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Abstract We present the progress on the physical chemistry
of the olivine compounds since the pioneering work of Prof.
John Goodenough. This progress has allowed LiFePO4 to
become the active cathode element of a new generation of
Li-ion batteries that makes a breakthrough in the technology
of the energy storage and electric transportation. This
achievement is the fruit of about a decade of intensive
research in the electrochemical community during which
chemists, electrochemists, and physicists added there efforts
to understand the properties of the material, to overcome the
obstacles that were met on the way, and finally to reach the
state of the art that allows its commercial use for worldwide
applications in the industry today. These obstacles involved
carbon coating, purification, control of the surface, the pro-
gressive decrease of the size of the particles down to nano-
scale, and comprehensive investigation of surface effects.
Nevertheless, heterogeneity in the quality of the product
available on the market is damaging and may even be an

obstacle to the development of new demanding technologies
such as electric transportation. Emphasis is placed on the
quality control that is needed to guarantee the reliability and
the optimum electrochemical performance of this material as
the active cathode element of Li-ion batteries. The route to
increase the performance of Li-ion batteries with the other
members of the family is also discussed. Since Prof. John
Goodenough not only initiated the work but also played a
major role in the research and development on these materials
through the years, the present review is dedicated to him.

Keywords Olivine . Li-ion batteries . HEV, PEV, EV, energy
storage

Introduction

The story begins in 1834, when a German mineralogist, J.N.
von Fuchs, discovered a mineral to which he gave the name
triphylin, which is still the German name that has been
translated as triphylite in English [1]. Its name comes from
its chemical formula Li(Fe2+,Mn2+)[PO4], which has a
Greek root, “tri” referring to the three cations in the formula
as the solid solution Li FexMn1−xPO4 exists in all propor-
tions. To distinguish between them, triphylite refers to Fe-rich
minerals while Mn-rich ones are called lithiophilite. For some
time, this primary and rather rare mineral has interested only
mineralogists, and the experiments focused for some time on
its crystallographic structure, which is now part of the open
database of the crystal structure of all the minerals. Still,
LiFePO4 without any manganese in it is only a product made
in the laboratory, and its detailed structure dates from 1967
when Santoro and Newnham reported both its crystal structure
from X-ray diffraction (XRD) and its magnetic structure from
neutron diffraction [2]. Later investigations were still focused
on the refined structure of the olivine type, including a
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distorted hexagonal anion close packing [3]. Then, the mate-
rial only interested gem collectors; and actually, as far as we
know, only one paper has been published in the ninetieths
before 1997 [4]. The rebound came in 1997 when J. Good-
enough, proposed LiFePO4 as a good candidate to be a cath-
ode element for Li-ion batteries [5]. Indeed, the material is
attractive. The crystal structure in Fig. 1 shows that the mate-
rial is made of iron-oxygen (bc) planes, so that the material
looks lamellar, giving some space in between to accommodate
Li+ ions. However, the planes are linked together by PO4

bridges. Therefore, the material is really a three-dimensional
compound, resulting in a remarkable thermal stability that the
lamellar compounds miss, opening a route to Li-ion batteries
much safer than before. Nevertheless, it still took about a
decade before LiFePO4 has won the market and asserted itself
as the choice relevant to such demanding applications as
electric vehicles. This rather long delay gives evidence of
different obstacles that were met on the way before reach-
ing the point where the material could be prepared in huge
quantity with the high quality that guarantees the repro-
ducibility of its electrochemical properties with a long
calendar life. It is the purpose of this review to report on
these difficulties, how they have been overcome, and their
origin. The success of LiFePO4 and the exponential in-
crease in the needs for its production has resulted in a
concomitant increase in the number of factories that pro-
duce LiFePO4 throughout the world. Some of them, how-
ever, are not aware of the difficulties and traps that may
damage the performance of this material. The consequence
is an increasing heterogeneity in the quality of the product
that is commercialized, depending on who is preparing it.
The purpose of this work is not to make a benchmark and
compare the different sources across the world. On the
other hand, we hope that the report of the relationships
between the defects (in the broad sense of the term) and

their consequences on the properties will help manufac-
turers in their control of the quality of their product, which
is crucial to the development of the Li-ion industry. This is
one goal of this review. We also report on the most recent
works that open new routes of research to increase the
energy by using the other members of the family, as this is
the main parameter that needs to be improved in the
future, regarding the positive electrode of Li-ion batteries.

Numerous synthesis routes are now available to prepare
material of high quality. We have already reviewed them
recently [6], which is why we do not report on this important
aspect here and only refer to this work already published
few months ago. Attention is thus focused hereunder on the
structural and physical properties in relation to the electro-
chemical performance, irrespective of the synthesis route.

First problem: the low conductivity

The first difficulty that was encountered is the very poor
electronic conductivity of LiFePO4, which may result in
losses in capacity even at moderate cycling rates. The in-
trinsic electrical resistivity has an activation energy that is
about 0.65 eV [7]. This is not so large for an ionic material
and actually is much smaller than the optical gap [8]. The
reason is that the conductivity proceeds by a hopping pro-
cess of small magnetic polarons. The polaron originates
from a Li vacancy, which implies the presence of an iron
ion in the +3 state by charge compensation. The spin of the
hole on the Fe3+ ion is then coupled ferromagnetically by a
double exchange mechanism to the Fe2+ ions in its vicinity,
forming a ferromagnetic cloud, that can be detected by
magnetic measurements [9]. This polaron hole, accompa-
nied by its ferromagnetic cloud, can jump from the Fe3+ site
to the neighboring Fe2+ site so that the Fe3+ and Fe2+ ions
are exchanged. In this hopping process, in which the hole is
in a bound polaron state with the same energy after and
before the hop, the activation energy is simply the energy
barrier that the hole has to overcome to jump to the next site.
This is much less than the binding energy required to send a
d-electron from an Fe2+ valence band to the conduction
band, an energy of 0.65 eV that is typical of the hopping
process in iron systems [10, 11]. Nevertheless, this activa-
tion energy is still too large, and thus the electronic mobility
is too small, to envision the use of LiFePO4 as a cathode for
Li-ion batteries with bare particles. The way to overcome
this problem was to add carbon, either by use of carbon
additives to the LiFePO4 matrix [5, 12], or by surface
coating the LiFePO4 particles with thin layers of carbon
[13–15]. Fortunately, iron combines easily with carbon, so
that different sources of carbon can be used and have been
tested [16, 17]. Our experience is that lactose is a good
precursor [18], although other choices are possible. The
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Fig. 1 Schematic representation of the olivine crystal structure of
LiFePO4. The iron-oxygen (bc) planes linked together by PO4 bridges
give space in between to accommodate Li+ ions
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carbon liberated from the lactose added to the precursors of
LiFePO4 in the course of synthesis increases the electronic
conductivity by seven orders of magnitude. Figure 2 shows
the resistivity curve of LiFePO4 particles before and after
carbon coating.

To achieve this result, however, the carbon needs to be
conducting. This can be checked easily by Raman spectros-
copy. The carbon leads to two characteristic bands in the
Raman spectrum, named the D band and the G band at
1,345 and 1,583 cm−1, respectively, when recorded using
the 514.5-nm argon laser line. The shape of the bands,
however, depends strongly on the kind of carbon. In partic-
ular, the growing up of the G band (G refers to graphite
which is the most conductive form of carbon) at the expense
of the D band means larger conductivity. The G and D bands
are actually composed of more components, so that not only
the intensity, but also the shape of the bands depends very
much on the type of carbon that is deposited, and in partic-
ular on its conductivity [19]. This dependence has been
extensively studied in the past, owing to the importance of
carbon deposits in electronic devices, and it has been used to
probe the carbon coat deposited on LiFePO4 [17, 20]. In
particular, a good estimate of the conductivity of the carbon
layer can be done from an analysis of the Raman spectrum
[21, 22]. As a result, illustrated in Fig. 3, the Raman spec-
trum is approximately that of coke, a conductive variety of
carbon, provided the carbon coating has been performed at a
temperature above 500 °C [21]. As the conductivity of the
carbon increases with the temperature used for the coating
process, higher temperatures have been explored. The limit

comes from the partial decomposition, with the formation of
secondary phases, at circa 800 °C. A systematic study as a
function of the sintering temperature has shown that the
optimum temperature is circa 650 °C [18].

With the carbon-coated particles referred as C-LiFePO4,
the mean free path of an electron inside a LiFePO4 particle is
limited to the radius of the particle. When an electron arrives
at the surface of this particle, it can be driven to the collector
of the electrode through the conductive carbon that forms a
percolating network inside the powder. The electric conduc-
tivity on the path between the electron and the collector is
now limited only by the average radius of one particle,
which can be decreased to few tenths of nanometers, orders
of magnitude smaller than the distance that separates the
particle from the collector. That is the reason why the overall
conductivity has been increased by orders of magnitude and
the reason why, contrary to some recent claims [23], the
coating is mandatory [6]. An illustration is given in Fig. 4,
which compares the electrochemical performance of a sample
before and after coating. The particles are small, 25-nm thick
since the need for the carbon coating had been questioned
especially for small particles [23]. As expected, the capacity is
very small before coating and the full capacity is recovered
after coating. Indeed, it is for smaller particles that the coating
is most efficient, since it reduces the mean free path inside the
insulating LiFePO4 to the small radius of the particle.

-10

-9

-8

-7

-6

-5

-4

-3

-2

1.5 2.0 2.5 3.0 3.5

Temperature (1000/T / K-1)

lo
g 

[σ
 / 

S
 c

m
-1

]

carbon-free

LiFePO4

carbon-coated

Ea=0.65 eV

Ea=0.045 eV

Fig. 2 Electric conductivity of LiFePO4 particles before and after
carbon coating (the size of the particles for this particular sample was
1 μm)

0

250

500

750

1000

800 1000 1200 1400 1600 1800
R

S
 in

te
ns

ity
 / 

cp
s

Raman shift / cm-1

LFP synthesis
FePO4(H2O)2, Li2CO3

carbon
400°C/4 h

polymer
300°C/4 h

polymer
400°C/4 h

polymer
400°C/24 h

polymer
700°C/6 h

Fig. 3 Raman spectrum of C-LiFePO4 showing the D and G bands of
the carbon layer deposited at different temperatures indicated in the
figure

J Solid State Electrochem (2012) 16:835–845 837



The carbon coating process has an indirect second benefi-
cial effect that has only been understood more recently. The
surface of the LiFePO4 particles before carbon coating is
usuallymade of a strongly disordered, 3 nm-thick surface layer
that has been repeatedly observed by transmission electron
microscopy (TEM) [24–26]. In situ TEM experiments have
been performed to observe the evolution of the surface of the
particles at the atomic scale during the coating process [18]. As
a result, we have observed that the carbon coating is accom-
panied with the re-crystallization of the surface layer. The
carbon itself helps, but actually, the crystallization is observed
even in the absence of carbon precursor, i.e., without carbon
coating. This result gives evidence that the re-crystallization is
mainly the effect of annealing at 650 °C. This re-crystallization

increases the ionic and electronic conductivity in the surface
layer and is thus beneficial to the electrochemical properties.

Other attempts to improve the electronic conductivity in-
clude addition of dispersed metal powders [27]. In the same
spirit, some attempts have been made to replace the carbon by
an Fe-rich phosphoride metal, such as Fe2P [28, 29]. On the
one hand, although the presence of Fe2P does increase the
electronic conductivity, it also decreases the ionic conductivity
so that both the capacity and cycling rates are degraded with
respect to the carbon-coated LiFePO4. But most of all, Fe2P
also has the disadvantage that it dissolves in the electrolyte,
leading to the migration of iron to the anode of the Li-ion
battery, which reduces dramatically the calendar life of the
battery [30]. Another attempt to escape the carbon coating
was to try doping. In particular, the claim that low-level doping
by a range of aliovalent ions could increase the conductivity
[31] has raised interest, although it was not proved [32]. How-
ever, in such ionic compounds as this olivine material, there is
no hope to succeed to achieve a doping level on the Fe site high
enough to have significant effect on the conductivity [9]. This
has been confirmed by theoretical calculations of dopant sub-
stitution energies for cations that indicate supervalent doping
on either Li orM sites is energetically unfavorable and does not
result in an increase in electronic conductivity [33, 34]. Exper-
imentally, evidence has been provided in [35] showing that the
aliovalent ions reside primarily on the M1(Li) site. Moreover,
the aliovalent ion charge is balanced by lithium vacancies, with
the total charge on the iron site being exactly +2.000 not
indicating enhanced electronic conductivity [35], so that the
aliovalent ion is actually not a dopant. Instead, the location of
the aliovalent ion within the lithium channels may hinder Li ion
diffusion. Therefore, this attempt of doping is doomed to
failure. The increase of conductivity wrongly attributed to
doping in the past is due either to a carbon coating owing to
the carbon that was present among the precursors [36], or the
formation of a network ofmetal-rich phosphide [37], and again,
it will reduce the calendar life by its dissolution in the
electrolyte.

The conclusion of this section is thus that coating with
conductive carbon is unavoidable. Independent of the size
of the particles, carbon coating at circa 650 °C is mandatory
and should be controlled to obtain a good LiFePO4 product
(i.e., a product that can be used to manufacture high-
performance Li-ion batteries). This is the solution that over-
comes the low intrinsic electrical conductivity and cures the
structural disorder natively observed in the 3-nm thick sur-
face layer of the particles.

Second problem: the impurities

Even after the carbon coating, which was systematic after year
2001 inmost laboratories, the electrochemical properties of C-
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LiFePO4 lacked reproducibility, preventing its development
by industry. The origin of this problem was the presence of
impurities and defects that poisoned the material. As shown in
Fig. 1, the lithium ions are located in the space left by the PO4

units between the Fe–O layers in the (bc) planes. Yet the b and
c directions are not equivalent, and the energy barrier that the
Li has to overcome to move from one unit cell to the next one
is 0.55 eV along the b direction, against 2.89 eV along the c
direction [38]. In practice, the Li-ions will move along the
path that costs a minimum of energy, so that they will slalom
in the b direction [39]. The motion is then one dimensional.
The consequence is that any impurity along this channel can
block the channel, reducing the capacity. The electrochemical
performance is thus very sensitive to any defect or impurity. In
addition, these impurities influence the shape of nano-sized
particles that are either amorphous and/or too small to be
detected by X-ray analysis. The solution to detect the impuri-
ties is thus a combination of infrared spectroscopy and mag-
netic measurements. Fourier transform infrared spectroscopy
(FTIR) probes the vibrations of the molecular edifices such as
the PO4

3− units at the molecular scale, so that only the short-
range ordering matters: the method is sensitive, whether the
impurities are crystallized or amorphous. The magnetic

properties at the atomic scale probe the local environment of
iron in a material where the magnetic interactions are short
range.

Optical spectroscopy The FTIR absorption spectrum of
LiFePO4 is well known [40]. It is illustrated in Fig. 5. This
spectrum was recorded with a Fourier transform interferometer
(model Bruker IFS113v) in the wavenumber range 150–
1,400 cm−1 at the spectral resolution of 2 cm−1. The lines at
940–1,058 cm−1 are associated with ν2 and ν3 intra-molecular
symmetric and asymmetric stretching modes of PO4, respec-
tively. The bands in the range 372–647 cm−1 are bending
modes (ν2 and ν4) involving O–P–O symmetric and asym-
metric modes and lithium vibrations. In between, there is a gap
without any intrinsic band, so that any band detected in the
range 700–900 cm−1 is the signature of an impurity. An exam-
ple of the use that can be made of the FTIR spectroscopy to
determine the impurities is given in Fig. 5. The spectrum has
been recorded during the early stage of the crystallization of
LiFePO4 by solid-state reaction [41] after sintering at 400 °C
for 4 h only. The spectrum has been recorded with the same
apparatus as that of the pure and well-crystallized LiFePO4

sample in the same figure so that direct comparison is possible.
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First, the FTIR spectrum is broader than that of the spectrum of
the sample prepared under the better conditions (sintering at
500 °C) in Fig. 5, because of the poorer crystallinity. However,
the main result is the observation of new extrinsic modes. The
band centered at 424 cm−1 is the signature of a small amount of
lithium phosphate (Li3PO4). The new band centered at
741 cm−1 is the asymmetric ν0 mode of P–O–P bridges of
LiFeP2O7, which gives evidence of the presence of this impu-
rity phase. The additional feature at 1,226 cm−1 is the signature
of Li3Fe2(PO4)3, to which we refer in the following as NASI-
CON. These are three main impurity phases that can be ob-
served, depending on themode of preparation. The other bands
are not related to impurity phases formed during the sintering
process. For instance, the extra bands in the spectral range
above 1,300–1,600 cm−1 are ν(C–C) vibrations due to the
remaining hydrocarbon species; the polymer that has been
used as a precursor of the carbon has not been completely
dissociated at the sintering temperature Ts≈400 °C. In the same
way, the band at 1,710 cm−1 is the C0C mode of the HC0CH2

vinyl group present in the polymer. One band at 1,610–
1,625 cm−1 is characteristic of the δ(O–H) bending mode.

Magnetic measurements It is difficult to determine from
FTIR spectra the concentration of impurities. For this pur-
pose, magnetic measurements should be done to character-
ize the material. We have already reviewed the magnetic
properties of LiFePO4 and reported how to proceed with the
analysis of the data to identify the impurities and determine
their concentration [42]. We guide the reader to this review
for the details. For simplicity, we exclude from this section
the LiFeP2O7 impurity that is antiferromagetic and is quite
easily detected by FTIR. All the other Fe-based impurities
met in LiFePO4 are either ferromagnetic (Fe2P) or ferrimag-
netic (Li3Fe2(PO4)3, γ-Fe2O3). In both cases, they come out
under the form of nano-sized particles that carry a macro-
scopic magnetic moment below the ordering temperature. In
their ferro- or ferri-magnetic ordered phase, these impurities
are then easily spin-polarized by the application of an ex-
ternal magnetic field H. This is in contrast to pure LiFePO4,
since this material is an antiferromagnet with the Néel
temperature TN050 K [2]. Therefore, the magnetization
curves M as a function of the field H show, at low field, a
nonlinear behavior due to the superparamagnetic contribu-
tion of the impurity particles. At higher field where the
external component is saturated, the linear behavior is re-
covered, with the slope equal to the magnetic susceptibility
of pure LiFePO4. The ordering temperature of the impurities
is thus easily determined as the temperature at which this
nonlinear component at low field takes place. From the
measurement of the magnetization curves M(H) at different
temperatures, it is then straightforward to identify the impu-
rities by their ordering temperature, 26 K for NASICON,
150 K for Fe2P, above room temperature in the case of γ-

Fe2O3. This behavior is illustrated in Fig. 6. The fraction of
iron involved in the impurities can also be determined, togeth-
er with the size of the impurity particles, from the fit of the
magnetization curves, in a simple model of superparamagnet-
ism [43]. This control of the impurities has progressively
made possible the adjustment of the different synthesis param-
eters to get rid of all of them. We have already mentioned that
Fe2P is observed if the sample is prepared at temperature Ts>
750 °C; NASICON and LiFeP2O7 in the case where the
sintering temperature (°C) was too low; and actually, all of
them are systematically detected if hydrogen is not present in
the synthesis process. The reason is that iron “likes” to be in
the trivalent state. The synthesis being performed at tempera-
ture much too low for any carbothermal reduction of Fe, the
reduction to Fe2+ oxidation state in LiFePO4 is insured by
hydrogen. That is why the carbon precursor used for the
carbon coating process is always an organic compound, i.e.,
a compound that contains both H and C atoms. The carbon
liberated during the sintering is used to make the carbon
coating; the gaseous hydrogen compounds liberated during
the process are the reducing agents [41]. However, this pro-
pensity for Fe3+ oxidation makes necessary the control of the
impurities in LiFePO4, and the combination of FTIR and
magnetic experiments is the tool to control the quality of the
product concerning this aspect.

There is one impurity that does not contain iron: Li3PO4.
This impurity is generated when an excess of Li is present
among the precursors during the synthesis; it can be detected
and quantified by XRD and inductive coupling plasma (ICP)
analyses [44]. This impurity is not an advantage for electro-
chemical applications since Li3PO4 is an inert mass. However,
the impact is limited to a loss of capacity per gram of product
in the mass ratio between LiFePO4 and Li3PO4. On the other
hand, if LiFePO4 is prepared with a Li deficiency, the XRD
analysis gives evidence of an increase of the electron density
on lithium positions of the olivine lattice, which can be attrib-
uted to the presence of iron ions on Li sites. This is actually
much more damaging to the electrochemical performance
since an iron ion on a Li site can block the channel of Li ions
where it is located. Both the XRD and the ICP analyses show
that the resulting product in such a case is a homogeneous
solution of composition Li1-2xFexFePO4 [44]. This formula
shows that the intrinsic defect associated to the Li-deficiency

Fig. 6 a Magnetization curves of a sample poisoned with γ-Fe2O3.
The nonlinear part of the magnetization at low field exists already at
room temperature since the magnetic ordering temperature of this
impurity is very high. b Magnetization curves of a sample poisoned
with Fe2P; the onset of strong nonlinearity at small field is now limited
to the range of temperatures smaller than the Curie temperature of this
impurity, 150 K. c The Li3Fe2(PO4)3 impurity that poison this sample
is best evidenced on the M/H (T) curve at H010 kOe, by the anomaly
at 26 K where the this impurity undergoes a weak first-order transition
to a ferromagnetic phase

b
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is a complex made of one Fe2+ ion on a Li+ site plus a Li
vacancy. In the Kröger–Vink notation, this defect is thus
Fe•Li+V

/
Li. The presence of Fe on a Li site has previously

been observed in samples prepared by the hydrothermal route
when the temperature Ts chosen for the synthesis is lower than
200 °C [45, 46]. Yet, the limit of solubility for this complex
defect is only xc≈0.06. Beyond this limit, the defects precip-
itate, resulting in the formation of Fe3(PO4)2 as an impurity
phase, observed by XRD and ICP analysis [44].

Storage conditions: sensitivity to moisture

When a company has made the quality controls along the
lines described above, it has the ability to produce LiFePO4

with the required performance for the most demanding uses.
This step was reached a few years ago. Nevertheless, the
feedback of the manufactures making batteries to the chemical
industries that prepared such a LiFePO4 product was contro-
versial. This difference of appreciation at this last step obvi-
ously was due to a different history of the LiFePO4 powder
between the exit of the chemical company that made it and the
integration of the powder in a battery element. It was soon
realized that the problem came from the storage conditions
[47]. LiFePO4 is not sensitive to the oxygen of air; however, it
is sensitive to moisture. The reactivity of the material to H2O
has been investigated by immersion of the product in water
[47, 48] or simply by exposure of the particle to the humidity
of the atmosphere [48, 49]. Unfortunately, the carbon layer is
of no help and does not protect the particles against humidity.
In presence of H2O molecules, the lithium in the 3-nm thick
surface layer is extracted from the particle, and reacts with H2O
to form LiOH first, and then combines with CO2 in ambient
atmosphere to form Li2CO3. Both of them are detected by
Raman spectroscopy [48]. This surface contamination is dam-
ageable to the electrochemical properties, as it can be seen in
Fig. 7. On the other hand, the delithiated surface layer forms an
FePO4 film that constitutes a waterproof coat, so that the
material is actually much less sensitive to humidity than the
lamellar compounds, for instance [49, 50]. Nevertheless, Fig. 7
shows that storage in dry chamber 5% humidity is mandatory
(and sufficient) to keep the product with its full abilities.

Trends in the research on the olivine family

Now that LiFePO4 can be prepared at an industrial scale with
optimized properties, the efforts are now focused on other
aspects that may hinder the development of electric or hybrid
vehicles. One is the price of the product. In a Li-ion battery,
the price of the cathode enters as about 30% of the price of the
battery and is thus by far the most costly element. To reduce
the price, the lower limits of the sintering temperature (°C) and
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of the time spent for the carbon coating process have been
determined [18]. The reduction of the price may also be
achieved by a less expensive synthesis process, like the prep-
aration from the molten state [51], which makes possible the
synthesis of particles of any size down to circa 20 nm. This
decrease in the size of the particles is of interest to gain power.
Li-ion batteries built with this small grain size, and Li4Ti5O12

anode have been tested over 30,000 cycles without significant
aging, even at deep charge and discharge in 5 min [52]. Note,
however, that this outstanding gain in power has been possible
only by replacing graphite by Li4Ti5O12 in the anode. This is
at the expense of the energy density, because the voltage of the
battery is decreased by the potential of Li4Ti5O12 vs. Li

0/Li+,
which is 1.5 V. This is just an example of the general trend in
Li-ion batteries: one has to choose between more power and
more energy, depending on the use that is targeted.

The energy density of LiFePO4 is about 560Wh kg−1. Since
it is quite close to the theoretical value, increasing the energy
density of the cathode element means switching to another
compound. LiCoPO4 and LiNiPO4 have a higher voltage (4.8
and 5.1V, respectively, vs. Li0/Li+), which exceeds the stability
window of the electrolytes presently available. LiMnPO4 has a
smaller voltage 4.1 eV, which makes it attractive, because this
voltage is still within the electrolyte window and larger than
that of LiFePO4. However, the electric conductivity of
LiMnPO4 is even smaller than that of LiFePO4. Therefore,
the same recipes that were successful to overcome this problem

in LiFePO4 have been attempted in the case of LiMnPO4. First,
decrease the size of the particles to decrease the path length of
electrons inside the material. Different synthesis routes have
made possible the preparation of well-crystallized powders
with a size of the order of 50 nm: solid-state reaction in molten
hydrocarbon [53], polyol synthesis [54, 55], and spray pyrol-
ysis plus ball milling [56]. Second, coat the particles with
conductive carbon. Unfortunately, the carbon is less reactive
with Mn than with Fe, and the carbon coating of LiMnPO4

turns out to be muchmore difficult than that of LiFePO4.Many
efforts have been made to prepare C-LiMnPO4 particles
[57–59]. The price to obtain an initial discharge capacity in
the range 130–140 mAh g−1 at C/10 rate was to immerse the
LiMnPO4 in important quantities of carbon, namely in the
range 20 wt.% [60] to 30% [56, 61]. However, the amount of
carbon in a commercial lithium-ion battery should not exceed a
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few percent, and at such low concentrations, the capacity is
smaller [62] and the material contains Li3PO4 impurity acting
as an inert mass. Therefore, new routes have been tried. Since
the methods applied to LiFePO4 cannot be extrapolated direct-
ly to LiMnPO4, to the point where the performance of
LiMnPO4 is not competitive with LiFePO4, the first idea was
to study the solid solution LiMnxFe1−xPO4 to investigate
which intermediate composition is the best compromise to take
advantage of theMn2+/Mn3+ redox potential, 4.1 V vs. Li0/Li+,
without losing too much in the cycling life and power [63].
Indeed, the extraction and insertion of Li proceed at two steps
at 3.4 and 4.1 V, as the iron ions are reduced before the
manganese ions [63–65]. Since then, carbon-coated
LiMnxFe1−xPO4 has been prepared successfully by different
techniques [66–71], and the electrochemical properties are
now well known. The electrochemical properties strongly
decrease at x≥0.8 [68]. At these large Mn concentrations, the
lattice cannot afford the strains induced by the valence change
of Mn, as Mn3+ is a Jahn–Teller ion that generates local
distortions in the lattice. The intermediate concentration x0
0.5–0.6 turns out to be a good compromise. The same tools as
the oneswe have described in the previous section for LiFePO4

have been used to characterize the solid solution at these
intermediate concentrations, namely magnetic experiments
[64, 65, 68], FTIR experiments [65, 71], Raman spectroscopy
for the carbon coat [71], in addition to the conventional struc-
tural analyses including XRD and electron microscopy. As
shown in Fig. 8, the capacity of C–LiMn0.5Fe0.5PO4 at rate
1C is 130 mAh g−1, still close to that of LiFePO4, and even at
rate 4C, the electrochemical reversibility is maintained; in
addition, the cycle fading even at high current is remarkably
small, at least for the 20 first cycles where it has been tested
[65].

To bypass the limitation in the Fe/Mn ratio of the solid
solutions, a new route has been explored recently [72].
LiMnPO4 particles have been coated with LiFePO4. Then,
it is possible to coat this composite with carbon, by taking
advantage of the fact that this deposit on LiFePO4 is easily
performed. Now the product is a composite with a core
region of LiMnPO4 surrounded by a coat of LiFePO4;
conductive carbon forms the surface layer [72]. The TEM
image of such a particle is shown in Fig. 9 for the case
where the particle contains a concentration of Mn twice that
of Fe. The electrochemical properties have been measured
and compared with those of the solid solution with the same
Mn/Fe ratio, namely C-LiMn2/3Fe1/3PO4 with the same size
of the particles, namely 0.1–0.2 μm. For the C–LiFePO4–
LiMnPO4 composite material, at C-rate C/24, the initial
capacity is 119.3 mAh g−1, with a ratio discharge/charge
D/C close to unity. At 10C, the delivered capacity is
65.5 mAh g−1. For a sample LiMn2/3Fe1/3PO4 with the same
size of particles and the same carbon coating, the capacity of
the first charge at C/24 is only 54.5 mAh g−1 and the

delivered capacity at 10 C is only 23.3 mAh g−1. The
composite has thus a much better performance.

Concluding remarks

The LiFePO4 material has major advantages: it is not toxic;
its thermal stability is remarkable, it ranks number one in
terms of safety and power. It is then not surprising that it is
winning the market for hybrid and electric vehicles across
the world. However, this olivine material may somehow be
a victim of its success. The manufacturing of LiFePO4 is in
rapid expansion in an increasing number of companies,
selling on the market products that have the same label of
iron phosphate, but are not the same, and actually range
from bad to good. The ability of the product to fulfill the
expectations as a cathode element for demanding applica-
tions such as electric transportation relies on the quality
control that is mandatory and it includes different tools that
have been reviewed. The consequence is a product that may
not be cheap, but this is the price to pay to get a reproducible
and optimized product needed for a battery with very long
cycling life and very high power. New synthesis routes are
expected to reduce the price. The progress in the preparation
of more elaborate composite materials with other members
of the family opens a route to use other members of the
olivine family to increase the voltage, and thus the energy
density. The research on the olivine family will continue to
be as active as it has always been since the pioneering work
of John Goodenough.

Fig. 9 TEM image of C-LiFePO4-LiMnPO4 showing the different
layers of a particle of this composite. The EDX image demonstrates
that LiFePO4 forms a continuous layer on the surfaces of LiMnPO4

particles
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