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1. Introduction

Since the work of Goodenough and co-workers [1], the LiFePO4
has been recognized as a promising positive electrode material for

lithium rechargeable batteries because of its low cost, environmen-
tal compatibility and theoretical specific capacity of 170 mAh g−1.
Today it is under investigation for lithium-ion battery applica-
tion in second generation full hybrid electric vehicles (HEVs)
[2].

Several approaches have been pursued to achieve the theo-
retical capacity at room temperature (RT) including decreasing
particle size, particle coating with carbon [3] or co-synthesis of
the compound with carbon [4,5], addition of metals [6] or Fe2P
[7], and selective LiFePO4 doping with supervalent cations to
enhance lattice electronic conductivity [8]. Several kinds of syn-
thesis have also been employed, including solid-state reaction,
sol–gel, mechanochemical, hydrothermal, coprecipitation in aque-
ous medium, and more recently microwave (MW) synthesis [9–17].
Unlike the rapid MW-assisted syntheses, all the other methods
require a final heating step of several hours at high temperatures
in inert or reductive atmosphere (12–15 h at 500–700 ◦C under Ar
or Ar/H2) to yield LiFePO4 in the crystalline phase, with the excep-
tion of a long-duty time mechanochemical method involving higher
temperatures over shorter time [11]. The first MW synthesis of
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es,

d-state reaction from Li3PO4, Fe3(PO4)2·8H2O, carbon and glucose in a few
icrowave) oven with temperature and power control. The material was
ion, scanning electron microscopy and by TGA analysis to evaluate car-
al characterization as positive electrode in EC (ethylene carbonate)–DMC
was performed by galvanostatic charge–discharge cycles at C/10 to evalu-
uences of 10 s discharge–charge pulses, at different high C-rates (5–45C)
r in simulate operative conditions for full-HEV application. The maximum
icularly, pulse efficiency values are quite high and make MW synthesis a
production of LiFePO4/C for full-HEV batteries at low energy costs.

© 2008 Elsevier B.V. All rights reserved.

LiFePO4 was carried out by Higuchi et al. [13] in a MW domes-
tic oven (2.45 GHz) in Ar atmosphere for a few minutes starting
from Li2CO3, NH4H2PO4 and iron (II) acetate or lactate. Park et al.
[14] used MW heating as an alternative to a furnace to crystal-
lize LiFePO4, given that it was hard to prepare the pure iron (II)
compound in a furnace, and they added activated carbon to the
LiFePO4. Carbon, which is a MW susceptor, provided rapid heating

and its partial oxidation to CO2 produced a reductive atmosphere
which preserved the iron (II) in its oxidation state. More recently,
Song et al. [15] irradiated in a domestic MW oven a mixture of
Li3PO4, Fe3(PO4)2·8H2O and carbon, previously ground in a high
energy ball-mill, to obtain fine particles of LiFePO4. Wang et al. [16]
prepared LiFePO4 by MW irradiation of NH4H2PO4, CH3COOLi and
FeC2O4·2H2O mixed with different amounts of citric acid in a self-
assembly carbon seal reactor. Li et al. [17] synthesized LiFePO4 from
NH4FePO4·H2O, Li3PO4 and sugar mixed by ball milling for 24 h and
pressed into pellets which were put inside an alumina crucible filled
with carbon and irradiated in a MW domestic oven for different
time from 5 to 20 min.

MW synthesis of LiFePO4, which has the great advantage of
short synthesis time in air instead of Ar or Ar–H2 atmosphere as in
lengthy furnace firing processes, is a promising approach to mass
LiFePO4 production at low-energy cost for HEV application. Given
that there has been no investigation of MW synthesized LiFePO4
for HEV application, we performed several MW syntheses of this
material in a scientific MW oven starting from a solid mixture of
Li3PO4, Fe3(PO4)2·8H2O, carbon and glucose. After structural and
morphological characterization, we electrochemically investigated
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which tunes the MW power and triggers the cooling system, and
the external which monitors the temperature of the sample sur-
face. Fig. 1 shows the MW power and temperature profiles, which
are representative for all the syntheses in these conditions. During
the first 300 s, the oven provides MW irradiation at the set value of
300 W, at the beginning the temperature monitored by the two sen-
sors slightly increases to 120 ◦C; thereafter the two temperatures
differ, the external increasing and the internal remaining almost
constant until its abrupt increase (also recorded by external sen-
sor) to the Tmax value of 300 ◦C. The feedback system then tunes
the MW radiation power to ca.10 W and the air-compressor auto-
matically provides cooling to maintain the temperature at 300 ◦C.
All syntheses were stopped after the abrupt temperature increase,
i.e. after MW radiation of 4.5–6.5 min (after 350 s for the synthesis
in Fig. 1).

All the XRD analyses performed on synthesized materials dis-
played the same diffraction pattern and, as shown in Fig. 2, the
peaks correspond to those of the LiFePO4 (the standard LiFePO4 XRD
is also reported in the figure), thus demonstrating the effectiveness
of MW syntheses in the production of a pure LiFePO4 crystalline
phase in a few minutes. The crystallite size was evaluated from
876 S. Beninati et al. / Journal of P

the synthesized materials by pulse tests at high C-rate for full-HEV
application. The results are reported and discussed.

2. Experimental

The scientific MW oven (2.45 GHz) was a single-mode CEM Dis-
cover connected to an air compressor system that automatically
provided cooling and assisted the MW power tuning in order to
not overcome the maximum set temperature (Tmax). This apparatus,
described in details elsewhere [18], operates in continuous power
generation from 0 to 300 W and the maximum programmable Tmax

is 300 ◦C, measured at the bottom of the sample quartz vessel of
10 ml by an internal infrared sensor located below the MW cav-
ity. An external pyrometer (Impac-Mikron infrared pyrometer) was
also used to monitor the surface temperature of the sample upon
the synthesis.

The MW syntheses of LiFePO4 were carried out by irradiating
0.7 g of sample containing 88.0 wt% of Fe3(PO4)2·8H2O (home pre-
pared) and Li3PO4 (Aldrich) in the stoichiometric ratio, 3.4 wt%
carbon (SuperP Erachem) and 8.6 wt% glucose (d-(+)-Glucose ACS
reagents, Sigma–Aldrich), previously ground in an agate jar by ball
milling at 250 rpm for 30 min, and the MW power and Tmax were set
at 300 W and 300 ◦C, respectively. The precursor Fe3(PO4)2·8H2O
was prepared in de-ionized water from FeSO4·7H2O (Aldrich) and
ortho-phosphoric acid (Fluka, ≥99%) in the molar ratio 1:1 at pH
11.0 and dried at room temperature to avoid elimination of H2O
molecules from the crystalline structure.

X-ray diffraction (XRD) analysis of the powders was performed
with a Philips PW1710 diffractometer, a Cu K� (� = 1.5406 Å) radi-
ation source and Ni filter, with continuous acquisition in 10–80◦

2� range, 0.05◦ 2� s−1 scan rate; infrared spectrum was col-
lected by a FT-IR Nicolet 380 spectrometer with 32 scans in the
range 4000–400 cm−1 and 4 cm−1 resolution; the scanning electron
micrographs (SEM) were acquired with a Zeiss EVO 50 appa-
ratus; the nitrogen adsorption porosimetry measurements were
carried out on the powders, dried for 2 h at 80 ◦C before testing,
by Micromeritics ASAP 2020 system. The thermogravimetric anal-
ysis (TGA) was carried out by Mettler Toledo TGA/SDTA A851 from
room temperature to 700 ◦C with a heating rate of 5 ◦C min−1 in O2
flux.

Electrochemical characterizations were performed on elec-
trodes prepared as follows: a mixture of LiFePO4/C and carbon
Super P in appropriate ratio was ground by ball milling at 500 rpm

for 1 h in agate jar with water addition (10 ml), dried at 120 ◦C
under vacuum overnight, and added to a poly(vinylidene fluo-
ride) (PVdF, Fluka) solution in N-methyl-2-pyrrolidone (Fluka);
the slurry was spread on aluminium current collector (10 �m
thickness) by doctor blade technique and then dried at 100 ◦C
for 12 h under dynamic vacuum. The electrode composition was
78 wt% LiFePO4/C, 14 wt% carbon conducting additive and 8 wt%
PVdF binder, the electrode area ca. 0.6 cm2 and the loading of
the active material ca. 3–4 mg cm−2. The electrochemical cells
were “T-type” with Li in excess as the counter electrode and
Li as reference electrode; a dried and degassed glass separator
(Whatman GF/D 400 �m thick) was used after soaking in the
same electrolyte used in the electrochemical cell, ethylene car-
bonate (EC):dimethylcarbonate (DMC) 2:1–1 M LiPF6 (Merck LP31).
The cell assembling and sealing were performed in argon atmo-
sphere MBraun Labmaster 130 dry box (H2O and O2 < 1 ppm)
and the cells were tested from RT to 60 ◦C by deep galvanos-
tatic charge–discharge cycles at C/10 for the evaluation of the
reversible specific capacity, and at RT by sequences (10 or 100)
of 10 s discharge and 10 s charge pulses at different high C-rates
(5–45C) with 5 min rest between each pulse, for evaluation of
Sources 180 (2008) 875–879

the pulse-specific powers in simulated operative conditions for
full-HEV application. The HEV pulse tests were performed after
discharging the cell to 50% DOD at C/10. All the electrochemical
tests were carried out by PerkinElmer VMP multichannel potent-
iostat.

3. Results and discussion

3.1. MW synthesis and structural—morphological
characterization

Starting from solid mixtures of Li3PO4–Fe3(PO4)2·8H2O–
carbon–glucose of same composition, we performed several MW
syntheses in air by setting MW power and Tmax at the maximum
values for the scientific MW oven (300 W and 300 ◦C) so as to
minimize synthesis time. The carbon in the mixture absorbs MW
radiation, and the glucose was added to provide the carbon coat-
ing of the final product, which in turn should even inhibit crystal
growth, as reported in Ref. [19]. During all the syntheses, temper-
ature was monitored by the two sensors, the internal pyrometer
Fig. 1. MW power and temperature profiles detected by the internal (dot line) and
the external (continuous line) pyrometer.
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Fig. 3. X-ray diffraction patterns of the sample A, sample B, and of the precursors
Fe3(PO4)2·8H2O and Li3PO4.

Fig. 5 shows an example of TGA analysis: the sample is heated in
an O2 flux up to 700 ◦C and the weight loss is 0.9%. Given that
the LiFePO4 is completely oxidized to Li3Fe2(PO4)3 and Fe2O3 at
this temperature [22], the weight should increase by 5.1%, and a
decrease of 0.9% indicates a carbon content in the LiFePO4/C sample
S. Beninati et al. / Journal of P

Fig. 2. X-ray diffraction pattern of the MW synthesized and the standard LiFePO4.

the 200 peaks by Scherrer’s equation and the values were in the
range of 20–37 nm. The crystallites are significantly smaller than
those of LiFePO4 prepared by solid-state synthesis with annealing
at 600 ◦C for 18 h (125 nm) [9] or by mechanochemical synthesis
followed by heat treatment in the range 550–800 ◦C for a shorter
time (77–520 nm) [11].

Although the crystallites compare well to those of other MW
synthesized LiFePO4 (24, 35 58 and 36 nm for MW radiation time
of 5, 10, 15 and 20 min) [17], we were unable to control in our
reported range their size by synthesis time. This because the effec-
tive LiFePO4 synthesis mainly occurs in less than 1 min during the
abrupt increase in temperature. This is demonstrated in Fig. 3,
which displays the XRD patterns of samples A and B that were
the products of the MW syntheses that were stopped before this
rapid increase, i.e. 150 s (sample A) and 275 s (sample B) from the
beginning of MW radiation.

Fig. 3 also shows for comparison the XRD profiles of the pre-
cursors Li3PO4 and Fe3(PO4)2·8H2O and clearly evinces that only
the precursors are present in sample A and that a small amount
of LiFePO4 was produced in sample B. Furthermore, given that
during MW heating of carbon alone (result not displayed here)
the temperature quickly increases to 600–1000 ◦C the slow ini-
tial increase during the MW syntheses of LiFePO4 is related to a
restraining effect of the precursors on the MW carbon heating: the
precursors, which do not absorb the MW radiation, are heated by

the carbon, and heat is also involved in the evaporation of the
crystallization water of the Fe3(PO4)2·8H2O. Once the water has
completely evaporated, the internal sensor detects the tempera-
ture increase after the external sensor does. This is presumably
due to the different location of the sensors, i.e. the external is
directly on the powder and the internal at the bottom of the sam-
ple that is in a quartz vessel which is MW transparent and heated
by conduction. However, given that it is toward the end of the pro-
cess that the MW radiation provides the large amount of LiFePO4,
and given the delay of the internal sensor, we can state that the
final product experienced temperatures higher than 300 ◦C for no
more than 1 min, reaching a maximum 600–700 ◦C for a few sec-
onds, i.e. a time which is too short for feasible control of crystallite
size.

FT-IR analysis was performed on the MW synthesized material.
Fig. 4, which displays the transmittance spectrum, shows that all
the bands are characteristic of LiFePO4 [20] to the exclusion of a
no-recognized, low-intensity band at 1400 cm−1, which we think
is due to a negligible impurity.

Given that we expected to synthesize carbon-coated materials
the amount of carbon was evaluated by TGA analysis as in Ref. [21].
of 6 wt%. Samples of different MW syntheses displayed C content
in the 3–6 wt% range.

Fig. 4. FT-IR spectrum of MW synthesized LiFePO4.
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Fig. 5. The TGA curve in O2 flux of the MW synthesized LiFePO4/C.

Fig. 6 is a SEM image of the MW synthesized LiFePO4/C powder
after hand-grinding in a mortar and shows aggregates of small par-
ticles with diameters of less than 100 nm. By absorption isotherms

of N2 at 77 K, the BET surface area of the LiFePO4/C was 16 m2 g−1,
a value which compares well with that of materials obtained by
sol–gel but is lower than that of materials prepared by solid-state
synthesis (44 m2 g−1) [23].

3.2. Electrochemical tests

Electrodes prepared from LiFePO4/C and carbon-conducting
additive ground by ball milling to reduce aggregate size and
improve the electric contact among the particles were tested in
EC:DMC 2:1 with 1 M LiPF6 by deep galvanostatic charge–discharge
cycles at C/10 between 2.8 V and 4.3 V vs. Li to evaluate reversible
specific capacity. The delivered charge at the second cycle ranged,
at RT, from 80 to 117 mAh g−1 of the active material, and increased
with temperature, as expected, up to the maximum value of
125 mAh g−1 at 45 ◦C and of 131 mAh g−1 at 60 ◦C. The decrease
of the discharge cut-off to 2.2 V increased the delivered charge by
ca. 20% at each temperature. Although the values are lower than
the theoretical specific capacity, the coulombic efficiency of the
cycles was quite high (100%), as shown in Fig. 7, which displays

Fig. 6. SEM image of the MW synthesized LiFePO4/C.
Fig. 7. Second charge–discharge galvanostatic cycle at RT and C/10 of MW LiFePO4/C
electrode.

the charge–discharge curves at RT and at 17 mA g−1 of the active
material of the best performing electrode in terms of specific capac-
ity. The figure also indicates that the two-phase voltage plateau
in charge and discharge differ less than 0.1 V. This is important
for HEV application since the battery is charged and discharged
on board around an intermediate state of charge, i.e. it operates
in the so-called ‘charge-sustaining’ mode. Indeed, the battery pro-
vides more than a hundred shallow cycles per day at high C-rate,
never approaching the fully charged or discharged state, and low
irreversible losses for charge transport in the electrode materials is
one of the main goals.

To simulate conditions of battery application in HEV, LiFePO4

electrodes were tested at RT by sequences of galvanostatic pulses
of discharge and charge, each of 10 s at 15C, with 300 s rest in open
circuit between each pulse; each sequence involved 100 charge and
100 discharge pulses and was carried out after full galvanostatic
charge and partial discharge (50% DOD) of the cell at C/10. Table 1
summarizes some results of three sequences performed on an elec-
trode with loading of 0.51 mAh cm−2 involving specific current
pulses of 2.6 A g−1 of active material and shallow charge–discharge
corresponding to 4.2% of theoretical capacity. The table shows, for
the 10th and 100th pulses of each sequence, the end voltage of the
10 s discharge (Vep), the pulse-specific power related to the active
material (P), which was calculated from the delivered energy in the
10 s pulse, and the pulse efficiency (�p), calculated as the ratio of
the experimental energy to that which would be provided if all the
charge is delivered at 3.4 V without any irreversible potential loss
during the 10 s discharge pulse.

The data in Table 1 show the very good performance of the elec-
trode: the three sequences are similar, in each the potential losses
during the discharge pulses even decreased with pulse number and
never exceeded 0.6 V, so that the pulse efficiency was quite high.

Table 1
Pulse end voltage, specific power and efficiency of the 10th and 100th
charge–discharge 10 s pulses at 15C

Sequence Pulse number Vep (V) P (kW kg−1) �p (%)

First 10 2.81 7.96 92
100 3.09 8.22 95

Second 10 2.93 8.18 94
100 3.05 8.25 95

Third 10 2.93 8.20 94
100 3.04 8.24 95
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Table 2
Specific current, pulse end voltage, specific power and efficiency of the 10th
charge–discharge 10 s pulse at different C-rate from 5C to 45C of electrode 1
(0.51 mAh cm−2) and 2 (0.66 mAh cm−2)

Electrode C-rate Specific current (A g−1) Vep (V) P (kW kg−1) �p (%)

1

5 0.8 3.29 2.83 98
10 1.7 3.21 5.57 96
15 2.6 3.12 8.23 95
20 3.4 2.99 10.76 93
25 4.6 2.85 13.08 90
30 5.1 2.67 15.28 88
35 6.0 2.46 17.21 85
40 6.8 2.20 18.90 82
45 7.7 1.88 20.20 78

2

5 0.8 3.16 2.75 95
10 1.7 2.92 5.30 92
15 2.6 2.69 7.65 88
20 3.4 2.43 9.77 85
25 4.6 2.13 11.76 81
30 5.1 1.77 13.36 77
35 6.0 1.40 14.45 71
40 6.8 1.03 15.11 65

This means that when the cell operates at 15C with pulse power of
8 kW kg−1 (with respect to the active material), less than 10% of the
available energy is lost via irreversible processes.

Since the end voltage of the pulse discharge cannot be lower than
2.2 V according to US DOE standards for HEV battery application,
we evaluated the maximum specific power that these electrodes
can provide by taking into account this limit as estimated vs. Li
for comparison with recently reported data [24]. Sequences of 10 s
discharge–charge galvanostatic pulses at RT were performed at
different C-rates from 5C to 45C, with 5C increment. Each pulse
was followed by 300 s in open circuit, but at each C-rate the
sequence involved only 10 charge and 10 discharge pulses and
all the sequences from 5C to 45C were carried out after galvano-
static full charge and partial discharge of the cell (50% DOD) at
C/10. Table 2 has the results of the 10th pulse at each C-rate per-
formed on two electrodes with different loading, i.e. electrode 1
with 0.51 mAh cm−2 and electrode 2 with 0.66 mAh cm−2. The max-

imum specific power values for electrode 1 and 2 are 18.9 kW kg−1

and 11.4 kW kg−1 (interpolated value) of active material at current
pulses of 6.8 A g−1 and 4.1 A g−1, respectively; the 82% pulse effi-
ciency is very high for both electrodes. These results compare well,
and even outperform, those recently reported for conventionally
prepared LiFePO4 cathode materials [24]. The maximum specific
power claimed for the latter, with 84% active material and load-
ing of ca. 1 mAh cm−2, was 3.88 kW kg−1 of total electrode mass,
including current collector mass of 3.22 mg cm−2, and pulse effi-
ciency ranged from 60% to 70%. The electrodes we prepared had 77%
LiFePO4/C and 3.34 mg cm−2 current collector. If we take electrode
2, the worst performing, the maximum specific power per total
electrode mass is 5.18 kW kg−1 and energy losses of 20% instead of
30–40%.

4. Conclusions

Our results confirm the efficacy of MW synthesis for nanometric
LiFePO4. However, we were unable to control crystallite size in the
range 20–37 nm because of the very short effective synthesis time,
which may be related to the fact that, unlike the domestic version,
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the scientific MW oven operates in single-mode and assures a more
homogeneous irradiation of the sample.

Despite the low delivered charge during deep galvanostatic dis-
charge at C/10, the MW LiFePO4/C electrodes tested in EC–DMC
1 M LiPF6 and at RT provided very good results when shallow
charge–discharge pulses were performed to simulate operating
conditions of batteries for HEV. The maximum specific power and,
particularly, the 80% pulse efficiency of these electrodes exceeded
the values for conventionally prepared LiFePO4. This makes MW
synthesis of LiFePO4/C a very promising route for mass production
at low energy costs of this positive electrode material for full-HEV
batteries.
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