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LiFePO4 (LFP) particles were obtained by grinding ingot synthesized in the molten state. This process,
followed by jet milling, and then wet milling, provides a simple way to obtain powders with controlled
particle size in the range from macroscopic to 25 nm. However, at this time, we find that these particles
tend to agglomerate to form secondary particles of size ~100 nm. The particles obtained by this process
are characterized by X-ray diffraction (XRD). In situ and ex situ scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The effect of milling was also investigated by analysis of
physical properties using infrared spectroscopy (FTIR) and magnetic measurements. The electrochemi-
cal performance was evaluated in cells containing Li/1 M LiPFs in EC:DEC (1:1)/C-LiFePO4. After carbon
coating, the LFP particles which are free of impurities, exhibit high-rate capability. Even with a limited
amount of carbon (2wt.%) appropriate for commercial batteries, the capacity is 157mAhg-! at 0.1C,
120mAh g-! at 10 C, without capacity fading after 60 cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Following the pioneering work of Padhi et al. [1,2], LiFePO,4 (LFP)
has been extensively studied owing to its use as the active cathode
element in a new-generation of lithium-ion batteries. This success
is due to its environmental compatibility, thermal stability, and
long cycling life (for a review, see Ref. [3]). The LFP particles have
very small electronic conductivity, but it is a common practice in
the production of Li-ion battery cathodes to add carbon either to the
LiFePO4 matrix [2,4] or by surface coating the LiFePO4 particles with
thin layers of carbon [5-7]. The carbon formed by a spray pyrolysis
technique increases the electronic conductivity by seven-order-of-
magnitude [7]. As a result, a capacity of about 160 mAhg~!, which
close to the theoretical value, was obtained with LiFePO4 coated
with ca. 2wt.% carbon [5]. In addition, the redox potential is ca.
2.5-4.0V vs. Li*[Li%, which is the potential window required with
the common electrolytes.

Many synthesis routes have been adopted to synthesize
LiFePO,4 involving solid-state reactions [8-11], sol-gel [12,13],
hydrothermal [14-17], co-precipitation [18,19], polyol process
[20], microemulsion [21], spray [22,23], microwave synthe-
sis [17,24,25], template method [26-28], solvothermal method
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[29,30], or reverse micelle process [31]. Currently, most processes
produce LiFePO4 powder with capacity close to theoretical, pro-
vided the synthesis is performed under reducing atmosphere to
avoid oxidation of iron inform the Fe3*-based impurity phases [32].
However, another parameter greatly influences the rate capability,
namely the particle size, because of the short diffusion length for
Li* ions [33,34]. Applications in portable electronic devices do not
necessarily require a lot of power, but power is important for elec-
tric vehicles. Thus, extensive effort has been devoted to reduce the
particle size [35-37], nevertheless, too small particles reduce the
tap density [38]. It is then important to monitor the size of the par-
ticles so that it is optimized to the desired value, depending on the
targeted application. For this purpose, synthesis of LiFePOy in the
molten state has been proposed recently [39].

The aim of this present work is to prepare nano-sized LFP par-
ticles from ingot obtained by molten-state synthesis (Fig. 1). We
show that the process is fast and simple, and offers the desired
flexibility to control the size of the particles. We also observed
that the process produces LFP particles that are free of impurities.
In addition, another advantage of this preparation process is that
more spherical shape particles are obtained. The Li* ions prefer-
ably move along the b-axis of the crystal with orthorhombic space
group Pnma [40,41]. Itis then desirable to reduce the crystallite size
along this axis. However, this is a difficult problem because there is
a tendency of the particles to grow in the form of plates in the (ab)
plane [42,43], although the thickness along the b-axis is reduced to
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Fig. 1. Left: Picture of the LFP molten ingot; scale is in cm. Right: TEM image of nano-LFP after wet milling and carbon coating.

30-40 nm in some cases [29,44-46]. For some synthesis routes, the
reduction to small size occurs at the expense of crystallinity and
the formation of a large concentration of defects [45] that reduces
the electrochemical performance. Small crystallized particles can
be achieved by solvothermal method [29] and also by milling pro-
cess [47]; it is this second route that is explored in this work. The
electrochemical performance of the LFP nanoparticles in positive
electrodes were tested in cells using 2 wt.% carbon only. Still, the
rate capability for the C-LiFePO4 nanoparticles in Li/1 M LiPFg in
EC:DEC (1:1)/C-LiFePOy4 cells is remarkable.

2. Experimental
2.1. Synthetic procedure

In the first step, LiFePO4 was synthesized by the procedure
described in [48], i.e. a solid-state reaction of FePO4-2H,0 and
LiCO3 mixed at nominal composition for LiFePOy4 (i.e. in the ratio
2:1) to avoid the formation of local defect (iron on Li site) in case of
Li deficiency, or Li3PO,4 impurity phase in case of excess of lithium
[49]. An excess of 0.5 mole fraction of EBN-1010 (graphite powder)
was added to the initial product as a reducing agent for iron by
adding the polymer. Then, the mixture was heated to 1050°C for
5min in a graphite crucible and then cooled under Ar or N,. The
ingot typically obtained by this process is illustrated in Fig. 2. Low
cost precursors as iron metal (Fe), LIOH and H3PO4 are used to pre-
pare ingot.The second step is to break the ingot to produce small
particles. At this stage, the ingot is too large for a roll crusher. There-
fore, it was first crushed into centimeter-size particles by using a
jaw-crusher with ceramic liner to avoid metal contamination. Only
then was the roll crusher (ceramic type) used to obtain millimeter-
size particles. The millimeter-size particles are further ground by
jet-mill to achieve micrometer-size particles. In the process, the
grains enter the grading wheel and are blasted to cyclone sepa-
rator and collector. The optimized particles are in the collector,
while the larger ones are in the cyclone separator. For complete-
ness, both have been studied in the present work, and the labels
“collector” and “cyclone” will identify them. The smallest size that
can be reached by this process is in the order of a micrometer.
To obtain smaller particles, the micrometer-size powders were
dispersed inisopropyl alcohol (IPA) solution at 10-15% of solid con-
centration and then ground on a bead mill using 0.2-mm zirconia
beads to obtain nanometer-size particles. This wet-milling process
is described in Ref. [50].

At this stage, the particles are carbon-free. The third step
involved the following procedure to obtain carbon-coated particles.
The particles were mixed with the carbon precursor (lactose) in
acetone solution. The nominal dry additive corresponded to 5 wt.%
carbon in LiFePO,. After drying, the blend was heated at 700 °C for

4hin an inert atmosphere. The final quantity of carbon was about
2 wt.% of the material (C-detector, LECO Co., CS 444). During this
process, the organic precursor for the carbon acts as a reducing
agent [51]. The flowchart of the whole process is shown in Fig. 2.

2.2. Structural and physical characterization

The crystal structure of the particles was analyzed by X-ray
diffraction (XRD) with a Philips X'Pert apparatus equipped with a
Cu Ko X-ray source (A =1.5406A) and a Bruker AXS D8 ADVANCE
with Bragg-Brentano geometry, which has a sealed Co Ka radia-
tion source (including both Ka1 and Ka2) and linear 1-D position
sensitive detector (Vantec-1), where Kf3 radiation is filtered by Fe
foil. XRD measurements were collected in the 26 range 10-80°
in step scanning mode A(260)=0.05°. The structural parameters

Fig. 2. Flowchart for preparation of LiFePO4 powders by synthesis in the molten
state. d is the mean size of the primary particles obtained at different steps in the
process and measured by analysis of SEM images.
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Fig. 3. TG-DTA of samples with two endotherms corresponding to evaporation of
water and loss of structural water. The melting temperature of LiFePOy is associated
with the peak at 950°C.

were determined by Rietveld refinement of the diffraction profiles.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were obtained using an electronic micro-
scope Hitachi model HD-2700 with 200kV, 120kV and 80kV
operating potential. The TEM samples were ultrasonically treated
in a solution of isopropyl alcohol and then deposited on silica sub-
strate.

The thermal decomposition of the gel precursors was exam-
ined by differential thermal analysis (DTA) using a Netzsch analyser
(model STA 409). Experiments were carried out in an ambient
atmosphere with a heating rate of 0.1°Cs~1,

The particle size was measured by a high-performance laser
diffraction analyzer. The LA-950V2 uses Mie scattering (laser
diffraction) to measure particle size of suspensions or dry pow-
ders. The speed and ease-of-use of this technique makes it the most
popular for many applications.

FTIR absorption spectra were recorded with a Fourier trans-
form interferometer (model Bruker IFS113v) in the wavenumber
range 150-1400cm™! at a spectral resolution of 1 cm~!. Magnetic
measurements (susceptibility and magnetization) were carried
out with a fully automated magnetometer (MPMS-5S from Quan-
tum Design) with a superconducting quantum interference device
(SQUID) in the temperature range 4-300 K.

2.3. Electrochemical studies

The electrochemical experiments were carried out in cells with
metallic lithium as the negative electrode using the coffee-bag tech-
nology developed at Hydro-Quebec. The coffee-bag or laminated
battery technology was described elsewhere [9]. The electrolyte
was 1M LiPFg in EC:DEC (1:1) solvent [EC=ethylene carbonate,
DEC=diethylene carbonate (LP40-Merk)]. The cell was charged and
discharged at C/10. All the electrochemical properties reported here
were measured at room temperature.

3. Results
3.1. Thermal analysis

The exact temperature of the phase formation reaction of
the LiFePO4 olivine was studied using thermogravimetric analy-
sis (TG/DTA) on the precursor complex FePO4-2H,0 and Li,CO3
mixed at nominal composition. Fig. 3 shows the thermogram of
LiFePO,4 in the range from 30 to 1100°C. These results display
several discrete weight-loss regions with distinguishable transfor-
mation enthalpies. The first endothermic peak observed at about

Fig. 4. Secondary particle size as a function of wet-milling time for three different
samples taken at different steps of the roll milling process, i.e. with three different
mean size of particles at t=0. Inset is SEM image of the sample with the largest
particle size (2.8 um) before jet milling. Note that, before jet milling, there is no
agglomerate so that the notion of primary and secondary particles is meaningless.
Upon jet milling, however, the secondary particles, which is measured by diffusion of
alaser beam, are agglomerates of thinner particles observed by electron microscopy
analysis.

ca. 120-150°C is accompanied by a noticeable weight loss (~32%)
in the TG curve. This is attributed to the superficial water loss due
to the hygroscopic nature of the iron phosphate. As the process of
heating continues, two significant weight losses occur at ca. 400°C
due to the departure of CO, from Li;CO3; decomposition and then
a carbothermal reduction of Fe3* at ca. 700 °C. Finally, the melting
endothermal peak was observed at 965 °C.

The choice of 700 °C for the final heat treatment of LFP particles
results from a compromise, since the carbon film is more conduc-
tive when heating at higher temperatures [52]. However, heating at
higher temperature runs the risk of increasing diffusion between
particles of agglomerates, in which case the size of the primary
particles change and leads not only to carbon coating, but also in
a modification of the topology of the primary particles. The topol-
ogy might be masked by the carbon layer that covers the secondary
particles. To explore this effect, we examined in situ SEM images
of LiFePO4 (before carbon coating) as a function of temperature up
to the melting point. No change of the topology was observed up
to 700 °C. However, we observed such effects at T> 750 °C. That is
why we restricted the heating process to 700 °C only. On one hand,
it is low enough to make sure that the particle size and topology
are not modified in the process. On the other hand, we know from
earlier work [52] that this temperature is sufficient to guarantee
that the variety of carbon deposited on the LiFePOy is coke that is
conductive.

3.2. Structural properties

The smallest LFP particles were obtained by wet-milling pro-
cess. Fig. 4 shows the size of the secondary particles as determined
by laser spectroscopy as a function of the wet-milling time. The
reduction in particle size occurs rapidly in the first 15 min of the
milling process, then its deceases gradually to100 nm after 2 h.

The XRD pattern for the final powder is shown in Fig. 5, together
with the XRD pattern of 2-pwm particles for comparison. In both
cases, all the diffraction peaks are identified as those of the LiFePO,
with the space group Pnma, and no impurity phase is detected. The
lattice parameters are a=10.331(3)A, b=6.010(1)A, c=4.693(2)A,
with a unit cell volume V=291.3(8)A3. These data are in agree-
ment with those found in the literature [1,47,30]. In particular, the
volume of the unit cell is characteristics of the samples that are
free from stoichiometric defects [49]. The large broadening of the
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Fig. 5. XRD pattern of sample with 25-nm primary particles and 100-nm secondary
particles (lower spectrum) obtained after jet milling (in red). The XRD pattern for a
sample with particle size 2 wm (upper spectrum) is also reported for comparison (in
black). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

XRD lines of the nano-sized particles implies that the instrumental
broadening is negligible, and the coherence length for the sample
with the nano-sized particles I can be deduced from the Scherrer
law [=kA[(B cos 6) with B the half-width of the diffraction peaks, A
the wavelength of the X-ray beam and k=0.9. The resultis /=25 nm.

The SEM image of the sample before wet milling (micron-size
particles) is shown in Fig. 4, while the image after wet milling
is shown in Fig. 6. The size d of the primary particles is about
25 nm, smaller than the size (100 nm) of the secondary particles
determined by laser, but in agreement with the coherence length
determined from XRD. These results suggest that the primary parti-
cles are crystallites. Therefore, the sample obtained by wet milling
is a powder with single-crystalline primary particles of typical size
d=25nm, with a low fraction of agglomeration to form secondary
particles of typical size 100 nm.

TEM images of this sample are shown in Fig. 7, before and after
carbon coating. They show the same features. In addition, we find
the carbon layer is homogeneous. From now on, we report the prop-
erties of three samples that we identify in this work by the milling
stage (roll, jet, wet mill) or by the size d of their particles: d =2 mm,
2 wm, 25 nm, respectively.

3.3. FTIR analysis

The FTIR probes the structure of LiFePO,4 at the molecular scale,
accessing the vibration modes of the ions, primarily associated
to the motion of iron and phosphate. The spectra of the samples
obtained immediately following roll, jet and wet milling are pre-
sented in Fig. 8. Since the carbon absorbs light, it is not possible
to measure the FTIR spectra of the carbon-coated samples. On the
other hand, we measured the FTIR spectra of the jet-milled samples
after the same heating treatment (at 700 °C for 4 h under reducing
atmosphere) that is used in the carbon-coating process, but with-
out the carbon precursor. This experiment showed the effect of heat
treatment on the particles. The results are shown in Fig. 9. The posi-

Fig. 6. SEM images of sample with 100-nm secondary particles obtained from primary particles with d=25nm.
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Fig. 7. TEM images of the sample with 100-nm secondary particles obtained from primary particles with d =25 nm.

tions of the intrinsic bands in the spectra of LiFePO,4 are well known
[53],and are also evidentin Fig. 9. The first result is that all the bands
that we observe in Figs. 8 and 9 are intrinsic in nature. The bands in
the range 372-647 cm~! are bending modes (v, and v,4) involving
(PO4)3~ symmetric and asymmetric modes and Li vibrations. The
bands in this spectral range are thus sensitive to the local environ-
ment of the Li ions. Note this part of the spectrum is not affected by
the carbon coating, which confirms that the carbon does not pen-
etrate into the particles [3]. The part of the spectrum in the range
945-1139 cm~! corresponds to the stretching modes of the (PO4)3~
units. They involve symmetric and asymmetric modes of the P-O
bonds at frequencies closely related to those of the free molecule.

Fig. 8. FTIR absorption spectra of molten-state samples at different stages of the
grinding process (before carbon coating).

Other information that is derived from these spectra is that the
absence of any band between 647 and 945 cm™!. Since the vibra-
tion characteristic of the P-O-P bridging of P,07 unit is right in
the middle of this range, FTIR is quite a sensitive tool to detect any
pyrophosphate impurity. Therefore, the lack of any structure in this
frequency range is evidence that there are no LiFeP,07 impurities
in our samples. For the same reason, we do not have Li3PO4 impu-
rities because the FTIR band at 430cm~! (see for instance [49])
that is attributed to impurities is not observed either. This is actu-
ally expected since the precursors have been mixed at nominal
composition for LiFePOy.

We also notice a broadening of the bands in the spectra in Fig. 8
as d increases: the most resolved spectra are observed in the wet-

Fig. 9. FTIR spectra of jet-milled LFP obtained from the collector and the cyclone
area (see text) after heating at 700°C for 4 h, and before coating with carbon. The
bands are identified as intrinsic vibration modes of LiFePO,.
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Fig. 10. Inverse of the magnetic susceptibility M/H measured in field H= 10 kOe, for
roll and jet-milled samples before and after carbon coating, prepared from the ingot
cooled in the molten state under argon atmosphere. Note the jump near 30 K, which
is the signature of LizFe;(PO4)s impurity.

milled case. The broadening is the signature for a shorter lifetime of
the vibration modes due to solid friction associated to defects [54].
The more resolved spectrum observed for smaller values of d is then
attributable to the fact that smaller particles have less structural
defects such as grain boundaries in the vicinity of the lattice that
is less ordered (in the limit of nanoparticles d = 25 nm, the particles
are also crystallites, d ~ [, and thus without any structural defect in
the bulk of the particles). The only disorder for such small particles
is located in the surface layer [47]. The data in Fig. 9 show that after
heat treatment, the bands are even more resolved. This result shows
that heat treatment at 700°C induced a re-crystallization of the
disordered surface layer. The surface/volume ratio is not negligible
for such small particles, thus re-crystallization of the surface layer
has an impact on the FTIR spectra, well evident in Fig. 9.

3.4. Magnetic properties

The most sensitive means of characterization for the material is
investigation of the magnetic properties because LiFePOy, is an anti-
ferromagnet while most of the impurities that may be poisons are
ferro- or ferri-magnetic components. We show in Fig. 10 the tem-
perature dependence of the magnetic susceptibility x = M/H, with
M the magnetization measured at H=10KkOe, for jet-milled sam-
ples before and after carbon coating obtained from the molten state
in argon atmosphere. x(T) goes through a maximum at the Néel
temperature Ty =50 K. The magnetization curves of all the samples
before (and after) carbon coating are linear in the range H<30kOe
in the paramagnetic regime. We can then conclude that the sam-
ples are free from Fe, 03 and Fe,P impurities, since a deviation of
the magnetization curves is detected as soon as 0.1 at.% of iron is
involved in the formation of such impurities. At T=30K, however,
an anomalous jump of x(T) is observed, which is linked to the onset
of a spontaneous magnetization. This feature is the signature of the
presence of NASICON impurity, as LisFe,(POg4)3 undergoes a first-
order ferromagnetic order at this temperature. Note this impurity is
not eliminated by the carbon-coating process, despite the reducing
atmosphere during heating at 700 °C, which gives evidence that the
NASICON impurities are not entirely localized at the surface. This is
expected since an even larger quantity of LisFe,;(POg4)s3 is observed
in the particles obtained after roll milling that are so big that surface
effects are negligible. This impurity is formed during the synthesis
of the molten ingot, and shows the necessity to prepare the molten

Fig. 11. Inverse of the magnetic susceptibility M/H measured in field H=10kOe,
for jet-milled sample prepared from the ingot cooled in the molten state under
N, +residual hydrogen atmosphere after carbon coating.

ingot in a reducing atmosphere. The LizFe;(PO4)3 impurity is not
observed when the synthesis is carried out in N; +residual hydro-
gen atmosphere. Fig. 11 shows the x(T) curves for the jet-milled
particles obtained from an ingot prepared in such a reducing atmo-
sphere. The jump in x(T) at 30K has now disappeared, so these
samples are free of NASICON impurity. Note that milling at any
stage (crush, roll, jet, wet) is done in air, and does not lead to any
pollution because it is performed at room temperature, too low to
allow for nucleation of impurities.

The effective magnetic moment as deduced from the linear fit of
the x~1(T)is larger than the theoretical value 4.92 15 for Fe2* in the
high-spin state for the samples in Fig. 10. This is again the spurious
effect of the NASICON impurity. However, for the jet-milled sample
in Fig. 11, the effective magnetic moment is reduced to 5.13 pg. This
is further evidence that this sample is free of any impurity, the small
difference with respect to the theoretical value being reduced to the
magnetic polaron effect [3].

3.5. Electrochemical properties

The electrochemical performance of jet-milled C-LiFePO4 (pre-
pared in N, plus residual hydrogen) is shown in Fig. 12. The results
match the performance of the best samples reported in many prior
works. The reversible capacity is 157 mAhg-!; the voltage as a
function of the lithiation/delithiation rate has a plateau at 3.4V,
characteristics of the phase separation between Li-rich and Li-poor
phases in well-crystallized samples.

The results in the published literature on electrochemical
properties of nanoparticles are much more diverse, and even con-
troversial because some authors have claimed that there is no need
for a carbon coating on particles of the typical size obtained by wet
milling [18,55]. We believe that this conclusion is erroneous. The
reason is linked to the fact that the surface to volume ratio is very
important in such small particles, and the electrochemical perfor-
mance of these particles depends very much on the surface layer.
To clarify this situation, we have investigated the properties of the
wet-milled particles at three different steps: (i) particles after jet
milling without any treatment, (ii) particles heated at 700°C for
4 h, but without any carbon additive, just to explore the effect of
the heating treatment, and (iii) carbon-coated particles that have
undergone the same thermal treatment (700°C for 4h with the
carbon additive). The comparison between the two last cases will
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Fig.12. Charge-discharge plot for two cells jet-milled C-LiFePO4/1 M LiPFg + EC:DEC
(1:1)/Li at C/24 rate. The LiFePO4 used for the cathode has been obtained form the
ingot cooled under nitrogen + residual hydrogen atmosphere and has been collected
from the collector (cell A) and the cyclone area (cell B).

allow separation between effects due to the thermal treatment and
the effect of the carbon deposit.

The charge-discharge curves in Fig. 13 show that the pow-
der without any thermal treatment has very poor electrochemical
properties, which was expected because the surface layer in that
case is strongly disordered over a thickness of about 3 nm [47].
The performance is better with the powder that was heated at
700°C without a carbon coating. Yet, Fig. 14 shows only 2% of
the theoretical capacity is available during the first charge and
the reversible capacity is only 8%. The improvement after heat
treatment is evidence that the disorder of the surface layer was par-
tially eliminated. Nevertheless, the electrochemical performance
expected for LiFePOy, is obtained only by carbon coating, as shown
in Fig. 15. This figure shows the charge-discharge cycle for a sample

Fig. 13. Electrochemical performance at rate 0.1 C rate of cells prepared with wet-
milled particles before any treatment, after heating at 700 °C for 4 h without carbon,
and with carbon coat for comparison. The abscissa is the lithium concentration for
the cell prepared with wet milled C-LiFePO, free of impurity, but is shifted by 0.25
to separate the plots. The result is also reported, shifted by 0.5, for a cell prepared
with nanoparticles issued from the same ingot as in Fig. 10 including LizFe;(PO4)3
impurity, before carbon coating, to illustrate the dramatic effect of the Fe3*-impurity.

Fig. 14. Charge-discharge plot for wet-milled LiFePO4 heated at 700 °C for 4 h with-
out carbon coating. Measurements in cell with electrolyte 1M LiPFg + EC:DEC (1:1)
and Li counter electrode. Carbon coating is needed to enhance the electrochemi-
cal performance of Li cells. In cell I, the LiFePO4 has been obtained from the ingot
cooled in Ar atmosphere, while it has been extracted from the ingot cooled in N,
plus residual hydrogen in cell II.

prepared in argon (i.e. poisoned with the NASICON impurity) and in
N, +residual hydrogen (free from any impurity). It is clearly evident
that the impurity has a detrimental affect on the electrochemical
performance.

For the carbon-coated wet-milled particles prepared from
the molten ingot in N, +residual hydrogen, the full capacity of
157mAhg-! is obtained at low rate (C/10). For comparison, the
Ragone plots of the batteries prepared with the jet and wet-milled
particles are presented in Fig. 16. The high-rate capability with wet
milled particles is significantly higher than that for the jet-milled
particles, as expected since the path length of Li* ions in the par-
ticles during the lithiation/delithiation process is less. No aging is
observed during the first 60 cycles (see Fig. 17).

4. Discussion

The inert atmosphere (argon) did not prevent the formation of
the LizFe,;(PO4)3 impurity in the LiFePO4 ingot that was prepared
in the molten state. This is one of the most common impurities that
can poison LFP because it is the natural iron phosphate in which
iron is trivalent. However, preparation in N; that contains a small

Fig.15. Charge-discharge of the cell prepared with wet-milled powder after carbon
coating and heat treatment under Ar and N, atmosphere.
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Fig. 16. Ragone plot for jet-milled (a) and wet-milled (b) C-LiFePO4/1M
LiPFg + EC:DEC (1:1)/Li cells.

amount of hydrogen is sufficient to eliminate this impurity. Hydro-
gen acts as the reducing agent for iron, preventing the nucleation
of the LizFe,(PO4)3 phase. With this precaution, LiFePO,4 ingots can
be obtained in the molten state, free from any impurity. Then, the
various stages of grinding and milling make it possible to prepare

Fig. 17. Cycling of wet-milled C-LiFePO4/1 M LiPFg + EC:DEC (1:1)/Li cell (discharge
rate: 1C, charge rate C/4) with wet-milled LFP nanoparticles.

LiFePO, particles of any size, down to the nanometer range. At the
last step of the process, the samples prepared in the present work
have primary crystalline particles that are approximately spherical
with 25 nm average diameter. These particles are slightly agglom-
erated to form secondary particles of about 100 nm in diameter.
The formation of agglomerates of primary particles instead of ele-
mentary nanoparticles is beneficial because this facilitate ion and
electron diffusion and the electrochemical redox reaction [50]. The
nano-dimensions of the active primary particles and the agglomer-
ates of larger size are a desirable combination for electrochemical
performance [50].

We learned in our earlier research [47] that, before carbon coat-
ing, the surface layer which is a few nanometers thick is strongly
disordered, but this disorder is at least partially eliminated by the
carbon-coating process. However, we are not certain whether re-
crystallization of the surface layer is simply due to heating at 700 °C
or if the interaction between carbon and iron plays a major role.
The present work shows that there is indeed re-crystallization
upon heating at 700°C because a small but significant improve-
ment of the electrochemical properties is observed by heating at
this temperature, even in absence of carbon. On the other hand,
good electrochemical properties of the particles are obtained after
nanogrinding only with carbon coating, thus confirming definitely
our previous claim [47] that a carbon coating is necessary even for
nanoparticles. The conclusion that the carbon deposit is not neces-
sary is incorrect. This erroneous conclusion occurred because some
authors ignored the fact that some of the carbon in the precursors
remained after synthesis [5,6]. Actually, the carbon coating is even
more important when the particles are small because more par-
ticles per gram are present, so the electric conductivity between
particles is enhanced by the carbon, and the performance of the
battery is improved.

However, our result is not definitive proof that the carbon itself
has an influence in the improvement in crystallinity of the surface
layer, although the surface effects plays in favor of such a hypothesis
[47]. The reason is that the primary effect of the carbon deposit is
to insure electric contact and connectivity between the particles
[5-7]. Thus, we cannot conclude that this is the only effect of the
carbon layer because heat treatment also affects the surface layer. In
any case, the positive result is that the carbon-coated nanoparticles
obtained by this process have a high-rate capability up to 30 C.

The major slope in the voltage vs. capacity curve observed in
Fig. 13 before carbon coating is in agreement with very similar
charge-discharge profiles found for particles with a diameter in the
order of 40 nm reported by several authors [58,59]. This behavior is
evidence for the reduction of the miscibility by decreasing the par-
ticle size to 40 nm. Indeed, according to the Gibbs rule, the voltage
plateau is the signature of a two-phase system (Li-rich and Li-poor),
while a finite slope indicates a homogeneous phase LiyFePO4. Our
results, however, contradict this interpretation because the plateau
for the carbon-coated particles of even smaller size suggests a dif-
ferent interpretation. The solid solution, as revealed by the slope in
the charge-discharge curves for uncoated particles, is located only
in the surface layer and not in the “bulk” of the particles. In addi-
tion, this solid solution is due to the disorder, since the reduction of
the disorder by the carbon-coating process induced a demixing in
two phases revealed by the restoration of the plateau. A slope in the
charge/discharge profiles was observed [60], however, a very large
concentration of defects in the bulk of the particles was detected.
This uncontrolled amount of defects is another type of disorder
that, in addition to an eventual strong disorder in the surface layer,
isresponsible for this effect, together with a degradation of the elec-
trochemical performance. One important result of the present work
is that the wet-milling process can remove these disorder effects
so that the full performance and the electrochemical properties are
obtained, just like in bigger particles.
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Based on a recent calculation of the electronic structure of
LiFePO, that takes into account the finite size of the particles, a
particle diameter of the order of 25nm is still too large to affect
the phase diagram, and the solid solution should still be unstable
at room temperature [61]. In this calculation, the surface energy is
taken into account, but no disorder is introduced, so that the results
should be compared with our experiments for particles after carbon
coating. Indeed, our results are in agreement with this calculation,
since we find that the charge-discharge profile and the plateau that
is the signature of the two-phase system is the same as in the case
of bigger particles.

It is difficult to compare the electrochemical performance with
prior data published in the literature because the charge rate that is
feasible increases with the amount of carbon that is present in the
cathode. Tests in the laboratory tend to be performed with larger
amounts of carbon to achieve better performance. For instance,
with a discharge rate of 20C, the capacity was 105mAhg-! and
75mAhg-1 at 60C [23] with particles that were produced by the
wet-milling process [50]. In this example, the cathode contained
70 wt.% LiFePO4 and 20 wt.% acetylene black. An extreme case is
65 wt.% carbon to get ultra high capacity [56], a result that was
criticized in [57]. However, in commercial Li-ion batteries, the
amount of carbon must be small, usually <5 wt.%, because carbon
is an inert mass. The tests in the present work meet this require-
ment, as they were performed with 2 wt.% carbon. Nevertheless,
the rate capability for the C-LiFePO4 nanoparticles in Li/1 M LiPFg
in EC:DEC (1:1)/C-LiFePOy4 is remarkable. Our study demonstrates
that nanoparticles prepared from a molten ingot can be used as
the active element of the cathode of Li-ion batteries for large-scale
applications in plug-in hybrid or fully electric vehicles, after the
particles are carbon-coated and heat treated at 700 °C.

5. Conclusion

The results demonstrates that nanoparticles of LiFePO4 pre-
pared by a simple process to form a molten ingot can be used as
the active element of the cathode of Li-ion batteries for large-scale
applications after the particles have been carbon-coated by heat
treatment at 700°C. In contrast with prior reports, however, car-
bon coating is mandatory for the nanoparticles. It is actually even
more important than for bigger particles because the carbon insures
good electrical contact between the particles, and smaller parti-
cles require more electrical contacts. The results also reveal that
heat treatment at 700 °C is beneficial to improved electrochemical
properties, as it induces a re-crystallization that reduces at least
partly the structural disorder of the surface layer. Again the nano-
size of the particle makes this effect more important because the
surface/volume ratio increase compared to bigger particles.
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