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Development of an eco-friendly, low cost and high energy density (�700 W h kg�1) LiMnPO4 cathode

material became attractive due to its high operating voltage �4.1 V vs. Li falling within the

electrochemical stability window of conventional electrolyte solutions and offers more safety features

due to the presence of a strong P–O covalent bond. The vacancy formation energy for LiMnPO4 was

0.19 eV higher than that for LiFePO4, resulting in a 10�3 times-diluted complex concentration, which

represents the main difference between the kinetics in the initial stage of charging of two olivine

materials. This review highlights the overview of current research activities on LiMnPO4 cathodes in both

native and substituted forms along with carbon coating synthesized by various synthetic techniques.

Further, carbon coated LiMnPO4 was also prepared by a solid-state approach and the obtained results

are compared with previous literature values. The challenges and the need for further research to

realize the full performance of LiMnPO4 cathodes are described in detail.
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1 Introduction

Despite a few drawbacks like poor shelf life and a small risk of
re, lithium-ion batteries (LIBs) still remain a popular as well as
a portable electrochemical energy storage device in this era. The
LIB power packs are intensively pursued for electric (EV), hybrid
electric (HEV) and plug-in electric vehicle (P-HEV) applica-
tions.1–12 This is because of lithium having a very small atomic
mass (6.94 g mol�1), thereby reducing the weight of the battery
drastically. Combined with this fact, lithium is extremely reac-
tive, so it can give off a tremendous amount of energy in its
chemical reactions with a theoretical capacity of 3862 A h kg�1

and higher potential (�3.05 V vs. normal hydrogen electrode)
and these factors inuence a very high energy density of the cell.
Briey, LIBs offer a very meager amount of self-discharge (�5%
per month), no memory effect, high energy density (both volu-
metric and gravimetric), etc.5,13–17 The characteristics of three
generations of LIBs are compared with other commonly avail-
able rechargeable systems, like lead acid, Ni–MH, Ni–Cd and
magnesium, in Table 1.18

Practically, metallic lithium based rechargeable batteries
were rst demonstrated by Whittingham19 in the 1970's using
TiS2 as the cathode and lithium as the anode with a limited cell
potential (<2.5 V vs. Li). The pioneering work of Goodenough
and co-workers20–22 invented the possibility of using layered
LiCoO2 and spinel LiMn2O4 as cathode materials for lithium
rechargeable cells in the 1980's with an extended cell voltage of
above 4 V vs. Li. Further, the demonstration of reversible
lithium insertion into graphite by Yazami and Touzain23 fol-
lowed by the successful development of carbonaceous anodes
by Sony Inc. led to the successful commercialization of LIBs in
1990. Thereaer, manymaterials such as LiNiO2, LiMnO2, V2O5,
etc. were proposed as possible alternatives to the existing
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layered LiCoO2 cathodes due to its own setbacks.24–30 Also,
Goodenough and co-workers2,31–33 reported the utilization of
polyanion framework materials as prospective cathodes for
LIBs. Among them LiFePO4 was found to be better and it was
commercialized recently by A123 Inc., and Sony Inc., owing to
its appealing properties like the presence of Fe which is envi-
ronmentally benign, low cost, very stable electrochemical
properties with structural stability, high thermal stability and a
long distinct discharge plateau. The comparison among the
cathode materials is schematically illustrated in Fig. 1.34 Most of
the LIBs are used in portable electronic devices such as laptops,
cell phones and portable electronic devices fabricated with
layered oxides as cathodes and carbonaceous materials as
anodes. The inherent toxicity, chemical instability and high cost
along with safety issues occurring during high voltage charge
(>4.3 V vs. Li) arising from a signicant overlap of the Co3+/4+:3d
band with the top of the O2

�:2p bands hinder the possible
usage of cobalt-rich cathodes in heavier congurations like HEV
and P-HEV applications.35

From the cost and environmental points of view, cathodes
based on transition metal elements like Mn and Fe would be
benecial. In that scenario, the spinel LiMn2O4 is attractive, as
Mn is inexpensive and eco-friendly. Its three-dimensional
structure with a good structural stability supports high rate
capability which is one of the prerequisites for the above-
mentioned EV based applications. However, LiMn2O4 suffers
from severe capacity fade at elevated temperatures due to the
dissolution of Mn3+ from the spinel lattice and the consequent
attack of carbonaceous anodes by the solvated Mn atoms,
resulting in an increase in cell impedance.4 On the other hand,
in recent years signicant progress, such as surface modica-
tion with inactive particles, carbon coating, and partial
replacement of isovalent or aliovalent cations, etc., has been
Madhavi Srinivasan is currently
an Assistant Professor at the
School of Materials Science and
Engineering, Nanyang Techno-
logical University (NTU), Singa-
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storage devices. She may be contacted at Madhavi@ntu.edu.sg.
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Table 1 A comparison among the rechargeable battery systems18

Magnesium Lead acid Ni–Cd Ni–MH Li-ion I Li-ion II Li-ion III

Anode Mg alloy Pb Cd MH(LaNi5H6) LiC6 Sn–Co–C–Ti LiC6

Cathode Mo3S4 PbO2 NiOOH NiOOH LiCoO2 LiCoO2 +
Li(Ni–Co–Mn)O2

LiFePO4

Electrolyte Mg(AlCl2BuEt)
in THF/TG

Aqueous
H2SO4

Aqueous
KOH

Aqueous
KOH

LiPF6
a LiPF6

a LiPF6
a

Specic energy density
(theory) (W h kg�1)

135 170 220 220 410 226 560

Specic energy density
(practical)(W h kg�1)

>60 30–40 40–60 75–100 120–150 158 95

Working voltage (V) 1.3–1.0 2.0–1.8 1.2–1.0 1.2–1.0 4.0–3.0 4.2–2.5 3.6–2.0
Working temperature (�C) �20 to +80 �20 to +50 �40 to +45 �20 to +45 �30 to +80 �30 to +80 �30 to +80
Chemical overcharge
protection

No Yes Yes Yes Nob Nob Noc

Chemical overdischarge
protection

No No Yes Yes Nob Nob Nob

Cycle number,
100% DOD

>2000 >50 >1000 >1000 <1000 <1000 >3000

Relative toxicity Low? High High High Medium High Low
Safety High? High High High Medium Medium High
Estimated
material costs

Low Medium Medium Medium-high High Medium Medium

Estimated
manufacture cost

High Low Medium Medium High High High

a Salt in aprotic organic solvents or polymers, DOD – depth of discharge. b Electronic control of the state of charge/discharge. c A123 uses redox
shuttle mechanisms through additives, TG – tetraglyme.

Fig. 1 Schematic representation of the plot of Li-ion battery cathode material potentials vs. capacity. LiMPO4, Li2MSiO4 and Li2MPO4F, where M ¼ Fe, Mn, Co, Ni, etc.;
Li2MO3, where M ¼ Mn, Mo, Ir, Ru, etc.34
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made to retain LiMn2O4 as a serious contender for high power
applications.36,37 A partial substitution of Mn atoms provides
the possibility of using them as 5 V (vs. Li) cathodes in LIBs. The
simple oxides such as LiCoO2, LiNiO2, and LiMn2O4 with highly
This journal is ª The Royal Society of Chemistry 2013
oxidized redox couples (Co3+/4+, Ni3+/4+ andMn3+/4+) were able to
offer high cell potentials in LIBs.38,39 Nevertheless, operation of
such materials at elevated temperatures could lead to the
release of oxygen from the lattice in the charged state due to the
J. Mater. Chem. A
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lack of chemical stability of highly oxidized species such as Co4+

and Ni4+, which results in the thermal runway of the cell.40 One
way to overcome this problem is to work with lower-valence
redox couples like Fe2+/3+. However, a decrease in the oxidation
state will raise the redox energy of the cathode and lower the cell
voltage. Keeping this in mind, Goodenough and co-
workers2,41–47 focused on the development of polyanion frame-
work materials, which comprise oxygen in tetrahedral sites, for
example XO4

2� (X ¼ S, Mo, and W). The polyanion-containing
Fe2(SO4)3 host was found to operate at 3.6 V vs. Li while both
Fe2(MoO4)3 and Fe2(WO4)3 were found to operate at 3.0 V vs. Li.
The aforementioned Fe based hosts have NASICON-related
framework structures, in which the FeO6 octahedra share
corners with XO4 tetrahedra resulting in Fe–O–X–O–Fe linkages.
The lack of direct Fe–Fe or Fe–O–Fe interaction results in
inherent electronic conductivity and low rate capability despite
good lithium ion conduction in such NASICON-based
frameworks.44,46,48,49

With their continuous efforts, in 1997 Goodenough and co-
workers33 discovered the olivine type LiFePO4 as the host matrix
for Li-ion insertion and extraction. Initial results suggest that
insertion and extraction of 0.6 moles of lithium were feasible
and excellent reversibility with a distinct plateau around �3.4 V
vs. Li was exhibited. LiFePO4 comprising an orthorhombic unit
cell (D16

2h space group Pmnb), which accommodates four units of
LiFePO4, and the oxygen ions form a hexagonal close-packed
arrangement. The Fe ions form zigzag chains of octahedra in
alternate basal planes bridged by the tetrahedral phosphate
units (PO4). Li atoms occupy the octahedral sites, which are
located in the remaining basal planes, and Li+ ions form one
dimensional tunnels in the structure that run parallel to the
planes of corner-sharing FeO6 octahedra, along the [010]
direction in the orthorhombic Pmnb lattice. The strong covalent
bond between oxygen and P5+ ions forming (PO4)

3� units allows
greater stabilization of the structure when compared to other
counterparts like LiCoO2, LiNiO2 and LiMn2O4. Furthermore,
strong covalence stabilizes the anti-bonding Fe3+/2+ state
through a Fe–O–P inductive effect. As a result, it is very difficult
to remove oxygen atoms from the lattice due to the tetrahedral
arrangement. This structure provides high thermal stability for
elevated temperature operations. This Ptet–O–Feoct linkage in
the structure generates a suitable Fe3+/2+ redox energy of at
voltage 3.4 V vs. Li. At the same time, LiFePO4 was severely
affected by poor electronic conductivity issues (�10�9 S cm�1)
because of the separated arrangement of FeO6 octahedra.35 The
carbon coating, creating rich or decient sites of lithium and
partial substitution of either isovalent or aliovalent cations
signicantly improved the conductivity thereby enabling better
battery performance and approaching the theoretical capacity
(�170 mA h g�1). Even though commercialization of C–LiFePO4

nanocomposites was achieved by one US venture company
(A123 Inc.) for power tool applications, Sony announced the
mass production of LiFePO4 based batteries into the market for
EV applications. However, the energy densities (�578 W h kg�1)
of such cells are limited due to the restricted operating potential
�3.4 V vs. Li, which is quite low for high power applications
such as EV and HEV.50 Thus, research is devoted to the
J. Mater. Chem. A
development of other members of olivine phosphates group
unveiling similar properties to LiFePO4, such as LiMnPO4,
LiCoPO4 and LiNiPO4.51–53 Among the members of the above
olivine family, the latter two exhibited redox reactions at �4.8
and �5.2 V vs. Li, respectively, which are higher than the safer
operational limit of conventional carbonate based electrolyte
solutions. Thus, the current research is devoted to develop eco-
friendly, low cost LiMnPO4 with a high operating voltage �4.1 V
vs. Li and capable of delivering a maximum energy density of
�700 W h kg�1 with more safety features due to the presence of
a strong P–O covalent bond. More importantly, the electro-
chemical window falls within the electrochemical stability
window of conventional electrolyte solutions, when compared
to other systems.54 Nevertheless, only very few researchers have
realized the full performance of LiMnPO4 in the native form. In
this paper, we describe an overview of current research activities
on LiMnPO4 with our experimental results in detail.
1.1 Solid-state approach

Aer the successful extraction and reversible insertion of Li-
ions into polyanion type LiFePO4 by Padhi et al.,33,45 the same
approach was attempted to extract Li-ions from the LiMnPO4

matrix in the presence of 1 M LiClO4 in propylene carbonate
(PC) and dimethoxyethane (DME) solution. However, the
authors failed to extract Li-ions from the native compound,
whereas Fe doping on Mn sites leads to the extraction of Li-ions
and oxidation of Mn2+ was observed aer the oxidation of Fe2+.
The prominent voltage plateaus of Fe and Mn were located at
�3.4 and 4.1 V vs. Li, when Mn concentration exceeds 50% (x$
0.5) (LiMn1�xFePO4). Amaximum of�0.45moles Li per formula
unit were only extracted for a Mn content of 75%. When the
concentration of Fe substitution is increased (beyond 50%) Li-
ion extraction tends to decrease. In order to complement Padhi
et al.33 work, Okada et al.55 also attempted to extract lithium
from the native compound when charged up to 5.2 V vs. Li in the
presence of 1 M LiPF6 in an ethylene carbonate (EC) : dimethyl
carbonate (DMC) solution but failed in their attempt. Yamada
et al.56 pointed out that smooth extraction of lithium from the
native compound was too complicated because of its insulating
behaviour, when compared to semiconductor type LiFePO4 and
Jahn–Teller (JT) deformation around Mn3+ was also a major
factor responsible for such huge polarization during the elec-
trochemical reaction. Further, the electrochemical performance
of LiMnPO4 is entirely different from its counterpart LiFePO4.
The current durability for LixMnPO4 is orders-of-magnitude
inferior to that for LixFePO4, and its origin was clearly attributed
to the intrinsic crystallographic and transport properties of
LixMnPO4. Moreover, LiMnPO4 is an insulator with a�2 eV spin
exchange band gap, whereas LiFePO4 is a semiconductor with a
�0.3 eV crystal eld band gap. Heavy polaronic holes localized
on the Mn3+ sites were suggested as an important rate-limiting
factor. For example, in order to achieve an energy density as
large as that of LiFePO4, only less than one tenth of the current
can be allowed to pass through LiMnPO4. More simply,
LiMnPO4 exceeds the energy density of LiFePO4 at the 10 day
rate, and it reaches its theoretical energy density at the 1 month
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 O2 evolved versus temperature for de-lithiated MPO4 (M ¼ Fe and Mn).65

Copyright: Elsevier
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discharge rate. The electrochemical cycling process has been
described by Goodenough's core–shell two phase reaction
model.33 In spite of the higher open-circuit voltage of Mn3+/2+

(�4.05 V vs. Li) compared to that of Fe3+/2+ (�3.4 V vs. Li) in the
olivine framework, the abnormally large polarization may
eliminate pure LiMnPO4 as a practical lithium battery cathode
due to much lower effective energy density than LiFePO4.
Further, the sophisticated synthetic recipe may somewhat
improve the reaction kinetics; there should always be large
relative kinetic differences coming from the intrinsic properties
dominating the overall trend.

The JT effect associated with Mn3+ was also reported by Nie
et al.57 via rst principles calculations. A large volume change
(�6.5%) during transition from LiMnPO4 (316.41 Å) to MnPO4

(296.20 Å) was noticed due to extraction of lithium. The
migration energy barrier of those JT-type small polarons was
related to the energy levels of the Mn-3 d(x2 � y2) states above
the Fermi level, while the energy level of those Mn-3 d(x2 � y2)
states determines the energy gap. Based on the above, the pre-
dicted band gaps of 3.96, 1.07 and 0.27 eV were calculated for
LiMnPO4, MnPO4 and Li0.5MnPO4 phases, respectively. As there
were no Mn2+ in ideal MnPO4 lattices and no Mn3+ in ideal
LiMnPO4 lattices, the migration of polarons was restricted by
concentration of defects (such as Li vacancies in LiMnPO4 and
Li-ions in MnPO4) in real cases. Thus, the electrical conduction
in MnPO4 and LiMnPO4 was poor as compared to that of
Li0.5MnPO4. Hence although the JT effect was harmful to the
structural stability, it was helpful for electrical conduction in
LixMnPO4. Further, Asari et al.58 theoretically investigated the
formation and diffusion of a vacancy–polaron complex in
LiMnPO4 and LiFePO4 using the rst-principles density func-
tional theory (DFT) within a framework of the GGA + U method.
The vacancy formation energy for LiMnPO4 was 0.19 eV higher
than that for LiFePO4, resulting in a 10�3 times-diluted complex
concentration, which represents the main difference between
the kinetics in the initial stage of charging of two olivine
materials. This large difference was caused by insufficient
relaxation of Mn–O bonds in LiMnPO4.

Later in 2002, Li et al.59 successfully demonstrated extraction
and reversible insertion of Li-ions from C–LiMnPO4 composite
cathodes, in which cathodes comprising 9.8 wt% carbon were
prepared via a solid state route followed by ball milling with
carbon. The test cells were cycled between 2 and 4.5 V at
0.28 mA cm�2 in the presence of 1 M LiPF6 in EC : DMC. During
charging to 4.5 V vs. Li by CC mode, a capacity of 162 mA h g�1

was observed which corresponds to the extraction of 0.94 Li per
formula unit. The cell delivered a rst discharge capacity of
146 mA h g�1 and a stable reversible capacity of �140 mA h g�1

was noted in subsequent cycles. The authors also tried to charge
the cell up to 4.8 V vs. Li for complete removal of Li-ions from
the lattice. In that situation, the rst charge capacity
approaches the theoretical value (�171 mA h g�1); nevertheless
only 0.89 moles of lithium (152 mA h g�1) reversibly inserted
during the subsequent discharge. Moreover, severe capacity
fading was observed during cycling. Li et al.59 explained that the
cause for such a fade was mainly due to the decomposition of
the electrolyte used. In LiMnPO4, only 10.7% of volume change
This journal is ª The Royal Society of Chemistry 2013
was noticed during extraction and insertion of Li-ions (cell
volume 302.9 Å3 for LiMnPO4 and 270.4 Å3 for Li0MnPO4) based
on the two phase model suggested by Padhi et al.33 DSC was also
conducted to study the thermal stability in the de-lithiated state
of LixMnPO4 and heat evolution of 290 J g�1 was determined,
which indicates good thermal stability when compared to other
layered type cathodes like LiCoO2 (1000 J g�1) and LiNiO2 (1600
J g�1). This conrms the strong P–O bonding inuence in
olivine phase materials which renders high temperature
tolerance.

Kang and co-workers60–62 also investigated the thermal
properties of lithiated and de-lithiated phases of LixMnPO4.
During de-lithiation, a colour change from white to purple was
noted and the two phase reaction was conrmed by continuous
XRD measurements. The morphology of the above phases was
severely inuenced by phase transition. It is surprising to note
that de-lithiated MnPO4 was extremely unstable, even during
exposure to the electron beam while recording the TEM images.
At the same time, de-lithiated LixMnPO4 was thermally stable at
elevated temperatures (up to 410 �C) and no structural changes
were noted. However, raising the temperature leads to an
increase in unit cell volume and lattice parameters. At relatively
low temperatures, only LiMnPO4 and MnPO4 co-exist; upon
heating, MnPO4 partially decomposes into Mn2P2O7 and O2 is
released according to the following equation

2MnPO4/Mn2P2O7 þ 1

2
O2

It is well known that oxygen extraction from the P–O covalent
bond is too difficult, and olivine-type materials are therefore
considered as thermally safer electrodes for LIBs. It is worthy to
mention that O2 evolution can readily occur through decom-
position at a temperature as low as 210 �C in the presence of an
electrolyte solution. The irreversible phase transformation of
the de-lithiated phase, if it occurs, deteriorates the electro-
chemical performance of a LiMnPO4 electrode. According to
Delacourt et al.63 PO4

3� anion was thermally stable up to �500
�C and was evaluated in various compositions of Li1�xFePO4

and other polyanion type electrodes. A similar kind of thermal
J. Mater. Chem. A
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Fig. 3 (a) Typical voltage profiles of C–LiMn0.8Fe0.2PO4 composite electrodes
measured galvanostatically at various discharge rates at 30 �C in the standard
electrolyte solution. The term C rate describes the rate of discharge, whereby a
constant current is chosen so that the entire maximal specific capacity (165 mA h
g�1) is discharged during a specified period of time; for example, the rate 0.1 C
means that the constant current is adjusted to discharge the entire capacity during
10 h, and at rates 1 or 2 C the entire capacity is discharged within 1 or 0.5 h,
respectively. (b) Comparison of rate capabilities (discharge capacity versus
discharge rate) for C–LiMn0.8Fe0.2PO4, C–LiMnPO4, LiNi0.33Mn0.33Co0.33O2,
LiNi0.4Mn0.4Co0.2O2, LiNi0.5Mn0.5O2, and LiNi0.8Co0.15Al0.05O2 (NCA) cathodes in
similar experiments (galvanostatic cycling at 30 �C in standard electrolyte solu-
tions). The potential windows within which C–LiMn0.8Fe0.2PO4, C–LiMnPO4, and
the layered transition-metal-oxide cathodes reached their full capacity were 2.7–
4.25, 2.7–4.4, and 2.5–4.5 V versus Li.71 Copyright: John Wiley & Sons, Inc.
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instability was also noticed by Chen and Richardson64 and Ong
et al.,65 and they pointed out that manganese may also have a
catalytic effect on the decomposition of the phosphate to
release oxygen rather than its counterpart LiFePO4.

In contrast to the above reports, recently Aurbach and co-
workers66 found that the thermal stability of LiMnPO4 and solid-
solution LiMn0.8Fe0.2PO4 was not inferior when compared to
LiFePO4. The exothermal reactivity (specic heat evolution) of
de-lithiated olivine phase materials was found to follow the
order, Li0.1MnPO4 > Li0.05Mn0.8Fe0.2PO4 > Li0.05FePO4 while
using 1 M LiPF6 in EC : DMC as the electrolyte, whereas the
above trend was reversed while using 1 M LiPF6 in EC : PC.
Further, it is worthy to mention that LiMPO4 (M ¼ Fe and Mn)
olivine phase materials did not release oxygen upon heating
which reects better structural stability than that of the layered
type cathodes. Further, no noticeable change in the XRD
patterns of de-lithiated olivine cathodes before and aer heat-
ing to 400 �C was observed. As indicated by TGA measurements,
heating to such high temperatures leads to the reaction between
LixMPO4 and the carbon coating which may be accompanied by
the formation of new phases. These results clearly indicate that
the three fully de-lithiated olivine phases were basically stable at
high temperatures, i.e. up to 400 �C, and it was consistent with
the simulation by Ong et al.67 using rst principles calculations
and this is illustrated in Fig. 2. Conversely, other cathodes like
LiCoO2 and LiNi0.8Co0.15Al0.05O2 in the de-lithiated state
demonstrated noticeable structural changes upon heating to
400 �C. This conrmed the superior thermal stability of LiMPO4

compounds in the de-lithiated state. The obtained results have
been conrmed by thermogravimetric analysis coupled with
mass spectroscopic measurements (TGA-MS). Moreover, the
authors clearly stated that the scientic community has not yet
reached the same level of understanding and comprehension of
LiMnPO4 that exists to date with LiFePO4. Further, it may not be
surprising that different batches of LiMnPO4 synthesized in
different ways behave very differently in terms of both electro-
chemical performance and thermal stability. Hence, it is too
early to derive general conclusions about the safety features of
LixMnPO4 as a cathode material for Li-ion batteries. To support
the explanation given by Aurbach and co-workers,66 Choi et al.68

extensively studied the thermal stability and structural change
using in situ hot stage X-ray diffraction measurements and
compared with MnPO4$H2O powder. The results clearly sug-
gested that de-lithiated MnPO4 undergoes a structural change
to form the Mn2P2O7 phase at 490 �C with subsequent evolution
of O2 according to the above equilibrium and this reaction was
coinciding with the structural change observed in MnPO4$H2O
powders.

Shiratsuchi et al.69 adopted the isovalent and aliovalent
doping (Ti, Mg and Zr) on Mn sites to improve the electro-
chemical properties of LiMnPO4. Aer the preparation of the
LiMn1�xMxPO4 (where M ¼ Ti, Mg and Zr) phase, the
compound was mixed with 25 wt% of acetylene black and mil-
led using a planetary ball miller with subsequent heat treat-
ment. During the treatment, the authors noticed the occurrence
of carbothermal reduction to form the Mn2P phase for the rst
time in LiMnPO4 while the nal sintering temperature exceeds
J. Mater. Chem. A
600 �C. Hence, an optimized annealing temperature was
required to avoid the formation of Mn2P. In Mn site doping, an
improvement of one order of electronic conductivity was noted
for all the doped olivine phase materials (LiMnPO4 � 10�11 S
cm�1, for LiMn0.99Ti0.01PO4, LiMn0.99Mg0.01PO4, and
LiMn0.99Zr0.01PO4 � 10�10 S cm�1) at room temperature. The
Mg-doped (1%) sample displayed better rate capability and was
found to be the most effective dopant for LiMnPO4 when
compared to rest of the two ions used for this study. Specically,
the discharge capacity of the 1% Mg-doped sample was �136
mA h g�1 at 1.0 mA cm�2 and�125 mA h g�1 at a higher current
of 2.0 mA cm�2. These values are 10 and 20% larger than those
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2ta01393b


Feature Article Journal of Materials Chemistry A

D
ow

nl
oa

de
d 

by
 C

H
O

N
N

A
M

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
19

 F
eb

ru
ar

y 
20

13
Pu

bl
is

he
d 

on
 0

6 
D

ec
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2T
A

01
39

3B
View Article Online
of Zr doped and native compounds, respectively, whereas in
LiFePO4 the rate capability was drastically enhanced by 1% Zr
doping by Chung et al.70 Unfortunately, Zr doping was not
effective for LiMnPO4 to improve its performance.

The effect of Fe2+ substitution was also successfully
employed by Martha et al.71 to form a solid-solution between
olivine phases of Fe and Mn. A solid-state method was
employed for the preparation of such a LiMn0.8Fe0.2PO4 phase
along with 10 wt% carbon followed by ball milling before the
heat treatment at 550 �C for 3 h in Ar atm. The olivine phase
LiMn0.8Fe0.2PO4 comprised 25–60 nm size particulates with �5
nm thick carbon coating on the surface. It was surprising to
notice that the reactivity of the LiMn0.8Fe0.2PO4 phase towards
electrolyte solutions was much lower than the native phases of
either LiMnPO4 or LiFePO4 observed through ac impedance
measurements. Similar to the above-mentioned synthesis, C–
LiMnPO4 was prepared by a polyol process;72 LiMn0.8Fe0.2PO4

displayed excellent rate performance above the 2 C rate
compared to other counterparts like LiNi0.33Mn0.33Co0.33O2,
LiNi0.4Mn0.4Co0.2O2, LiNi0.5Mn0.5O2, and LiNi0.8Co0.15Al0.05O2,
and even C–LiMnPO4 (Fig. 3). The potential limits for these tests
were determined between 2.5 and 4.25 V by a CC–CV protocol
for olivine phase materials. An initial discharge capacity of 160–
165mA h g�1 (close to the theoretical value of 170mA h g�1) was
observed at low rates (0.1 C). A negligible capacity fading was
observed throughout the testing range with an extent of decay
less than 0.025 mA h g�1 per cycle at a 1 C rate for about 300
cycles. The thermal stability of C–LiMn0.8Fe0.2PO4 falls between
C–LiMnPO4 and C–LiFePO4, whereas the thermal stability of de-
lithiated C–LixMn0.8Fe0.2PO4 is higher than that of de-lithiated
C–LixMnPO4 and C–LixFePO4 in terms of both the onset
temperatures of the main thermal reactions and the specic
heat evolution. Further, the authors also rst demonstrated the
electrochemical performance of C–LiMnPO4 and C–LiMn0.8-

Fe0.2PO4 cathodes with the spinel Li4Ti5O12 anode in a full cell
conguration for load leveling applications.73 Zou et al.74 also
reported the performance of C–LiMn0.8Fe0.2PO4 by varying the
carbon source (carbon clack and sucrose) and ball milling
duration with Li4Ti5O12 anodes.

Yang et al.75 reported the synthesis of Co-doped LiMnPO4

(LiMn0.95Co0.05PO4) by an oleic acid assisted approach. The
source materials were initially ball milled before the heat
treatment in a N2 atmosphere at various calcination tempera-
tures. The sample prepared at 600 �C performed better when
compared to other temperature conditions and it showed
discharge capacities of 103 and 144 mA h g�1 for LiMnPO4 and
LiMn0.95Co0.05PO4, respectively at a 0.05 C rate between 2.5 and
4.5 V using the CC–CV protocol. The capacity fading was
observed in both cases of the materials prepared by this route.
Further, it was apparent that Co2+ doping on Mn sites leads to a
decrease in cell volume and the chemical diffusion co-efficient
is also calculated through CV analysis and was found to be 3.0�
10�17 cm2 s�1.

Aer the successful synthesis of LiMnPO4 nanoplates by
Wang et al.72 via the polyol procedure, the same group of
authors attempted isovalent (Mg, Fe, Zn and Ni) doping on Mn
sites.76 The doped and native compounds were prepared under
This journal is ª The Royal Society of Chemistry 2013
an Ar–H2 atm. and the prepared phase materials were subse-
quently ball milled with 20 wt% carbon. The capacity of C–
LiMn0.9Fe0.1PO4 was around 30% higher than native C–
LiMnPO4 for all the current rates tested by CC–CV mode. For
example, C–LiMn0.9Fe0.1PO4 showed �148 mA h g�1 at 0.05 C,
whereas the native compound exhibited only�114 mA h g�1. At
0.2 C, the values were found to be 123 and 90 mA h g�1,
respectively. C–LiMn0.9M0.1PO4 (M ¼ Mg and Ni) exhibits a
similar performance to C–LiMnPO4 at 0.2, 0.5 and 1 C rates
while discharge capacities were slightly higher. As far as zinc-
substitution was concerned, it exhibits a poor behavior, only 77
mA h g�1 at 0.05 C, compared to other substituents. Electronic
conductivity was only slightly improved with dopants (Fe, Ni
and Mg) and this was in contrast to LiFePO4 where electronic
conductivity was drastically enhanced. For example, electronic
conductivity of LiMnPO4 is 1.02 � 10�9 S cm�1, around 1/3 of
the Fe modied (2.85 � 10�9 S cm�1), and 8.4 times of
LiMn0.9Zn0.1PO4 (1.21 � 10�10 S cm�1).

Lee et al.77 investigated various ranges of cation substitutions
(Mg2+, Ca2+ and Zr4+) under N2 ow at 600 �C for about 3 h. It is
obvious that there was no appreciable variation in the unit cell
volume during cationic substitution. However, as far as the
electrochemical performance was concerned, substitution of
Mg2+ and Zr4+ resulted in decrease in polarization and increase
in capacity prole. For example, Mg2+ doped LiMnPO4 delivered
a discharge capacity of�120mA h g�1 between 2 and 4.5 V at 7.5
mA g�1, when compared to�90 mA h g�1 for native LiMnPO4 by
the CC–CV protocol. The authors also found that co-doping of
Zr4+ along with Mg2+ (LiMn0.88Mg0.1Zr0.02PO4) provides further
decrease in polarization (�177 mV for LiMn0.9Mg0.1PO4 and
�153 mV for LiMn0.88Mg0.1Zr0.02PO4) of the electrodes. In the
case of Ca2+ substitution, the performance was very poor
compared to that of the native compound. Chemical diffusivity
of Zr4+ co-doped phases was one order of magnitude higher than
that of the LiMnPO4 phase (8.8 � 10�15 to 2.9 � 10�14 cm2 s�1)
and an improved capacity retention of 83% (initial discharge
capacity �125 mA h g�1) was maintained at 30 mA g�1, whereas
only 68% capacity (initial discharge capacity �85 mA h g�1) was
retained for pristine LiMnPO4.

LiMnPO4 with an off-stoichiometry (LiMn0.9P0.95O4�d) was
reported by Kang and Ceder78 with a particle size of <50 nm. The
prepared phase contains some impurity phases like Li3PO4 and
Li4P2O7; the concentration of those phases was totally less than
5% of the native compound, hence the theoretical capacity of
LiMnPO4 was assumed to be 162 mA h g�1. The test cell showed
a discharge capacity of �145 mA h g�1 between 3 and 4.8 V at
0.05 C which is�89% of theoretical capacity, whereas the native
compound showed a discharge capacity of 80 mA h g�1 by CC
mode. At a high current rate (1 C), LiMn0.9P0.95O4�d delivered a
capacity of �65 mA h g�1 and it is twice that of the nominal
composition. The authors attempted to increase the carbon
content (65 wt%) during the formulation of the electrodes,
nevertheless no signicant improvement was achieved.

Amolten hydrocarbon assisted solid-state procedure has been
adopted to synthesize nano-platelets of LiMnPO4 by a single step
process.79 The LiMnPO4 nanoplates show identical orientation
with preferred growth on the order of [010] > [001] > [100] with
J. Mater. Chem. A
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Fig. 4 Rate performance of LiMnPO4 during (a) same charge–discharge C-rates and (b) various discharge C-rates following a constant charge at 0.04 C and (c)
extended electrochemical cycling on cells after rate evaluations. Voltage–capacity profiles of LiMnPO4 nanoplates cycled at (d) the same charge–discharge C-rates, (e)
various discharge C-rates following a constant charge at 0.04 C, and (f) Ragone plot comparison of LiMnPO4 and LiFePO4.79 Copyright: American Chemical Society.

Fig. 5 GITT profile, open-circuit voltage curves, and overpotential curves of the
carbon-coatedmesoporous LiFe0.2Mn0.8PO4 cell duringchargeanddischarge. Inset:
scheme of the electrochemical reaction.84 Copyright: The Electrochemical Society.
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[010] and [001] being very close. However, thinner platelets were
grown along the a-axis [100], which is not a favorable direction
for Li-ion diffusion. On the other hand, the [010] growth was
more favorable for a cathode material because a at potential is
guaranteed by the two-phase transition during the electro-
chemical Li insertion/extraction process. Carbon coating was
also performed by using a planetary ball milling procedure with
20 wt% of carbon. Aer the milling process, the platelet
morphology was still maintained and a huge increase in specic
surface area was also noted (�157m2 g�1), whereas the crystallite
size reduced from �27 to �24 nm. The cycling performances
were conducted in CC mode between 2 and 4.5 V vs. Li at room
temperature and a specic discharge capacity of 168 mA h g�1

was achieved at 0.02 C, which is close to the theoretical capacity.
The electrochemical cycling proles of the LiMnPO4 nanoplates
are given in Fig. 4.

To prepare Fe and Mg co-doped LiMnPO4 with 14 wt% of
sucrose, a solid-state route has been adopted with subsequent
ball milling for 6 h by Hu et al.80,81 Four different synthesis
temperatures namely, 650, 750, 800 and 850 �C were studied.
When the temperature exceeds 800 �C it leads to the formation
of Fe2P impurity during Fe substitution. Hence, 800 �C for 10 h
was well suited to obtain the best performing single phase
material. The nal product comprised �7.5 wt% carbon for all
the three temperatures, except 850 �C (�5.7 wt%). Since the
ionic radii of Mg2+ (0.66 Å) and Fe2+ (0.74 Å) are smaller than
that of Mn2+ (0.80 Å), the substitution clearly results in a crystal
lattice shrink and a subsequent cell volume decrease. The
electrochemical properties of C–LiMn0.9Fe0.1�xMgxPO4, where
x¼ 0.01, 0.02 and 0.05, were evaluated using CC–CVmode at 4.5
J. Mater. Chem. A
V vs. Li. Capacity proles increased with increasing synthesis
temperature and it could be attributed to the increased elec-
tronic conductivity of the carbon lm, i.e. graphitization and
improved crystallinity of the LiMn0.9Fe0.05Mg0.05PO4 phase
achieved by high temperature sintering. It is clear that
LiMn0.9Fe0.05Mg0.05PO4 powder delivered a much higher
reversible capacity as compared to the LiMnPO4 and LiMn0.9-
Fe0.1PO4 phases. The initial discharge capacity at 0.2 C was
67mA h g�1 for pure LiMnPO4, 74mA h g�1 for LiMn0.9Fe0.1PO4,
and 121 mA h g�1 for LiMn0.9Fe0.05Mg0.05PO4. The rate perfor-
mance of LiMn0.9Fe0.05Mg0.05PO4 displayed a reversible capacity
of 140 mA h g�1 at 0.1 C, 117 mA h g�1 at 1 C, 103 mA h g�1 at
2 C, 90 mA h g�1 at 3 C and 62 mA h g�1 at 5 C.
This journal is ª The Royal Society of Chemistry 2013
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Zn doping on Mn sites was reported by Wang et al.,82 in
which b-cyclodextrin was used as the source material for carbon
with a xed 1 : 5 weight ratio with LiMnPO4. A maximum
specic discharge capacity of �140 mA h g�1 was obtained for
C–LiMn0.95Zn0.05PO4 at a 0.02 C rate between 2.4 and 4.5 V by
CC mode when compared to C–LiMnPO4 (�70 mA h g�1). The
composite electrode, C–LiMn0.95Zn0.05PO4 delivers discharge
capacities of �120 and �111 mA h g�1 at 0.05 and 0.1 C rates,
respectively under room temperature conditions. Further, it is
worthy to mention that Zn doping enables the reduction in
polarization of the electrode.

Hong et al.83 reported a Fe substituted olivine phase,
LiMn1�xFexPO4 (x ¼ 0, 0.05, 0.1, 0.15, and 0.2) prepared with an
appropriate amount of citric acid as the carbon source and
subsequently employed planetary ball milling for about 3.5 days
before the heat treatment. All the prepared samples showed
similar diffraction patterns, except for a slight shi towards
higher angles with increasing concentration of Fe ions and the
unit cell shrank continuously as iron was introduced into the
system. The cell experienced a discharge capacity of �133 and
�138 mA h g�1 at 0.1 C between 2.8 and 4.4 V by CCmode for 15
and 20% of Fe concentration, and those cells presented a solid-
solution behavior when the Fe concentration exceeded 10%
when compared to the native compound (55mAhg�1 at 0.067C).

Carbon coated mesoporous LiFe0.2Mn0.8PO4 was reported by
Zhang et al.84 using citric acid and sucrose as the source
materials for carbon and followed by ball milling before heat
treatment. Aer the ball milling procedure, a surface area of 57
m2 g�1 was noted for the above-mentioned compound. Meso-
porous LiFe0.2Mn0.8PO4 exhibited good reversible capacities of
140 and 120 mA h g�1 for 0.05 and 0.1 C, respectively between
2.6 and 4.5 V by CC mode. The obtained capacity is better than
the non-porous one, which delivers a reversible capacity of 120
and 80 mA h g�1 under the same test conditions. The GITT
measurements reveal the two-phase behavior of the Mn3+/2+

redox couple and the solid-solution behavior of the Fe3+/2+

region, which are clearly given in Fig. 5.
Muraliganth and Manthiram85 reported the solid-solution

between LiMnPO4 and either LiCoPO4 or LiFePO4 by a high
energy ball milling procedure with 20 wt% carbon in the nal
product. The discharge capacity increases signicantly from 91
mA h g�1 in LiMnPO4 to 142 mA h g�1 in LiMn0.75Fe0.25PO4, and
155 mA h g�1 for LiMn0.5Fe0.5PO4 at 0.05 C, whereas LiCoPO4

and LiMnPO4 solid-solutions experienced severe capacity fade
due to the poor compatibility of the electrolyte. The GITT
measurements conrm the sluggish kinetic behavior of
LiMnPO4 and this was partly due to the large volume expansion
(8.9%) during the phase transition from LiMnPO4 to MnPO4

and the intrinsic nature of the native phase as well.
1.2 Sol–gel technique

Ethylene glycol assisted synthesis of LiMPO4 (M ¼ Fe, Mn and
Co) nanostructures were reported by Yang and Xu86 to enable
in situ carbon coating. In situ carbon coating over LiMnPO4

particles by using organic precursors was successful and it was
found that 3.3 wt% of carbon was covered on the surface aer
This journal is ª The Royal Society of Chemistry 2013
the phase formation at 700 �C in a N2 atmosphere. The Li/
LiMnPO4 cell was cycled between 2.5 and 4.5 V in CC mode and
delivered a reversible capacity of 85 and 42 mA h g�1 at 0.01 and
0.05 C rates, respectively. Moreover, the presence of such a
carbon layer enables reversible insertion of Li-ion around 4.1 V
vs. Li with the two-phase behaviour. Kwon et al.87 successfully
synthesized nanosized (140–130 nm) LiMnPO4 particles by a
glycolic acid assisted sol–gel approach. The prepared LiMnPO4

was ball milled with 20 wt% carbon for size reduction as well as
to enable carbon coating. The cycling proles indicate reduc-
tion of particle size from 830 to 140 nm which resulted in
improved electrochemical performance (�134 mA h g�1 for
140 nm particles) between 2.3 and 4.5 V at 0.1 C. At 1 C, 140 nm
particulates exhibited a reversible capacity of �81 mA h g�1,
whereas 270 nm particles showed a reversible capacity of�5mA
h g�1 only. The authors pointed out that improvement in both
ionic and electronic conductivity is required for the improved
performance of the electrode. The improvement of ion trans-
port was achieved by reducing the particle size and ensuring
narrow size distribution. An increase in electron transport can
be achieved by adopting carbon coating.

The effect of particle size on the electrochemical behavior of
carbon coated LiMnPO4 was reported by Drezen et al.88 utilizing
the conventional sol–gel technique followed by dry ball milling
with 20% carbon. During the synthesis, increasing the calci-
nation temperature led to the formation of nanometer to sub-
micrometer particles. This size variation strongly inuenced the
electrochemical activity during Li-ion insertion/extraction, for
example 140, 160, 200, 270 and 830 nm size particles exhibited a
discharge capacity of 134, 120, 100, 90 and 60 mA h g�1

respectively, at 0.1 C rate at room temperature by CC mode. It is
obvious that as the particle size increases, lithium diffusion
becomes progressively difficult due to both diffusion limitation
of Li+ within a single large particle and complex pathways for
electron transport through the bulk. When the primary particle
size is large, it will take a much longer time for lithium ions to
diffuse into the core of the particle to make a single homoge-
neous phase from LiMn2+PO4 to Mn3+PO4 ideally.

A liquid phase synthesis was also reported by Doi et al. to
reduce the particle size in the presence of long chain oleic acids
comprising 18 atoms of carbon.89 For this synthesis, the total
reaction was completed at less than 300 �C resulting in the
formation of LiMnPO4. The obtained compound delivered a
discharge capacity of 6 mA h g�1 between 3 and 4.5 V at 0.01 C
by CC mode. Aer heat treatment at 500 �C for 1 h in Ar, the
long chain oleic acid was burned and converted to carbon. The
shape of the rods with a length of 100–250 nm and width of 40–
125 nm was retained, even aer carbonization. Moreover,
LiMnPO4 nanorods were covered well with carbon during such
process. Carbonization results in improvement in the electro-
chemical properties of cells with a discharge capacity of 65mA h
g�1 at 0.01 C.

Isovalent and aliovalent doping (Mg2+, Fe2+, Co2+, V3+ and
Gd3+) on Mn2+ sites was reported by Yang et al.90 and such
phases were prepared by a solution phase reaction using citric
acid as the carbon source. The precursors were ball-milled for
10 h in a planetary ball miller and red at 700 �C for 20 h in a N2
J. Mater. Chem. A
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Fig. 6 Cycling behavior at various rates of discharge (as indicated) of composite
electrodes comprising nanosized C–LiMnPO4 particles in the potential range of
2.7–4.4 V in EC–DMC 1 : 2/LiPF6 1.5 M solutions (coin-type cell, T ¼ 30 �C). The
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atmosphere. The substitution in Mn sites (LiMn0.95M0.05PO4,
M ¼ Mg, V, Fe, Co and Gd) clearly revealed the increase in unit
cell volume for all cases, except for Fe2+. The cell delivered a
discharge capacity of 45, 61, 32, 102 and 59 mA h g�1 at room
temperature (25 �C), and 113, 120, 95, 149 and 117 mA h g�1 at
an elevated temperature (50 �C) for Mg, V, Fe, Co and Gd
substitutions, respectively, between 2.7 and 4.4 V in CC–CV
mode. A similar trend was also noticed while increasing the
upper cut-off potential to 4.8 V in the same CC–CV mode.
However, in all cases capacity fading was observed irrespective
of the cut-off potentials and testing temperature.

In order to prevent the dissolution of Mn into the electrolyte
solution, an ionic liquid based approach was utilized by Kim
et al.91 LiMnPO4 was synthesized by a conventional citric acid
assisted sol–gel process and the nal product yielded 9.8 wt%
carbon. 0.5 M LiTFSI in EMImTFSI solution was used as the
lithium source trapped in a homemade electrospun membrane
and it showed an ionic conductivity of 10�3 S cm�1 at 0 �C. The
discharge capacity for the LiMnPO4/ionic liquid based electro-
lyte cell was stable at �120 mA h g�1 over 50 cycles. Aer 50
cycles, the conventional electrolyte (1 M LiPF6 in EC : DMC)
comprising cell retains �56% of the initial discharge capacity
whereas the ionic liquid based cell retains�99%. The XPS study
shows the absence of Mn 2p peaks, which indicates that Mn
dissolution was found to be less than 0.1 wt% or 5 ppm aer
storage for 4 weeks in the ionic liquid medium.

Preparation of LiMnPO4 composites with single walled
carbon nanotubes (SWCNTs) was suggested by Weglikowska
et al.92 The authors intended to increase the surface area thereby
achieving full performance of the material by utilizing a self-
supported electrode or conventional coating technique. It is
worth mentioning that addition of 1 wt% of SWCNTs contrib-
utes to the increase of the BET surface area of the resulting
composite (SWCNT–LiMnPO4). This indicates that the presence
of SWCNTs during the formation of crystallites increases the
number of nucleation sites and leads to a reduction in the size
of the particle. Further, electrical conductivity can be improved
by ve orders of magnitude through in situ addition of 1 wt% of
SWCNTs. Battery performance revealed that 68–83% of theo-
retical capacity can be achieved by using the buckypaper elec-
trode at 0.1 C rate with a more or less single phase reaction.

Nithya et al.93 reported the synthesis of LiMn0.91Co0.09PO4 by
a glycine assisted sol–gel approach with the particulate size
ranging from 50 to 300 nm. The resultant phase was ball milled
with the desired amount of carbon (acetylene black 30 wt%) to
yield a high performance cathode. C–LiCo0.09Mn0.91PO4 deliv-
ered a maximum discharge capacity of 162 mA h g�1 between 3
and 4.9 V vs. Li (CC mode) at 0.1 C when compared to 70, 140
and 148 mA h g�1 for LiMnPO4, C–LiMnPO4 and
LiCo0.09Mn0.91PO4, respectively. It is interesting to note that a
very low amount of capacity fade and polarization (100 mV) of
the electrode was noted during Mn3+/2+ redox reactions.
cycling protocol was CC–CV providing potentiostatic steps at 4.4 V during 5 h for
0.1 C rate, 2.5 h for 0.2 C rate, and 30 min for 1 C rate. Inset (i) shows voltage
profiles of the C–LiMnPO4 composite electrodes measured galvanostatically at
various discharge rates (T ¼ 30 �C) as indicated between 4.4 and 2.7 V vs. Li, and
inset (ii) shows typical charge–discharge profiles of these C–LiMnPO4 composite
electrodes at 0.05 C rate.97 Copyright: The Electrochemical Society.
1.3 Polyol procedure

A polyol mediated procedure was adopted to synthesize the high
performance platelet shaped LiMnPO4 nanostructures.72 The
J. Mater. Chem. A
poor intercalation of Li+ ions due to Jahn–Teller (JT) distortion
is well known and it was predicted to be unavoidable in Mn(III)
[d4: t2g

3eg
1] of MnPO4. The prepared platelet morphology was

oriented along the a–c plane, hence Li-ion moves parallel to b.
As such, this unique platelet morphology was optimal for rapid
ionic diffusion and good kinetics during lithium insertion and
extraction in olivine framework materials. The prepared plate-
lets were milled with 20% of carbon to form a C–LiMnPO4

composite. The cell, Li/C–LiMnPO4 delivered an initial
discharge capacity of 145 and 141 mA h g�1 at 0.05 and 0.1 C
rates, respectively, at room temperature. As expected, while
increasing the temperature from ambient to 50 �C, the
composite C–LiMnPO4 approaches (159 mA h g�1) 93% of
theoretical capacity at 0.1 C rate. The durability of the
composite was also evaluated; in the 199th cycle it displays 97%
capacity of the 9th cycle (loss of only �5 mA h g�1) at ambient
temperature. Interestingly, even better performance was noted
in the elevated temperature (50 �C) operation and the total
fading was estimated as only 9mA h g�1 from the 1st to the 200th

cycle at 0.1 C rate (CC–CV mode). Moreover, there was no
increase in polarization of the electrode recorded throughout
the testing. At 1 C, the cell retained a discharge capacity of 113
mA h g�1 (80%) at ambient temperature and 138 mA h g�1

(86%) at 50 �C. The authors claimed that the improved perfor-
mance was due to the rigid three-dimensional structure which
was stabilized by strong covalent bonds between oxygen and the
phosphorus ions. In addition to that mentioned above, the
nano-structure morphology of polyol mediated LiMnPO4

enhanced its durability. Further, there has been much debate
concerning the presence and function of Jahn–Teller distortion
in MnPO4. This implies that JT distortion plays a different role
in LiMnPO4, and may even stabilize the structure well. Moon
et al.94 continued the synthesis of LiMnPO4 by the polyol process
and carbon coating (20%) by high energy ball milling. However,
lithium cyclability was found to be poor when compared to the
This journal is ª The Royal Society of Chemistry 2013
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previous work by Wang et al.72; for example, carbon-coated C–
LiMnPO4 exhibited a specic capacity of�68 and �52 mA h g�1

at 0.05 and 0.1 C rates, respectively when cycled between 2.7 and
4.4 V (CC–CV mode). Kim et al.95 also reported the polyol
mediated synthesis of LiMnPO4 nanoplatelets, which showed a
reversible capacity of 115 mA h g�1 at 0.1 mA cm�2 by CCmode.
However, the Li/LiMnPO4 cells did not show any noticeable
plateau around 4.1 V vs. Li, though the electrodes were formu-
lated with 35 wt% carbon.

Aer the demonstration of high performance composite C–
LiMnPO4 by High Power Lithium (HPL), Martha et al.71,73,96,97

reported the surface features and comparative study with other
conventional cathodes, such as LiNi0.5Mn0.5O2, LiNi0.33Mn0.33-
Co0.33O2, LiNi0.4Mn0.4Co0.2O2 and LiNi0.8Co0.15Al0.05O2. The Li/
C–LiMnPO4 cell displays an initial discharge capacity of 145 mA
h g�1 under ambient conditions as described by HPL and the
corresponding charge–discharge curves are given in Fig. 6. The
composite, C–LiMnPO4 exhibited better rate capabilities (>2 C)
than both LiNi0.5Mn0.5O2 and LiNi0.8Co0.15Al0.05O2 electrodes.
The voltage proles of the all layered type nickel-based mate-
rials showed monotonous sloping curves because of the single
phase reaction, while that of C–LiMnPO4 was at (due to the Li
insertion into this material that involves a rst-order phase
transition). Surface chemical aspects of C–LiMnPO4 were also
addressed under three different conditions, namely, as
prepared (C–LiMnPO4), C–LiMnPO4 aged for 3 weeks in 1.5 M
LiPF6 in EC : DMC (1 : 2 vol) solution at 30 �C and aged for 3
weeks in 1.5 M LiPF6 in EC : DMC solution at 60 �C. The
impedance spectra of aged C–LiMnPO4 clearly exhibited well
dened, semi-circular high-to-medium frequency features, and
low frequency Warburg-type straight-line features, whereas
pristine C–LiMnPO4 showed only the ‘Warburg tail’. Both aged
C–LiMnPO4 powders conrmed the increase in impedance
during 3 weeks in the presence of the electrolyte solution. FT-IR
studies showed that there was no appreciable variation in all the
three powders tested. The XPS spectra of C 1s, P 2p, O 1s andMn
2p3/2 regions indicated that there was no shi between the
parent and aged C–LiMnPO4. At the same time, the Li 1s region
of these particles shows a slight change due to aging, i.e., the
appearance of a small peak around 56 eV and this can be
attributed to the formation of LiF. LiF and additional species
with C–F bonds are formed and precipitate on the particle's
surface (covered with carbon) in standard solutions. Such a
precipitation of surface species may well explain the increase in
impedance during aging in solutions. LiF can be formed by the
decomposition of LiPF6 at relatively low temperatures and can
be catalyzed by the particle surface. The dissolution studies
showed that all Li, Mn and P ions were less soluble (0.015%) at
60 �C in the above electrolyte during aging for a seven week
period and the dissolution range wasmeager when compared to
LiFePO4.98 Both LiMnPO4 and LixMnPO4 undergo exothermal
reactions with 1 M LiPF6 in EC–DMC (1 : 1, vol) solutions in the
180–300 �C temperature range, as found for all other cathode
materials. Nevertheless, the specic heat evolution from these
thermal reactions of LiMnPO4 was much lower compared to the
heat evolution from the thermal reactions of LiNi0.8-
Co0.15Al0.05O2 and this result conrms the previous report by Li
This journal is ª The Royal Society of Chemistry 2013
et al.59 The improved thermal stability could be achieved by
adopting carbon coating, which can impede direct and fast
thermal reactions between solution species and the active mass
at high temperatures. Kumar et al.99 also tried the same proce-
dure to obtain high performance LiMnPO4 nanorods with
carbon decoration using a resin coating process. Unfortunately,
C–LiMnPO4 did not show any prominent plateau around�4.1 V
vs. Li.
1.4 Spray pyrolysis

In the recent past, Taniguchi and co-workers100–105 reported the
synthesis of LiMnPO4 by spray pyrolysis followed by wet ball
milling with 10% acetylene black and ethanol to make the
carbon composite. Finally, the composite was red at 500 �C for
4 h in a N2 + 3% H2 environment and found that discharge
capacity increases with the charge cut-off voltage. About 23%
increase in the discharge capacity was observed while the upper
cut-off voltage was increased from 4.4 (91 mA h g�1) to 4.5 V
(112 mA h g�1), and 64% for a cut-off voltage increase from 4.4
to 4.9 V (149 mA h g�1) at room temperature. The same kind of
improvement was also noticed in CC–CV mode as well. The Li/
C–LiMnPO4 cell exhibits higher discharge capacities under CC
mode rather than CC–CV mode, for example, 153, 149, 85 and
42 mA h g�1 at 0.05, 0.1, 1 and 5 C, respectively, whereas
discharge capacities of 132, 120 and 91 mA h g�1 at 0.1, 1 and
5 C, respectively were observed in the latter mode. The inuence
of surface area on the electrochemical performance of LiMnPO4

was also reported by the same authors by adjusting the ring
temperature and increasing acetylene black concentration
(20%). At 300 �C sintering temperature, a maximum specic
surface area of �45 m2 g�1 was obtained. In CC mode at 0.05 C
rate, test cells exhibited rst discharge capacities of �123 and
�165 mA h g�1 for charge cut-off voltages of 4.4 and 5.0 V,
respectively. It could be seen that discharge capacity retentions
of 80 and 92% were noted at 0.2 and 0.5 C rates aer 100 cycles.
On the other hand, using CC–CV mode (charge cut-off 4.4 V),
the cell also exhibited an initial discharge capacity of 147, 145,
123, and 65 mA h g�1 at 0.05, 0.1, 1 and 10 C rates. Dry ball
milling was also reported by the same authors to increase the
surface area to a greater extent than wet milling (over 100 m2

g�1).103 It is surprising to notice that the cell delivered a
discharge capacity of �75 and 140 mA h g�1 at room tempera-
ture and 55 �C respectively at 0.05 C (CC mode between 2.5 and
4.4 V). In the elevated temperature operation, the polarization
of the electrode was found to be minimum compared to that at
room temperature. The high surface area C–LiMnPO4 displayed
good rate capability performance, for example the cell displayed
discharge capacities of 140, 130, 120, 90, 77, and 60 mA h g�1 at
0.05, 0.1, 0.2, 0.5, 1, and 2 C, respectively. Moreover, various
kinds of carbon were also used for the milling, for example
acetylene black (surface area: 68 m2 g�1) and two types of ketjen
black (KB) with different surface areas (surface area: 800 and
1400m2 g�1).101 The composite C–LiMnPO4 was prepared by wet
ball milling followed by calcination at 500 �C for 4 h in the
above mentioned atmosphere. The LiMnPO4/high surface area
KB composite cathode delivered a discharge capacity of 166 mA
J. Mater. Chem. A
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h g�1 at 0.05 C in the CC mode, which is about 97% of the
theoretical value of LiMnPO4. Spherical shape particles of C–
LiMnPO4 were also prepared by the same group using spray
pyrolysis and subsequent wet ball milling with acetylene black
(20%).102 Electrochemical cells containing the spherical C–
LiMnPO4 microparticles exhibited rst discharge capacities of
112 and 130 mA h g�1 at 0.05 C at room temperature and 55 �C,
respectively. These also showed a good rate capability up to 5 C
at room temperature and 55 �C as well.

The solid-solution between LiMnPO4 and LiCoPO4 was also
reported by the same group using the spray pyrolysis tech-
nique.105 The prepared LiCoxMn1�xPO4 (x ¼ 0, 0.2, 0.5, 0.8, and
1) powders were milled with 10 wt% acetylene black in ethanol
by planetary high-energy ball-milling to form composites with
carbon. The cells were tested at a 0.05 C rate and delivered an
initial discharge capacity of 165 mA h g�1 at x¼ 0, 136 mA h g�1

at x ¼ 0.2, 132 mA h g�1 at x ¼ 0.5, 125 mA h g�1 at x ¼ 0.8 and
132 mA h g�1 at x ¼ 1.0, respectively. The discharge capacity of
the C–LiCoxMn1�xPO4 nanocomposite cathode gradually
decreases with increase of cycle number. The capacity reten-
tions of C–LiMnPO4, C–LiCo0.2Mn0.8PO4, C–LiCo0.5Mn0.5PO4,
C–LiCo0.8Mn0.2PO4 and C–LiCoPO4 nanocomposites were 60,
62, 66, 61 and 49%, respectively, over 100 cycles. The discharge
capacities of C–LiCo0.2Mn0.8PO4 and C–LiMnPO4 nano-
composites quickly decrease to approximately the 20th cycle and
then gradually decrease with cycle number compared with C–
LiCoPO4 nanocomposites. Finally, it is interesting to note that
cyclability of the C–LiCo0.5Mn0.5PO4 nanocomposite cathode
was neutralized by two types of electrochemical behaviors of C–
LiMnPO4 and C–LiCoPO4 nanocomposites.

Oh et al.106–108 continued the work of ultrasonic spray pyrol-
ysis initiated by Taniguchi and co-workers100–105 with spherical
size LiMnPO4 particulates. Carbon coating over the particulates
was employed by mixing with sucrose which was followed by
ball milling at a speed of 100 rpm for 20 h and subsequently
heat treating with different calcination temperatures (550, 650
and 700 �C in Ar–H2 atm.). Ball milling followed by a sintering
process led to the destruction of the spherical shape
morphology and the nal carbon content in the composite was
found to be�3 wt%. It is obvious that increasing the calcination
temperature results in increase in crystallite size (52, 56 and
60 nm for 550, 650 and 700 �C) and decease in specic surface
area (69, 66 and 60 m2 g�1 for 550, 650 and 700 �C). Electro-
chemical properties of LiMnPO4 were conducted in CC–CV
mode at 0.05 C (assuming that 1 C ¼ 170 mA h g�1) between 2.7
and 4.5 V vs. Li. The discharge capacity of the C–LiMnPO4

powder prepared at 650 �C was 118mA h g�1, whereas that of C–
LiMnPO4 powder calcined at 550 and 700 �C was 90 and 44mA h
g�1, respectively. Aer 15 cycles, the capacity retention of the C–
LiMnPO4 electrode prepared at 650, 550 and 700 �C was about
97.3, 92.5 and 78.5% of its initial discharge capacity, respec-
tively. Further, the authors continued the work on different
carbon source materials, such as sucrose with acetylene black
(AB) using the same synthesis procedure by tuning other
parameters like calcination temperature, time and atmosphere
to obtain the best performing material.108 In this case, the
pyrolysed powders were mixed with different ratios (10, 20, 30
J. Mater. Chem. A
and 40 wt%) of AB during ball milling and subsequently heat
treated at 500 �C for 1 h under Ar ow. Further, 7.5 wt% carbon
black was also included during the fabrication of the electrode.
The composite C–LiMnPO4 comprising 30 wt% carbon exhibi-
ted a maximum discharge capacity of 158 mA h g�1 at 0.05 C by
CC–CV mode (it was xed until the current dropped to 0.01 C).
The above-mentioned composite retains 88% of its initial
discharge capacity at 55 �C, which is similar to that of room
temperature performance. However, the capacity fading was
noted for all the composites in elevated temperature operations
rather than room temperature conditions. This is possibly due
to Mn dissolution in electrolyte solutions (1 M LiPF6 in
EC : DEC 1 : 1 vol) and it was found that less dissolution
occurred when a 30 wt% carbon comprising composite (319.6,
202.7, 103.7 and 259.9 ppm for 10, 20, 30 and 40 wt% of AB,
respectively) was used.

Recently, the same group reported LiMn1�xFexPO4 (x¼ 0, 0.5
and 0.15) powders by an ultrasonic spray pyrolysis followed by
ball milling with AB carbon (30 wt%) 106. However, there was no
appreciable variation in the electronic conductivity noted for Fe
substitution. The Li/C–LiMnPO4 cell exhibited a reversible
plateau around 4.1 V vs. Li corresponding to the redox couple of
Mn3+/Mn2+ whereas the C–LiMn0.85Fe0.15PO4 electrode
showed two plateaus at 4.1 and 3.5 V vs. Li related to Mn3+/Mn2+

andFe2+/Fe3+ couples, when cycledbetween2.7 and4.5V (CC–CV
mode) at 0.05 C. The C–LiMn0.85Fe0.15PO4 electrode delivered a
slightly higher discharge capacity of 163 mA h g�1 than the
C–LiMnPO4 electrode (158 mA h g�1). With regard to perfor-
mances of the cells at elevated temperature (55 �C), reversible
capacities of 151 and 137 mA h g�1 for bare and Fe doped
LiMnPO4 were noted at 0.5 C rate in the above potential window.
However, the capacity retention of C–LiMnPO4 at 55 �C dropped
to 87%, whereas C–LiMn0.85Fe0.15PO4 exhibited enhanced
capacity retention of 91%. Mn dissolution in the electrolyte was
found to be 87 ppm for C–LiMn0.85Fe0.15PO4, which was slightly
lower than that of the bare compound (104 ppm).
1.5 Precipitation route

A low temperature, ‘chimie douce’ method was employed for
the preparation of native LiMnPO4 in aqueous medium by
Delacourt et al.109–111 The prepared materials were ball milled
with carbon to prevent agglomeration of the particle as well as
to enable carbon coating. The nal C–LiMnPO4 composite
comprised 16.7 wt% of carbon and the material was directly
deposited into an Al current collector without any binder. The
ball milled C–LiMnPO4 was tested in Swagelok conguration
and exhibited a stable discharge capacity of �70 mA h g�1 for
about 15 cycles when cycled between 2 and 5 V at 0.05 C rate by
CC mode. Later, the same authors reported stable cycling
performances of �90 mA h g�1 at room temperature between 2
and 5 V with the materials prepared by the same approach and
having a similar carbon content.111 As expected, at 50 �C the test
cells rendered good cycling performance compared to room
temperature cycling with a distinct plateau around 4.1 V vs. Li.
The authors revealed that the poor performance at room
temperature was mainly because of the wide band gap between
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2ta01393b


Feature Article Journal of Materials Chemistry A

D
ow

nl
oa

de
d 

by
 C

H
O

N
N

A
M

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
19

 F
eb

ru
ar

y 
20

13
Pu

bl
is

he
d 

on
 0

6 
D

ec
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2T
A

01
39

3B
View Article Online
conduction and valance bands (�1.14 eV) when compared to
LiFePO4 (between 0.39 and 0.5 eV), which results in the insu-
lating behavior of the material. The electronic conductivity of
C–LiMnPO4 was measured by ac impedance spectroscopy and
was found to be �2.7 � 10�9 S cm�1 at 300 �C. A similar kind of
co-precipitation technique (MnPO4$H2O) was also reported by
Xiao et al.112 by varying the calcination temperature from 350 to
550 �C. The above precursors were ball milled with lithium
acetate and 20 wt% carbon to obtain C–LiMnPO4. C–LiMnPO4

prepared at 500 �C exhibited a discharge capacity of �115 mA h
g�1 at 0.05 C between 2.5 and 4.4 V in CC–CV mode. The cell
showed 73% capacity retention aer 60 cycles. C–LiMnPO4

prepared at 350 �C showed a discharge capacity of�60mA h g�1

under the same test conditions with huge polarization (�400
mV) and a shortened two phase region though particle sizes
were quite smaller. This clearly indicates that the crystallization
of the phase was more important rather than the particle size.
Non-stoichiometric proportions of lithium decient
(Li0.5MnPO4 and Li0.8MnPO4) and rich phases (Li1.1MnPO4 and
Li1.2MnPO4) were also synthesized and reported by Xiao et al.113

using the same co-precipitation followed by a solid-state
approach with ball-milling of carbon. In all the non-stoichio-
metric compounds of LixMnPO4 phases, traces of impurities
like Mn2P2O7 or Li3PO4 unavoidably co-existed with the native
phase. The observed impurity phases were consistent with the
phases observed in other olivine compounds such as
LiFePO4.114,115 The half-cells comprising LiMnPO4, Li1.1MnPO4

and Li1.2MnPO4 phases displayed almost the same initial
discharge capacity of �124 mA h g�1 at 0.05 C rate between 2
and 4.5 V by CC–CVmode, whereas Li0.5MnPO4 and Li0.8MnPO4

exhibited �75 and 110 mA h g�1, respectively. Li1.1MnPO4

showed extremely stable performance of �130 mA h g�1 in the
80th cycle. The LiMnPO4 and Li1.2MnPO4 phases were experi-
encing a meager amount of capacity fade and showed a
discharge capacity of �115 in the 40th cycle. The authors
claimed that the improved performance of the Li1.1MnPO4

phase was due to the presence of an appropriate amount of
highly ionically conducting Li3PO4, which improves the Li-ion
transport properties. On the other hand, the presence of a huge
amount of Li3PO3 will impede the transportation of electrons
and this was noted in the case of the Li1.2MnPO4 phase. In Li-
decient phases, a trend of increasing capacity was noted for
both Li0.5MnPO4 and Li0.8MnPO4, and discharge capacities of
�110 and �150 mA h g�1, respectively, were delivered in the
90th cycle.

Ma and Qin116 reported the synthesis of nanocrystalline
LiMPO4 (M¼ Fe andMn) by electrostatic spray deposition (ESD)
combined with the sol–gel technique for the rst time. The
prepared materials were subjected to heat treatment in an Ar
atmosphere at 600 �C to attain a uniform nanocrystalline phase
(�50 nm). However, the prepared Li/LiMnPO4 cells delivered
only about �20 mA h g�1 as discharge capacity, when the cell
was cycled between 3 and 4.5 V at 5 mA cm�2. The cyclic vol-
tammogram revealed the asymmetric behavior of the fabricated
cell and the peak separation between the anodic and cathodic
scan was about �300 mV because of the presence of the strong
polarization of LiMnPO4.
This journal is ª The Royal Society of Chemistry 2013
Oh et al.117 reported the reduction of polarization of the
electrode and the least amount of Mn dissolution in C–
LiMn0.5Fe0.5PO4 by a precipitation technique. Initially, olivine
LiMn0.5Fe0.5PO4 was carbon coated with carbon (3.3 wt%) and it
delivered a discharge capacity of �125 and �140 mA h g�1 at
0.05 C rate at room temperature and 55 �C, respectively,
between 2.7 and 4.5 V vs. Li by CC–CV mode. The same group
reported the performance of micron-sized nanoporous C–
LiMn0.85Fe0.15PO4 with high volumetric capacity.118 The capacity
delivered by the micron-LiMn0.85Fe0.15PO4 electrode was nearly
1.4 times higher than that of the nano-LiMn0.85Fe0.15PO4 elec-
trode, i.e., 369.3 mA h cm�3 versus 261.1 mA h cm�3 under the
above test conditions. However, the reverse trend was noted for
gravimetric capacities of�160 and�140 mA h g�1 for nano and
micron-sized C–LiMn0.85Fe0.15PO4 powders, respectively.
Double structured LiMn0.85Fe0.15PO4 coordinated with LiFePO4

was also reported by Oh et al.119 The core contained LiMn0.85-
Fe0.15PO4 to enable high energy density and the outer layer was
composed of LiFePO4 to facilitate high rate capability. Carbon
was also coated over the outer layer to increase the electronic
conductivity.
1.6 Hydro/solvo/iono-thermal routes

Fang et al.120,121 reported the successful preparation of LiMnPO4

plates by a simple hydrothermal route in basic medium at 200
�C. The results clearly indicate that the prepared materials were
in the real nanometric range and actively participated in the
electrochemical reaction in which plate-like LiMnPO4 ball mil-
led with 20% of carbon delivered a discharge capacity of 68 mA
h g�1 between 3 and 4.5 V at 1.5 mA g�1 and the cell presented a
prominent plateau around 4.1 V vs. Li.

Divalent cation doping (10%), such as Mg, Ni, Co, Zn and Cu,
was reported by Chen et al.122 via a hydrothermal approach. The
substitution on Mn sites leads to a decrease in lattice parameter
values. The cell volume also decreased 0.8% for Mg2+, 0.6% for
Ni2+, 0.3% for Cu2+, and 0.4% for Zn2+ substitution consistent
with their smaller ionic radii. The presence of the larger diva-
lent cations was more compatible with the olivine structures,
and stabilized the lattice against strain created by the small
Jahn–Teller Mn3+ ions. Further, it is well known that the de-
lithiated LiMnPO4 (Li0.1MnPO4) phase was highly reactive in air.
However, the divalent substitution (for example, Mg2+) on Mn
sites resulted in decreased reactivity of Li0.1Mg0.1Mn0.9PO4 in air
as well as prevented the formation of larger crystalline domains
in Mg-substituted materials. This in turn creates a more favor-
able boundary between the two phases and facilitates the
conversion of one phase to the other without loss of coherence.

A citric acid assisted facile one step solvothermal (equiv.
volumemixture of water and ethanol) procedure was adopted by
Wang et al. to synthesize the microspherical LiMnPO4 at 300
�C.123,124 The obtained microspherical particles were mixed with
glucose followed by heat treatment for carbon coating. The Li/
LiMnPO4 cell displayed a discharge capacity of 107 mA h g�1 at
0.01 C with an appreciable plateau around �4.1 V vs. Li. As
expected, increasing the current rate leads to poor cell perfor-
mance; for example, at 1 C the test cell presented a discharge
J. Mater. Chem. A
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capacity of 49 mA h g�1. By introducing cetyl-
trimethylammonium bromide (CTAB) as a chelating agent in
the above solvent mixture at relatively low temperature condi-
tions (240 �C), LiMnPO4 nanorods can be obtained.124 The
obtained LiMnPO4 nanorods were mixed with dextrose for
carbon coating and red at 700 �C for 5 h under Ar to yield C–
LiMnPO4. The prepared composite material exhibited an initial
discharge capacity of �127 mA h g�1 at a constant current of
0.01 C. The diffusion co-efficient in the C–LiMnPO4 phase was
calculated as 5.056 � 10�14 cm2 s�1.

The storage performance of nanoplatelets of LiMnPO4 and
LiFe0.5Mn0.5PO4 was studied by Saravanan et al. using a simple
solvothermal method at 250 �C for 8 h with gluconic acid D-
lactone.125 The nal LiMnPO4 and Fe doped phases comprised
of 10 wt% carbon. The test cells exhibited a discharge capacity
of �50 and 65 mA h g�1 for native and Fe doped phases,
respectively at 17 mA g�1 between 2.3 and 4.5 V by CC mode.
Further, the same group of authors continued the work on
solid-solutions of LiMn1–xFexPO4 (where, x ¼ 0.25, 0.5 and 1)
nanoplates by tuning various parameters, such as source
materials, precursor concentration, effect of solvent, synthesis
temperature and conducting coatings using the same
approach.126 The obtained olivine phase powders were ball
milled with carbon before making the slurry. The synthesized
native phase LiMnPO4 was decorated with silver, gold and
carbon (derived from gluconic acid D-lactone) to alleviate the
intrinsic behaviour. However, in CC mode the performance of
the material was poor due to the heterogeneous coating of Ag
and Au. Then, the authors prepared the solid-solutions of C–
LiFe0.5Mn0.5PO4 and C–LiFe0.25Mn0.75PO4 and those materials
delivered discharge capacities of 127 mA h g�1 (at 0.02 C) and
�35 mA h g�1 (at 0.01 C), respectively, cycled between 2.3 and
4.5 V by CC mode. The increase in capacity was noted in the C–
LiFe0.5Mn0.5PO4 plates; for example in the 10th cycle the cell
showed a discharge capacity of �153 mA h g�1. The cell (Li/C–
LiFe0.5Mn0.5PO4) exhibited good capacity retention at high
current rates, 120, 104, 91, 79, and 60 mA h g�1 for 1, 3, 5, 7 and
10 C rates, respectively. Long term cycling up to 1000 cycles was
evaluated for the Li/C–LiFe0.5Mn0.5PO4 cell at 2 C rate with
columbic efficiency over 98%. However, the obtained results
were slightly contrary to the theoretical predictions of the
LiFe0.5Mn0.5PO4 system by Gardiner and Islam127 and they
concluded the following three points. (i) The most favourable
intrinsic defect was the anti-site defect (a small population
(<2%) of Li+ and Fe2+ or Mn2+ ions was expected to exchange
sites). (ii) Signicant binding energies (>�0.6 eV) were found for
neutral one-dimensional clusters along the b-axis channel
comprised of anti-site defects and Li vacancies. This has
implications for lithium conductivity as Fe or Mn cations on Li
sites could lead to trapping of the migrating Li+ vacancies.
Defect clustering therefore may inhibit Li extraction, in which
defect cluster regions were more likely to retain lithium. (iii)
The higher anti-site migration energy in LiFe0.5Mn0.5PO4

compared to pure LiFePO4 suggests that any anti-site defects in
this mixed-metal system would have a greater blocking effect on
lithium insertion/extraction rates. Flowerlike morphologies of
LiMnPO4 were also reported in the solvothermal approach
J. Mater. Chem. A
(water and diethyleneglycol mixture as the solvent) which
delivered a reversible capacity of �50 mA h g�1.128

Manthiram and co-workers129–131 reported a facile route to
produce nanostructured LiMnPO4 by a microwave assisted
hydrothermal or solvo-thermal approach. In the hydrothermal
approach glucose was used as the source material for carbon,
whereas MWCNTs were painted on the surface to enable a
conducting network for LiMnPO4 nanorods by the solvo-
thermal route. LiMnPO4 prepared by the above-mentioned
routes displayed a monotonous charge–discharge curve and
exhibited a discharge capacity of �15 to 45 mA h g�1. Ji et al.132

also followed a similar approach to yield LiMnPO4 nano-
structures using citric acid and sodium dodecyl benzene
sulfonate (SDBS) as an additive to tune the morphology of the
nal product. Further, the prepared materials were ball milled
with 30% acetylene black to form a C–LiMnPO4 composite. The
composite was cycled between 2.7 and 4.8 V at 0.05 C by CC
mode and it delivered a discharge capacity of 89 and 64 mA h
g�1 for citric acid and SDBS assisted routes respectively.
However, similar to the previous work, the composite LiMnPO4

did not show any obvious plateau around 4.1 V vs. Li.
Chen et al.133 reported the kinetic behavior during Mg2+

substitution onMn sites and the compounds were prepared by a
hydrothermal reaction and consequently ballmilledwith carbon
(20wt%) beforemaking electrodes. Increasing the concentration
of Mg2+ (LiMn1–xMgxPO4, x ¼ 0 # 5) provides substantial
improvement in the thermal stability of the phase. Further,Mg2+

dilutes the concentration of the Jahn–Teller active ion Mn3+ and
reduces local strains between the phases, thereby increasing the
structural stability of the phase. As expected, the substitution of
Mg2+ results in decrease in unit cell volume while increasing the
concentration and improvement in kinetic property as well.

Various shapes, such as nano-squares, bows, spindles and
cubes, of LiMnPO4 were prepared and reported using
Na4P2O7$10H2O by Li et al.134 The obtained phases were modi-
ed using ascorbic acid and red at 600 �C to achieve carbon
coating. Among the various shapes, nanosquares showed the
maximum reversible capacity of 82 mA h g�1 when compared to
spindles (49 mA h g�1), bows (29 mA h g�1) and cubes (61 mA h
g�1) while cycling between 2.5 and 4.9 V at 0.1 C by CC mode.
Carbon coating was also carried out for nanosquares using
ascorbic acid and the cell displayed an initial discharge capacity
of 126 mA h g�1 at 0.1 C. Aer 50 cycles, C–LiMnPO4 displayed a
discharge capacity of 87 mA h g�1, whereas only 66% of the
initial discharge capacity was retained for bare LiMnPO4

nanosquares.
Ni and Gao135 reported the synthesis of Cu2+ substituted

LiMnPO4 by an ascorbic acid mediated synthesis. The obtained
particles (�100 nm) were carbon coated by carbonization of
sucrose at 600 �C and a carbon content of 2.4 wt% was obtained
in the nal product. In the range of 2.2–4.5 V (CC–CVmode), test
cells delivered a reversible capacity of 101, 121 and 76 mA h g�1

for LiMnPO4, LiMn0.98Cu0.02PO4 and LiMn0.95Cu0.05PO4 phases,
respectively. Cu2+ doping can bring about new impurity energy
levels in the forbidden band, and thus increase the electronic
conductivity. Nevertheless, it will block the one dimensional
diffusion channel for Li-ion transportation, which leads to the
This journal is ª The Royal Society of Chemistry 2013
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degradation of ionic conductivity. In the case of Cu2+ doping,
only 0.2% of Li sites were occupied by the dopant for LiMn0.98-
Cu0.02PO4, whereas 1.8% of Li sites were occupied by LiMn0.95-
Cu0.05PO4. The latter compound signicantly impedes the
transportation of Li ions, which leads to the poor performance of
the cell. Further, the same group reported the synthesis of
LiMnPO4 by a solid state reaction along with a certain amount of
sucrose (expected to produce 2 wt% of carbon) followed by high
energy ball milling with (8 wt%) or without carbon using a high
speed planetarymiller.136 A discharge capacity of 83, 135 and 127
mA h g�1 was obtained for pristine LiMnPO4, LiMnPO4 ball
milled with carbon and LiMnPO4 ball milled without carbon,
respectively, when cycled between 2.2 and 4.5 V (CC–CVmode) at
0.05C rate at roomtemperature. At 55 �C thematerialmilledwith
carbon rendered a stable capacity of�135mA h g�1 for about 40
cycles in the CC–CV protocol.

Wang et al.137 reported the solvothermal synthesis of
LiMnPO4 nanoplates and rods using sodium dodecyl benzene
sulfonate (SDBS). The synthesized powders were carbon coated
through chemical vapor deposition (CVD) using methylbenzene
as the carbon source and argon as the carrier gas. The authors
compared the carbon coating technique with the conventional
high energy ball milling (BM) procedure. The discharge capac-
ities of Plate-CVD, Rod-CVD, Plate-BM and Rod-BM were 147,
126, 120 and 92 mA h g�1, respectively, between 2.5 and 4.9 V at
0.05 C at room temperature by CC mode. Capacity retention of
93, 90, 85 and 81% was observed aer 50 cycles for Plate-CVD,
Rod-CVD, Plate-BM and Rod-BM, respectively. The improved
performance of Plate-CVD was mainly due to the shorter diffu-
sion pathways for the b direction and LiMnPO4 platelets were
highly encapsulated with carbon using CVD.
Fig. 7 Electrochemical characterizations of the LiMn0.75Fe0.25PO4 nanorod
cathode grown on rmGO. (a) Representative charge and discharge curves of
LiMn0.75Fe0.25PO4 nanorods grownon rmGOat a rate of 0.5 C. (b) Discharge curves
of LiMn0.75Fe0.25PO4 nanorods on rmGO at various C rates. (c) Specific discharge
capacities of LiMn0.75Fe0.25PO4nanorodson rmGOat various C rates. Thedischarge
cut-off voltage was 2.0 V vs. Li. (d) Capacity retention of LiMn0.75Fe0.25PO4 nano-
rods on rmGO at a rate of 0.5 C.139 Copyright: John Wiley & Sons, Inc.

This journal is ª The Royal Society of Chemistry 2013
Recently, Dokko et al.138 suggested the synthesis of LiMnPO4

nanoparticles by reacting Li3PO4 (solid) with molten aqua-
complexes of MnSO4 under hydrothermal conditions at 190 �C.
Later, the obtained LiMnPO4 particles were carbon coated using
sucrose with subsequent heat treatment at 700 �C. The molar
ratio of Mn(II) and H2O in the reactor was varied by adding water
to the reactionmixture. Themolar ratio of H2O andMn(II) in the
reactor is henceforth abbreviated as x ¼ [mole of H2O]/[mole of
MnSO4]. When, x ¼ 7.8, 50 nm size LiMnPO4 particles were
obtained which delivered a discharge capacity of�135mA h g�1

at 0.1 C between 2 and 4.5 V by CC–CV mode. The cell also
displayed good rate performance at 1 C and showed �83 mA h
g�1 as discharge capacity at room temperature. However, no
cyclability has been reported.

Wang et al.139 reported a two step synthesis of a graphene
grown LiMn0.75Fe0.25PO4 nanorod hybrid system. In the rst
step, Fe-doped Mn3O4 nanoparticles (Mn0.75Fe0.25)3O4 were
rst selectively grown onto mildly oxidized graphene oxide
(mGO) by controlled hydrolysis. Later, LiOH and H3PO4 were
used to obtain the desired olivine phase material by the sol-
vothermal approach, in which ascorbic acid (C6H8O6) was
used to reduce Fe3+ to Fe2+ and mGO as well. The electrical
conductivity showed dramatic enhancement in the LiMn0.75-
Fe0.25PO4/reduced mildly oxidized graphene oxide (rmGO)
hybrid system (0.1–1 S cm�1) which is 1013 to 1014 times
higher than pure LiMnPO4. Nanorods with the size of 50–100
nm length and 20–30 nm width were grown in the preferential
(0 0 1) direction. LiMn0.75Fe0.25PO4-rmGO delivered an initial
discharge capacity of 155 mA h g�1 and showed stable
capacity behavior upto 100 cycles at 0.5 C between 2 and 4.25
V by CC–CV mode at room temperature. The LiMn0.75-
Fe0.25PO4–rmGO hybrid system rendered excellent rate
performance, for example 153, 132, 107 and 65 mA h g�1 for 2,
20, 50 and 100 C rates, respectively. The cycling performance
of the LiMn0.75Fe0.25PO4–rmGO hybrid system is given in
Fig. 7. So far, this is one of the best values obtained for an
LiMnPO4 based system and the values are comparable to the
well known commercially available materials (LiCoO2,
LiMn2O4 and LiFePO4) and their solid-solutions reported by
other authors, whereas a simple mixture of LiMn0.75Fe0.25PO4

and rmGO showed poor performance capable of delivering 75
and 44 mA h g�1 at 0.1 and 1 C rates, respectively, under the
same test conditions.

Tarascon and co-workers140 introduced the synthesis of
LiMnPO4 by ionothermal reactions using various kinds of ionic
liquids and in such a way the morphology was also tuned.
Carbon coating was achieved by high energy ball milling (15
min) with sucrose (20 wt%) and subsequent heat treatment at
700 �C in a quartz tube for about 5 min. The carbon coated
LiMnPO4 showed a reversible capacity of�95mA h g�1 at 0.05 C
between 2.5 and 4.6 V by CC mode, whereas uncoated LiMnPO4

delivers a capacity of �35 mA h g�1. Binary mixtures of ionic
liquids and diols (1,2-propanediol or 1,3-propanediol) were also
used to synthesize the above compound which was subse-
quently carbon coated using sucrose. Diol assisted carbon-
coated LiMnPO4 exhibited a maximum capacity of �82 mA h
g�1 for 1,2-propanediol at room temperature.
J. Mater. Chem. A
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Fig. 8 (a and b) Voltage profiles of 3DM LMP balls and flakes in coin-type half cells at 21 �C and the cells were charged to 4.6 V (vs. Li/Li+) at a 0.1 C rate and kept at 4.6
V for 2 h, and discharged to 2 V at different C rates (0.1, 0.5, 1, 3, 6, and 10 C) (the cells were tested at 21 �C and 1 C was set at 170 mA g�1). (c) Plot of working voltages
(voltage in half of the discharge capacity value) as a function of C rate from the above curves. (d) Discharge capacity vs. cycle number of 3DM-flakes at 1 C under 21 �C
and 60 �C cyclings in coin-type half cells and discharge capacity vs. cycle number at different C rates from 1 to 10 C at 21 �C. For a 60 �C test, the cell was discharged to 2
V at a 1 C rate and was charged to 4.6 V at a 1 C rate, and held at that voltage for 3 h.141 Copyright: John Wiley & Sons, Inc.

Fig. 9 Powder X-ray diffraction pattern of carbon coated LiMnPO4 synthesized
at 850 �C under an Ar atmosphere.
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1.7 Template mediated approach

Yoo et al.141 reported the synthesis of 3Dmacroporous-LiMnPO4

showing ball and ake-like morphology, which was synthesized
using a polymethylmethacrylate (PMMA) template approach.
For the preparation of such unique morphology, a 500 mm
thick n-type silicon substrate with a h100i orientation was used.
The template was rst annealed at 300 �C under an Ar ow for 2
h and increased to 500 �C for 1 or 2 h to obtain crystallized and
carbon coated LiMnPO4. The nal product was scratched from
the Si substrate aer annealing. High specic surface areas of
21 and 29 m2 g�1 were noted for 3DM balls and akes,
respectively. The 3DM balls delivered a discharge capacity of
162 mA h g�1 (at 0.1 C rate) between 2 and 4.6 V by CC–CVmode
at 21 �C. Capacities of 154, 150, 135, 120 and 105 mA h g�1 were
noted for the rates of 0.5, 1, 3, 6, and 10 C, respectively. Though
3DM-akes delivered a discharge capacity similar to that of
3DM balls at 0.1 C, at high current rates, an improvement in the
discharge capacity was noted, i.e. 155, 154, 147, 129, and 110mA
h g�1 for 0.5, 1, 3, 6, and 10 C rates, respectively. At 60 �C, the
3DM-akes experienced only 2% of capacity fade up to 40 cycles
tested with a capacity of �160 mA h g�1. The electrochemical
performance of the 3DM-akes and balls is illustrated in Fig. 8.

1.8 Supercritical ethanol process

Honma and co-workers142,143 reported the synthesis and elec-
trochemical performance of LiMnPO4 nanocrystals by a super-
critical uid process in ethanol medium. The crystal sizes were
effectively adjusted by varying the concentration of oleylamine.
Then the crystals were ball-milled to yield C–LiMnPO4 with
acetylene black and vapour grown carbon nanobers with
subsequent heat treatment at 600 �C under an Ar–H2 atmo-
sphere. The Li/C–LiMnPO4 cell showed discharge capacities of
J. Mater. Chem. A
153 and 62mA h g�1 at 0.01 and 0.5 C between 2 and 4.5 V by CC
mode at room temperature. The effect of particle size was also
investigated and discharge capacities of �90, �120 and
�160 mA h g�1 at 0.01 C were achieved for 100, 60 and 20 nm
sizes of the crystals respectively.
2 Experimental section

Scalable solid state reactions were employed for the synthesis of
LiMnPO4 particles. In a typical synthesis procedure, stoichio-
metric amounts of Li2CO3, MnO and NH4H2PO4 were mixed
thoroughly and decomposed at 400 �C for 4 h to decompose the
ammonium moieties. Then, the resultant materials were again
ground and made as a pellet and red at 850 �C for 6 h in an Ar
atmosphere to yield resultant single phase LiMnPO4 particles.
Carbon coating was performed by milling with 25 wt% super P
carbon LiMnPO4 for 8 h using a SPEX 8000D, USA. Powder X-ray
diffraction patterns were recorded using a Bruker AXS, D8
This journal is ª The Royal Society of Chemistry 2013
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Advance with Cu Ka radiation. The Rietveld renement was
conducted using Topas V3 soware. Morphological features
were analyzed using a eld emission scanning electron micro-
scope (FE-SEM, JEOL JSM-7600F) and transmission electron
microscope (TEM, JEOL 2100F). Electrochemical characteriza-
tion was carried out using the two electrode CR 2016 coin-cell
conguration. The composite cathodes were prepared by
pressing accurately weighed 20 mg of the prepared material (C–
LiMnPO4) and 3 mg of Teonized acetylene black (TAB) mixture
on a 200 mm2 stainless steel mesh and subsequently dried at
60 �C in a vacuum oven for 6 h. The test cell was fabricated in an
argon lled glove box by pressing the composite cathode and
lithium metal anode separated by a microporous glass ber
separator (Whatman, Cat. no. 1825 047, UK). 1 M LiPF6 in an
ethylene carbonate (EC)–diethyl carbonate (DEC) (1 : 1 wt%,
DAN VEC) mixture was used as the electrolyte solution. Galva-
nostatic cycling performances were carried out using an Arbin
2000 battery tester.
Fig. 11 (a) Initial charge–discharge curves and (b) cycling profiles of Li/C–
LiMnPO4 half-cells tested with three different conditions at room temperature
(25 �C).
3 Discussion

Fig. 9 presents the powder X-ray diffraction pattern of LiMnPO4

synthesized at 850 �C in an Ar atmosphere. The observed
reections clearly indicate the formation of single phase
LiMnPO4 without any traces of starting materials or impurity
phases like MnO and Li3PO4. The structure of LiMnPO4 is
analogous to the LiFePO4 system comprising a hexagonal
closed-packing (hcp) of oxygen atoms with Li+ and Mn2+ cations
located in half of the octahedral sites and P5+ cations in 1/8 of
the tetrahedral sites.144 This structure may be described as
chains (along the c direction) of edge-sharing MnO6 octahedra
which are cross-linked by the PO4 groups forming a three-
dimensional (3-D) network. Tunnels perpendicular to the [010]
and [001] directions contain octahedrally co-ordinated Li+

cations (along the b axis), which are mobile in these cavities.
The distorted arrangement of MnO6 octahedra provides poor
conductivity proles. These compounds generally crystallize in
the orthorhombic structure with the Pnmb space group. The
obtained reections were rened using Rietveld renement and
lattice parameters were also calculated: a ¼ 6.1018(9) Å,
b ¼ 10.4439(5) Å and c ¼ 4.7450(6) Å. The obtained values are
consistent with the literature (JCPDS #74-0375). The crystallite
Fig. 10 (a) Transmission electron microscopic picture and (b) HR-TEM image of
C–LiMnPO4.

This journal is ª The Royal Society of Chemistry 2013
size was also calculated from the Scherrer equation pro-
grammed in Topas soware and was found to be 80 nm.

Morphological features of the prepared carbon coated-
LiMnPO4 particles were recorded using transmission electron
microscopy (TEM) and are presented in Fig. 10a. The TEM
picture clearly reveals the aggregation of particles and this sort
of aggregation was reasonable, since the synthesized LiMnPO4

powders were ball milled with 25% of carbon for about 8 h to
enable carbon coating. Obviously, during such high energy ball
milling, the micron-sized particles were reduced to a sub-
micron size with a pronounced carbon layer on the surface. But
still some sub-micron particles with the size of �200 nm were
also seen along with some ne particles embedded in the
carbon matrix. The carbon coating is clearly seen from the high
resolution-TEM picture with a more or less homogeneous layer
on the surface (Fig. 10b). It is well known that the presence of a
carbon layer over the LiMnPO4 particulates is benecial for
faster electronic transport, thereby enabling good electronic
conductivity of the electrode.

The electrochemical performance of C–LiMnPO4 was evalu-
ated in a half-cell conguration at 0.05 C with three different
potential limits in room temperature and it is illustrated in
Fig. 11. Fig. 11a corresponds to the initial charge–discharge
curves of the Li/C–LiMnPO4 cell. The test cell cycled between 2.5
and 4.4 V delivers a discharge capacity of 30 and �65 mA h g�1

for CC and CC–CV modes respectively with a noticeable plateau
around�4 V irrespective of testing protocols. In CC–CVmode, a
constant potential of 4.4 V was xed for 24 h (until the current
drops to 0.005 C rate) to extract Li-ions, whereas the cell cycled
between 2.5 and 4.8 V by CC mode delivered a discharge
capacity of 80 mA h g�1 with huge irreversible capacity. The
irreversible capacity was expected, while charging up to 4.8 V
involves the decomposition of the electrolyte solution which is
J. Mater. Chem. A
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Fig. 12 (a) First charge–discharge curves and (b) cycling profiles of Li/C–
LiMnPO4 half-cells tested with two different conditions at elevated temperature
(55 �C).
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normally stable at �4.6 V vs. Li. All test conditions clearly
demonstrated that the extraction of lithium-ion is feasible,
irrespective of the synthesis route adopted to prepare the pure
phase material with appropriate carbon coating. The cycling
proles under the above three test conditions are given in
Fig. 11b. The capacity tends to increase in the initial cycles and
such an increase is mainly due to the slower participation in the
electrochemical reaction. Aer 10 cycles, those cells presented
discharge capacities of�45, 100 and 120 mA h g�1 for the upper
cut-off potential of 4.4 V (CC), 4.4 V (CC–CV) and 4.8 V,
respectively. The cells tested at a cut-off potential of 4.4 V
delivered quite stable performance up to 40 cycles. However,
capacity fading was noted while charging the cell up to 4.8 V,
which was mainly because of electrolytic instability. In the case
of CCmode, discharge capacity increases with the cycle number
and it is stabilized at �75 mA h g�1. An obvious difference has
been noticed between the electrochemical performances of CC
and CC–CV modes at room temperature. In the latter mode
�0.15 moles of lithium only can be extracted compared to the
former. This difference clearly indicates the poor kinetic
behavior of LiMnPO4 particles and it is consistent with Mur-
aliganth and Manthiram's85 report on GITT measurements.

Elevated temperature (55 �C) performance of C–LiMnPO4

was also evaluated between 2.5 and 4.4 V (CC and CC–CVmode)
at 0.05 C and is given in Fig. 12. It is obvious from the initial
charge–discharge curves (Fig. 12a), which clearly show a long
distinct plateau at �4 V and �4.2 V during discharge and
charge, respectively, and it corresponds to the two-phase reac-
tion mechanism. The test cells showed a discharge capacity of
137 and 155 mA h g�1 for CC and CC–CV modes, respectively.
The obtained capacity through CC–CV mode is about �91% of
the theoretical capacity. The cycling proles of Li/C–LiMnPO4

cells with two different testing modes are presented in Fig. 12b.
The capacity fading during cycling was noted for both test
conditions and this fading was mainly because of Mn
J. Mater. Chem. A
dissolution in electrolyte solutions.108 The obtained values are
in good agreement with the previous reports obtained by a
solid-state approach. These results clearly suggested that the
solid-state approach can also yield the high performance
LiMnPO4 particles aer ball milling with an appropriate
amount of carbon.
4 Summary and outlook

The present review highlights the various synthesis approaches
that have been used to develop 4 V olivine phase LiMnPO4 as a
cathodematerial for Li-ionbatteries. Among the synthesis routes
reported in the literature and from our experience, the solid-
state/polyol approach is found to be promising to yield a high
performance olivine phase material by keeping bulk production
in mind. For the case of native LiMnPO4, irrespective of the
synthesis routes employed, high energy ball milling is necessary
to achieve a at potential region at �4.1 V vs. Li with high
reversibility. Despite the size reduction of the particulates, it is
not well understoodwhy ballmilling has been effectively utilized
for LiMnPO4. This clearly reects the statement Chemistry has its
own secrets by Tarascon and Armand.13 Hence, the role of
morphology in the drastic improvement in the electrochemical
properties is not so dominant unlike LiFePO4. However, some
reports are available for nanostructured morphologies that
exhibit very poor electrochemical proles even when the applied
current rate exceeds 0.5 C. This clearly reveals that there is not
much scope in the shape controlled synthesis of LiMnPO4, since
during the ball milling procedure most of the shapes will be
destroyed. In addition to the above, ball milling with a conduc-
tive additive, preferably carbon, yields a carbon coated LiMnPO4

phase and such a coating certainly promotes conducting
proles, since the band gap of LiMnPO4 lies in the insulator
region (3.96 eV). Further, carbon content in the composite is
such a crucial factor to increase the volumetric capacity; gener-
ally a carbon content of�20 to 40%hasbeen includedduring the
ball milling procedure to achieve carbon coating. There is no
doubt in this; inclusion of such a huge amount of carbon
certainly provides an enhanced electronic conductivity of the
composite. Nevertheless utilization of a huge carbon content
dilutes the active material distribution and is subsequently
detrimental to the volumetric capacity. Performance of the
LiMnPO4 phase is found to be better at elevated temperatures
compared to ambient conditions, despite experiencing mild
dissolution ofMn atoms in the electrolyte solution.However, the
electrochemical performance at elevated temperatures is found
to be better than the Mn based (�4 V vs. Li) spinel phase
compound LiMn2O4. Apart from the conductive coatings,
particle size and crystallization of the phase are also very crucial
to achieve high rate performance. Though carbon coating alle-
viates the inherent nature of LiMnPO4, still extraction of one
mole Li from the lattice is found to be difficult. Therefore, a
complex charging protocol, constant current–constant voltage
(CC–CV mode, which is common in mobile chargers) mode is
used for the extraction of onemole of Li. Another way to improve
the electrochemical performance of the LiMnPO4 phase is tran-
sition metal site doping (Mn sites with isovalent or aliovalent
This journal is ª The Royal Society of Chemistry 2013
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substitutions) or Li-site doping. Both Mn and Li site doping
provides improved battery performance irrespective of the
testing temperature. The appearance of impurity traces during Li
site doping is noted, particularly Li3PO4, which is an excellent
ionic conductor and benecial for the betterment of improved
electrochemical performance at high rate operations. In Mn site
substitution, Fe is found to be attractive (compared to Mg, Zn,
Cu, Zr, V, Gd, Ti and Ni) and its concentration beyond 10%
subsequently leads to the formation of a solid-solution between
two olivine compounds (LiMnPO4 and LiFePO4). Substitution
with Fe inMn sites provides excellent electrochemical properties
compared to the native compound, almost approaching the one
mole Li extraction. The ball milling procedure may not be
required for the case of the above solid-solutions. High perfor-
mance olivine phase cathodes are obtained by varying the Fe
concentration from 10 to 50%, but the reduction of the net
operating potential and subsequent energy density has to be
sacriced in such solid-solutions. Similar to Fe, Cobalt also
exhibits good solid-solution behavior with Mn, but the higher
redox potential of Co2+ in the olivinephase prohibits its potential
use. Hence, the development of a high voltage electrolyte is
anticipated to realize the performance of Co based solid-solu-
tions. Thermal stability is another very important criterion for a
prospective electrode material in practical Li-ion batteries irre-
spective of the anode and cathode. It is well demonstrated that
polyanion groups containing a phosphate matrix (PO4)

3�

showed excellent thermal stability in both lithiated and de-
lithiated states due to the strong covalent bond between oxygen
and P5+ ions (P–O) compared to that of its oxide based counter-
parts (LiCoO2, LiMn2O4, Li(NiMnCo)1/3O2, etc.). The thermal
stability of LiFePO4 is found to be exceptional in both charged
and discharged states, whereas controversial reports are avail-
able for LiMnPO4 and its derivatives including solid-solutions.
Recently, Aurbach and co-workers66 demonstrated excellent
thermal stability of LiMnPO4 and its solid-solutions (similar to
LiFePO4) which are not inferior to rest of the olivine phase or
(PO4)

3� anion framework materials. Overall the highlight of this
olivine phase LiMnPO4 is that it is eco-friendly, cheap, thermally
safe and has higher energy density (than LiFePO4). Several
challenges such as inherent electronic conductivity, size reduc-
tion and poor diffusion properties should be improved without
compromising on the volumetric density to exploit in practical
Li-ion cells.On theotherhand, the solid-solutionbetweenFeand
Mn could be one of the better alternatives than both native
compounds and canbeused inhighpower applications likeHEV
and EV. The energy density of such solid-solutions lies between
�580 and 700 W h kg�1 and depends on the choice of Fe
concentration. However, still Mn dissolution will be a major
problem for Mn based cathodes and it should be addressed for
long term cyclability. A thin layer of surface coating with inert
oxides (e.g. Al2O3, ZrO2, TiO2, etc.) by the ALD technique can be
suggested to prevent the same.
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