marked importance: it will exert the deep influence
reviously described only if it can take part in the process
tself, like in the synthetic routes followed by Huang et al.
15].
In this context, the kind of synthesis used becomes important
oo. Initially, the most common way of synthesizing LiFePO4
as the solid-state route [5,17], that we also followed in our
rst investigations [2,11]. Nevertheless, we obtained higher per-

n
s
(
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orming LiMPO4 (where M = Fe, Mn) materials via a sol–gel
ynthetic route [18]. The amorphous precursors used allowed
he production of sub-micrometric agglomerates smaller than
hose prepared via solid-state route and produced a very homoge-
eous carbon dispersion in the phosphate phase. More recently,
ydrothermal preparation has been preferentially chosen for its
dvantages: quick, easy to perform, low cost in energy and eas-
ly scalable. Yang et al. [10] obtained 3 �m LiFePO4 particles,
maller than the 20 �m LiFePO4 grains obtained by Yamada et
l. [5] with a solid-state reaction.

Our recent investigations, of which the first results are
eported in the present paper, concern the hydrothermal synthe-
is of LiFePO4 powders using an organic surfactant compound
hexadecyltrimethylammonium bromide, hereafter reported as
TAB), which is added during synthesis. Our aim was to inves-

igate the influence of this additive on the preparation of the
aterials. As a dispersing agent it probably modifies the struc-

ure of the crystallites more deeply than just decrease their
rain size. Moreover, with the firing of the synthesized sam-
les in inert atmosphere, the CTAB remaining after the filtering
tage gives rise to a carbon coating that increases the con-
uctivity of the materials and enhances their electrochemical
erformance.

. Experimental

.1. Synthesis

The lithium iron phosphate samples were prepared by
irect mild hydrothermal synthesis. Starting materials were
eSO4·7H2O (Aldrich, purity 99%), H3PO4 (Aldrich, purity
85%), LiOH (Aldrich, purity >98%) in the stoichiometric ratio
:1:3 and hexadecyltrimethylammonium bromide (Aldrich,
19H42BrN, CTAB). First of all, a CTAB water solution was
repared, stirring the white powder in distilled water at 35 ◦C for
pproximately 30 min in order to completely dissolve it. FeSO4
nd H3PO4 water solutions were prepared and mixed together.
he resulting solution was then added to the surfactant solution
nder constant stirring and only in the end, so avoiding the for-
ation of Fe(OH)2 which can be easily oxidized to Fe3+, LiOH
as added. The mixture, whose pH ranged between 7.2 and 7.5,
as vigorously stirred for 1 min and then quickly transferred

n a Teflon-lined stainless steel autoclave and heated at 120 ◦C
or 5 h. The autoclave was then cooled to room temperature and
he resulting green precipitate washed, via a standard procedure
o ensure complete elimination of the excess of surfactant, fil-
ered and dried at 40 ◦C overnight. The heating treatment was
arried out in inert atmosphere to avoid the oxidation of Fe2+

o Fe3+: the powders were pre-treated at 200 ◦C (heating rate of
.0 ◦C min−1) and then fired at 600 ◦C (2.0 ◦C min−1) in pure N2
or 12 h in order to obtain the crystalline phase and to carbonise
he surfactant, so obtaining a carbon film that homogeneously
overs the grains.
The four samples obtained in this manner are hereafter
amed LF1 (sample obtained without CTAB addition during
ynthesis), LF2 (4.11 mmol CTAB added during synthesis), LF3
6.87 mmol CTAB) and LF4 (13.70 mmol CTAB).
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Table 1
Elemental composition of the materials (expressed in wt% of total weight)

Sample CTAB (mmol) Li (wt%) Fe (wt%) P (wt%) C (wt%)

LF1 0.0 3.5 35.4 14.6 –
LF2 4.11 3.7 33.5 15.6 1.11
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decomposition of the organic species, still present after washing
and filtering, has to be expected. Nevertheless, there is no evi-
dence of such phase in the diffraction patterns, probably because
18 G. Meligrana et al. / Journal of

.2. Chemical, structural analysis and surface area
etermination

Quantitative elemental analysis was carried out by induc-
ively coupled plasma-atomic emission spectroscopy (ICP-
ES) with a Varian Liberty 100 instrument. The samples were
igested in hot concentrated HCl:HNO3 = 3:1 mixture. The
eight percentage of carbon in the samples was determined by
C, H, N Analyzer model 1106 Carlo Erba Strumentazione.

The X-ray diffraction profiles of the samples were obtained
sing a Philips Xpert MPD powder diffractometer, equipped
ith Cu K� radiation (V = 40 kV, i = 30 mA) and a curved
raphite secondary monochromator. The diffraction data were
ollected in the 2θ-range between 15 and 80◦, with an acquisition
tep of 0.02◦ and a time per step of 10 s.

The samples were also submitted to a scanning electron
icroscope (SEM) investigation for morphological character-

zation, using a Hitachi S800 microscope (INSA, Lyon) with a
agnification of 6 × 104.
Specific surface areas (SSA) were determined using the

runauer, Emmet, Teller (BET) method on an ASAP 2010
icromeritics instrument. Prior to adsorption, approximately

0.0 mg of solid was placed in the cell and evacuated at 350 ◦C
or 5 h.

.3. Cathode and cell preparation, electrochemical tests

The electrodes for the evaluation of the electrochemical
roperties were prepared spreading on an aluminum current-
ollector, by the so-called “doctor blade” technique, a slurry of
he LiFePO4 active material (70 wt%) with carbon black as elec-
ronic conductor (Super P, MMM Carbon Belgium) (20 wt%)
nd poly(vinylidene fluoride) as binder (PVdF, Solvay Solef
020) (10 wt%) in N-methyl-2-pyrrolidone (NMP, Aldrich).
fter the evaporation of the solvent by a mild heating, disks
f 0.785 cm2 were punched out of the foil and dried by heat-
ng them at about 130 ◦C under high vacuum for 5 h. After their
ransfer in an Ar-filled dry glove box, the disks were weighed
efore their use in the test cells and, by subtraction of the average
eight of the Al disks, the weight of the coating mixture was cal-

ulated. The composite electrodes were used in three electrode
-cells with lithium metal as anode and a glass-wool (Whatman
F/A) disc as the separator. The liquid electrolyte used was 1 M
iPF6 in a 1:1 mixture of ethylene carbonate (EC) and diethyl
arbonate (DEC) (Merck).

The galvanostatic cycling tests were carried out at room
emperature with an Arbin Instrument Testing System model BT-
000, setting the cut off voltages to 2.50–4.00 V versus Li+/Li.
he charge–discharge cycles were set at the same rate ranging

rom C/20 to 10C.

. Results and discussion
.1. Chemical and structural characterization

Elemental analysis results gave the basic characterization of
he synthesized materials. The results, reported in Table 1, show

F
u
f
L
p

F3 6.87 3.8 33.1 15.8 1.52
F4 13.70 4.1 33.9 17.8 4.80

hat for all the samples prepared using CTAB during synthesis,
he expected LiFePO4 stoichiometry was obtained. The molar
atio for Li:Fe:P is almost 1:1:1 for the three samples prepared
n the presence of CTAB; major divergences are observed in the
ase of sample LF1. As for carbon, it is interesting to observe that
he content is, for LF4, markedly superior to the other samples.

Fig. 1 shows the X-ray powder diffraction patterns of the sam-
les synthesized in the presence of the surfactant. The purity
egree is high: the main diffraction peaks can be attributed
o the orthorhombic LiFePO4 olivine-type phase. Some minor
eaks are due to impurities, which can be mainly attributed
o Li3Fe2(PO4)3, �-Fe and hematite Fe2O3. The sample LF4,
n particular, looks very pure and its narrow diffraction peaks
ndicate a good crystallinity degree. The sample LF1, prepared
ithout CTAB addition, is not reported in the figure as the
-ray powder diffraction data put in evidence a material consti-

uted by a mixture of various ferrous and ferric phosphates, like
e3(PO4)3·8H2O, Li3Fe2(PO4)3, Fe2O3 and only a little amount
f LiFePO4, a result somehow expected from the divergences
n the molar ratio. Therefore, this sample cannot be compared
ith the others, which are prepared in presence of CTAB.
As all the samples prepared in the presence of the surfac-

ant were submitted to a firing stage at 600 ◦C (2.0 ◦C min−1)
n pure N , the presence of a carbonaceous phase, due to the
ig. 1. X-ray powder diffraction patterns of the LiFePO4 samples, synthesized
nder hydrothermal conditions using different concentrations of the organic sur-
actant (CTAB) and calcined under flowing N2 at 600 ◦C for 12 h. (a) Theoretical
iFePO4, (b) LF2, (c) LF3 and (d) LF4. The asterisks indicate the reflection
eaks of the impurity phases.
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for the sample LF1 are not reported in these figures as they can-
not be compared to the others, being LF1 constituted by different
phases. The curves put in evidence the superior performance of
LF4 sample, which, in addition, shows a more definite discharge
Fig. 2. Scanning electron micrographs of the LF2 (A) and

t is present in a low content and/or it is amorphous, causing only
little increase of the background in the low-angle region.

The SEM microphotographs, reported in Fig. 2A and B, put
n evidence the strong grain-refining effect of CTAB, which
s directly related to its amount. The sample LF2 shows grain
imensions of about 90–100 nm (Fig. 2A), while the size of the
F4 grains is estimated around 50 nm, see Fig. 2B. In the same
gure, the particles seem also more homogeneous in size with

ess signs of coalescence between the grains to form boulders
ike in Fig. 2A. This effect of refining and homogenizing the
ize of the grains induced by the presence of an organic species
as been already reported [5,15,16]. Our experience states that,
n this respect, CTAB appears one of the most effective additive
ested [2,11,18].

A confirmation, quite valuable being quantitative, of the posi-
ive influence of the surfactant on the grain characteristics comes
rom specific surface area measurements with the BET method.
he data reported in Table 2 show that CTAB markedly enhances

he specific surface area of the powders. The sample LF2 shows
specific surface area almost three times more extended than

he sample prepared without CTAB. Also important is the fact

hat this increase is dependent on the amount of CTAB; in fact,
he data indicate an almost linear dependence of SSA versus

mol of CTAB in the synthesis solution. Unfortunately, due to

able 2
pecific surface area (SSA, m2 g−1) related to the molar amount of CTAB
mmol) used in the synthesis of the different samples

ample SSA (m2 g−1) CTAB (mmol)

F1 4.27 0
F2 11.60 4.11
F3 26.80 6.87
F4 44.70 13.70 F

o

B) samples, both annealed at 600 ◦C in inert atmosphere.

olubility limitations, it is difficult to investigate the effect of the
resence of CTAB in higher amounts.

.2. Electrochemical measurements

The electrochemical performance of the materials, tested in
laboratory cell versus a lithium metal anode, are shown in

igs. 3 and 4. The figures report the galvanostatic discharge pro-
les of the samples at C/20 (Fig. 3) and C/5 (Fig. 4) extracted
rom cycling tests carried out at increasing C-rates. The results
ig. 3. Discharge profiles vs. lithium at C/20 for the LiFePO4 samples (3rd cycle
f the cycling test, 3rd cycle at C/20). Current density = 8.5 mAh g−1.
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regime the sample LF4 still maintains the 65% of the theoretical
ig. 4. Discharge profiles vs. lithium at C/5 for the LiFePO4 samples (18th cycle
f the cycling test, 3rd cycle at C/5). Current density = 34 mAh g−1.

tep with a steep potential decay at its end. A second point of
nterest is the similar specific capacity value shown by the sam-
le LF4 at the two discharge regimes chosen, suggesting the
pparent independence from the discharge rate. Unfortunately,
his is not completely true: this feature depends from the par-
icular ongoing of the first cycles of sample LF4, as it will be
iscussed in the following figures.

The specific capacity of the samples at higher current regimes
nd their cyclability are interesting too. Fig. 5 shows the cycling
ehaviour of the samples LF2, LF3 and LF4 at room tempera-
ure, at charge–discharge regimes ranging from C/20 to 1C. In
eneral, all the curves show a good cycling stability at a cer-
ain regime, the charge coefficient (charge capacity/following
ischarge capacity) being very near to one. The results of the
ost recent durability tests with hundreds of cycles, confirm

his statement. A feature peculiar only to sample LF4 is the pro-

ressive lowering of the charge capacity at the initial cycles,
hile the discharge capacity correspondingly increases. This

ow performance at the beginning explains the similar value of

ig. 5. Cycling performance of LF2, LF3 and LF4 samples at C-rates from C/20
o 1C.

c
C
o

F
1
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pecific capacity detected in Fig. 4 with respect to Fig. 3. Such
nbalanced situation soon stabilizes giving values of the charge
oefficient near 1. This initial behaviour, not so evident in the
ther samples, seems to be tied to the initial cycling phase; it
as the appearance of an “induction” period during which the
aterial stabilizes its behaviour.
The progressive increase of the discharge capacity is not a

ew feature. Similar phenomena have been reported by several
uthors [4,12,15,22,23], some of which did not try an explana-
ion whatsoever. Zhang et al. [23], considered LiFePO4 samples
repared with a carbon content of 3–10 wt%, all showing this
ncrease in capacity during initial cycling. Such initial irre-
ersibility, has been related, at least partially, to a “self doping
f Li+ ions into Fe sites”. At the moment, lacking any clarify-
ng experimental finding, we can only relate the phenomenon
o the high amount of carbon present in the sample LF4. We
uppose that the extended carbon layer which covers the grains
llows the complete migration of Li+ ions outside the mate-
ial causing structural modifications inside the grains and at the
nterface between LiFePO4 and carbon layer. The situation is
rogressively restored during what have been called the induc-
ion cycles. A deeper insight of this topic can be achieved by
etting additional structure information (e.g. from Raman spec-
ra and Rietveld refining of X-ray powder diffraction patterns).

The plot of Fig. 6 reports the results of another cycling test on
ample LF4, at room temperature, extended to 10C. Apart from
he confirmation of the very good performance, the plot puts in
vidence the good cycling stability of this sample, which shows
high rate capability and even a slight progressive improve-
ent of the charge coefficient at higher discharge regimes. The

erformance is at the level of the best results of the literature
4,15,17,19–21] and ours [2,11,18], particularly at higher dis-
harge regimes, which is very important.

The plot of Fig. 7 summarizes the performance of the studied
aterials with respect to the discharge rate until 10C, at which
apacity. The initial upward going of the LF4 curve for C/20 and
/10 cycling rates is a consequence of the anomalous behaviour
f the first cycles for this samples (see Fig. 5). So C/20 and

ig. 6. Charge–discharge cycling test of LF4 at different C-rate (from C/20 to
0C).
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ig. 7. Specific capacity of the samples at different C-rate (from C/20 to 10C).
ach value is the average among the capacity values of the cycles at the corre-
ponding rate.

/10, whose data come actually from the curve of Fig. 6, show,
n Fig. 7, a value of the specific capacity lower than C/5. Another
pecific feature of the sample LF4 is that the capacity loss with
he increasing of the current is quite limited. From C/10 to 10C
he capacity of LF4 shows a lowering of about 15%, while for
F2 and LF3 the value is doubled.

The experimental results presented allow to state that CTAB
nfluences the electrochemical properties of LiFePO4 in several
ays. Its action is exerted both during the very preparation of the
aterial and in the following firing stage. During synthesis, the
TAB micelles limit the growth of large crystallites, possibly
y segregating the crystalline seeds, favouring their dispersion
nd homogenizing their size. This leads to an increase of the
SA and it makes the electrolyte accessible to a more extended
egion of the active material. Then, during the firing stage at
00 ◦C in inert atmosphere, the surfactant exerts, as a carbona-
eous material, a reducing action preventing Fe2+ from being
xidized to Fe3+, so ensuring the purity of the samples. More
mportant, the carbon layer produced as a consequence of the
ring of the organic species, deposits on the grains surface and it
cts as an electronic conductor enhancing at a nanoscopic level
he transfer of electrons. Moreover, as the volume occupied by
he organic surfactant is lowered when carbon is obtained, voids
ould be formed between the particles, favouring the access
f the electrolyte and the passing of Li+ ions to and from the
aterial.
The sum of these phenomena allow to realize the optimum

onditions for LiFePO4 action as cathode material for lithium
on batteries. The role played by carbon is still to be put in
vidence experimentally: our first HR-TEM observations of the
amples (not reported here) seem to confirm our point of view.

. Conclusions
An easy, quick and low cost hydrothermal synthesis in the
resence of an organic surfactant compound (CTAB) allowed to
repare LiFePO4 powders with outstanding features as cathode
aterial for Li-ion cells.

[

[
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The results obtained in this work have shown that the presence
f CTAB is essential to obtain the desired material; moreover,
hen it is added in high amounts, the cycling performance and

he discharge capacity of the samples are markedly enhanced
nd present typical features.

CTAB leads to the preparation of powders with finely dis-
ersed nanocrystalline grains of pure material, also acting on
he degree of agglomeration of the grains and hence on the
xtent of the specific surface area. The pyrolysis of CTAB dur-
ng the firing step produces a strongly reductive atmosphere
hat prevents the oxidation of Fe2+ to Fe3+ ensuring the purity
f the synthesis product, and improves the conductivity of the
aterial with the in situ coated carbon film on the LiFePO4

articles.
The results presented in this paper have shown that the LF4

ample, prepared in presence of the highest amount of CTAB,
hows an electrochemical performance comparable to the best
iterature results.
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