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Carbon-coated LiMng 4Feq ¢ PO4 composites (LiMng 4Feq s PO4/C) were synthesized for use as cathode mate-
rials in lithium batteries. The composites were synthesized by a mechanical activation process that
consists of high-energy ball milling for 10 h, followed by thermal treatment at different temperatures. The
structure, particle size and surface morphology of these cathode active materials were investigated by
inductively coupled plasma (ICP) analysis, energy dispersive spectrometry (EDS), high-resolution Raman
spectroscopy, X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and high-
resolution transmission electron microscopy (HR-TEM). The firing temperature was observed to affect
morphology, particle size, elemental distribution, structure of the residual carbon, and consequently the
electrochemical properties of the composites. LiMng 4Feq s PO4/C synthesized at 600 °C possessed the most
desirable properties and it exhibited the best performance when used as cathode in lithium batteries at
room temperature. The cell, comprising cathode of this composite, exhibited the initial discharge capac-
ities of 144.5 mAh g~ (85.0% of theoretical capacity) and 122.0 mAh g-' (71.8%), respectively, at 0.1 and
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1 C-rates. The cathode showed good cycle stability without substantial capacity fade up to 50 cycles.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the olivine phosphates with chemical formula
LiMPO4 (where M denotes Fe, Mn, Co, Ni) have attracted the atten-
tion of battery technologists who are looking to develop efficient
positive electrode materials for use in lithium batteries. However,
these materials have poor electronic conductivity in comparison
to LiCoO, (10-3Sm~1), which is currently used as cathode mate-
rial. Hence, there have been attempts to enhance the electronic
conductivity of LIMPO4 by designing new synthetic strategies and
by optimizing synthetic conditions. The frequently reported meth-
ods include in situ carbon coating on particles and doping of metal
ions that coexist with Li* in LIMPOy4. The synthesis of LIMPO,4 has
been reported by sol-gel method [1-3]. The energy density, capac-
ity delivery and life cycle of LiMPO4 have been enhanced by the
dispersion of low concentration of metal ions (Cu or Ag) in the sol
precursor [4]. The coating of carbon on LiMPO,4 particles by using
organic additives enhances their electrochemical performance [5].
A wide range of carbon precursors offers flexibility to this method.
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The synthesis of LiMPO4 can be accomplished in multiple steps or
in a single step by firing it at high temperature [6]. However, this
method involves complex procedures and takes a long time [7].
Out of all the olivine phosphates, LiMnPO,4 should have been
the desirable candidate for use as positive cathode material. The
Mn3*/Mn?* redox couple in the olivine framework is positioned
at 4.1V versus Li/Li* which is reasonably high, compared to 3.4V
of Fe3*[Fe2* redox couple in LiFePO4. However, Mn3*/Mn?* redox
couple has some serious drawbacks that limit its use as cath-
ode material. LiMnPO4 has much lower current durability and
much smaller effective energy density than LiFePOg4. It also exhibits
comparatively slower kinetics [8]. The major reason for its poor
electrochemical activity is the large kinetic barrier at the mis-
matched interface of MnPO4/LiMnPO,4 [9]. To utilize its inherent
high capacity, some attempts have been made to synthesize mixed
olivine phosphates with a general formula of LiMnyFe; _,PO4 where
the amounts of Mn can be manipulated in a desirable proportion.
The manipulation of y in LiMny Fe_,PO4 can be used to optimize its
properties to tailor a promising candidate material that has an oper-
ating cell voltage of 3.4-4.1 V versus Li*/Li. The desirable amount of
Mn in the LiMnyFe;_,PO4 composition is crucial, as cathode mate-
rial with higher Mn amount has poorer cycling stability. Ma and
Qin synthesized LiMnyFe;_,POy4 thin films by using modified elec-
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trostatic spray deposition and sol-gel technique [10]. The results
showed that the electrode made of thin film of LiMng4FeqgPO4
exhibited better electrochemical performance than that of pure
LiFePO4 and LiMnPOj4. The synthesis of LiMnyFe;_,PO4 by solid
state reactions has been reported [11,12]. The conventional solid
state method is often followed, since it usually results in high
purity of the material if the raw materials are blended thoroughly
to achieve homogeneity. However, the processing steps are lengthy
and most often complex, requiring repeated steps of grinding, heat-
ing, pelletizing and firing at high temperature [13,14]. These steps
result in large micron-sized particles. The solid state mechanical
activation (MA) method has been recently found to be efficient
in synthesizing sub-micron-sized cathode active materials [15-18].
In this process, the ingredients are thoroughly mixed together ini-
tially in a high-energy ball mill. The milling process helps to reduce
time and temperature of the subsequent firing steps, and hence it is
advantageous to prevent the undesirable growth of crystals which
usually occurs at higher temperature. We have earlier reported syn-
thesis of LiFePQy, carbon-coated LiFePO4 and LiMPO4 following MA
process [15,16]. It was observed that process parameters such as ball
milling time and firing temperature significantly influence LiFePO4
properties [15]. A direct coating of carbon over the active mate-
rial particles is achieved by adding acetylene black powder as the
carbon source. In this article, we report a parametric study for the
influence of firing temperature on the structure and properties of
carbon-coated LiMng4FeqgP04/C. The electrochemical properties
of these composites were studied. The composite synthesized at
600°C exhibited the best performance. The variation in the firing
temperature affected the particle size and morphology of the com-
posites. LiMng 4Feg gPO4/C(600) exhibited good cycle performance
when used as cathode in lithium batteries at room temperature.
It exhibited the initial discharge capacities of 144.5mAhg-! and
122.0mAh g1, respectively, at 0.1 C and 1 C current densities, and
no capacity fade was observed up to 50 cycles.

2. Experimental
2.1. Synthesis of LiMng 4Feg gPO,4/C

LiMng 4FeqgP0O4/C composites were synthesized from Li;CO3,
FeC;04-2H,0, Mn(COOCH3),-4H,0 and NH4H;PO4 (all chemicals
of 99% purity from Aldrich) taken in stoichiometric quantities
[15]. For carbon coating, acetylene black (Alfa, purity >99.9%)
was added in proportion of 7.8wt.% of the total weight. The
mechanical activation process consisted of the following steps:
high-energy ball milling of the powder in a hardened steel
vial with zirconia balls (ball-to-powder weight ratio=10:3) at
room temperature for different periods in an argon atmosphere
using a SPEX mill at 1000rpm; conversion of the powder into
pellets by mechanical pressing; thermal treatment of the pel-
lets at temperatures ranging from 500°C to 800°C for 10h in
a nitrogen atmosphere, respectively. For the sake of simplic-
ity and to highlight the firing temperature, the samples were
designated as LiMng4FeqgP0O4/C(500), LiMng4FeqgP04/C(600),
LiMng 4Feq gP04/C(700), and LiMng 4Feq PO4/C(800).

2.2. Characterization of synthesized materials

The crystallographic structure of the synthesized materials
was analyzed by X-ray powder diffraction (XRD) (D8 Advance,
Bruker AXS) using Cu Ko radiation (3 kW). Scanning electron
microscopy (SEM) imaging was carried by using field-emission
scanning microscopy (FE-SEM) (Philips XL30 S FEG). The nature and
thickness of carbon coating were observed with high-resolution
transmission electron microscopy (HR-TEM) (JEM-2010, JEOL). The
elemental distribution in the composites was confirmed with

energy dispersive X-ray spectrometry. The chemical composition
of the composites was determined by inductively coupled plasma
(ICP) analysis (Atomscan 25, Optima 4300DV) and carbon content
by elemental analyzer (CHNS-932, LECO). To understand the struc-
ture of the carbon, high-resolution Raman spectra were recorded
on LabRAM HR800 UV.

2.3. Electrochemical evaluation

To prepare the cathode, LiMng 4Feq PO4/C powder, Super-P car-
bon black (Alfa) and poly(vinylidene fluoride) (PVdF, Aldrich) binder
were mixed in 80:10:10 weight ratio in N-methylpyrrolidone (NMP)
to make a viscous slurry that was cast on aluminum foil and dried
at 95 °C under vacuum for 12 h. The film was cut into circular discs
of area 0.785 cm? and mass ~2.0 mg for use as cathode.

The coin type Li/LiMng 4Feq P04 cell was fabricated by stack-
ing lithium metal (300 wm thickness, Cyprus Foote Mineral Co.)
anode and LiMng 4FeqgPO4-based cathode with Celgard® 2200
separator film. 1 M LiPFg in ethylene carbonate (EC)/dimethyl car-
bonate (DMC) (Samsung Cheil Industries Inc.) (1:1 by volume) was
used as liquid electrolyte. The cell assembly was performed under
argon atmosphere in a glove box (H,0<10 ppm). Cyclic voltam-
metry (CV) was done at a scan rate 0.1 mVs~! between 2.0V and
4.6V vs. Li/Li*. The charge-discharge and cycling properties of
Li/LiMng 4Fe gPO4 cells were evaluated between 2.0V and 4.6V at
0.1C(0.03mAcm2)and 1C (0.3 mAcm~2) current densities using
an automatic galvanostatic charge-discharge unit (WonA Tech. Co.)
at room temperature.

3. Results and discussion

The structural, morphological and electrochemical properties
of LiMng 4Feg gPO4/C composites have been studied. The mechan-
ical activation process is a superior option to obtain a material
with good electrochemical performance [19]. The composites were
prepared by ball milling for 15h, and that was then followed by
heating for 10 h at different temperatures (500 °C, 600 °C, 700 °C or
800°C). The chemical composition of the samples obtained from
ICP analysis matched the theoretical molar ratio of Li:Mn:Fe:P
as 1.00:0.40:0.60:1.00 and all the composites contain 13.6 wt.%
carbons, which was obtained from elemental analysis and was con-
trolled by using the optimized synthetic conditions to have the
same carbon content in the composites. The XRD spectra of the
composites matched the standard LiFePO4 as shown in Fig. 1. The
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Fig. 1. XRD spectra of LiMng 4FeqsP0O4/C composites synthesized at different firing
temperatures.
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Fig. 2. SEM pictures of (a) LiMng 4FepsP04/C(600), (b) LiMng 4FeqsP0O4/C(700), and (c) LiMng 4FeosPO4/C(800).

crystalline nature of the composites is depicted from the spec- observed beyond 26 =40. The sharpest peaks can be observed for
tra. The composites have crystalline structures belonging to the LiMng 4Feq 6P04/C(600), meaning thereby that high crystallization
orthorhombic Pnma group. These have sharp crystalline peaks in was achieved at 600°C. We have already reported an attainment
the 20 region from 20 to 40, as noticeable differences can be of a reasonable extent of crystallinity in LiFePO4 by firing at 500 °C
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Fig. 3. SEM pictures and the corresponding EDS maps of P, Mn and Fe of (a) LiMng 4Fe(6P04/C(600) and (b) LiMng.4FeqsP0O4/C(700) composites.
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Fig. 4. (A) TEMs of (a) LiMng4FeosP0O4/C(600), (b) LiMng4FeosP0O4/C(700), and (c) LiMng4FeqsPO4/C(800) composites. (B) Carbon coating thickness in (d)
LiMng 4FeqsP04/C(600), (e) LiMng 4FeP04/C(700), and (f) LiMng 4FeoP04/C(800) composites. (C) TEM image (10 nm scale) of LiMng 4FeqsP04/C(600) composite.

[15]. The absence of Fe,P or other parasitic peaks was confirmed
from the XRD analysis. The presence of carbon source during syn-
thesis ensures impurities-free particles, where the oxidation of Fe2*
is checked and any Fe3* is reduced back to Fe2* [20]. The carbon
coating limits the size of the particles and improves the electro-
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Fig. 5. HR-Raman spectra of LiMng4FeqPO4/C composites prepared at different
temperatures.

chemical performance of the active material by enhancing electrical
conductivity. It also affects reversible capacity of the material [21].

The heat treatment in the mechanical activation process has
a marked influence on the morphological properties of the sam-
ples. Fig. 2 shows SEM images of three LiMng 4Feq gPO4/C samples.
The particle size of the composites was found to vary from
~50nm to ~200nm with more particles on the lower side
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Fig. 6. First CV curves of different LiMng4FeqsP0O4/C composites (scan rate:
0.1 mVs~!, voltage range: 2.0-4.6V).
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Fig. 7. (a) Initial charge-discharge curve and (b) cycle behavior of LiMng 4FeosPO4/C composites.

of this spectrum. The particle size homogeneity is more visi-
ble in LiMng4FeqgP04/C(600) than in the other two samples.
Though the carbon coating resulted in small nano-sized par-
ticles, yet the agglomeration of particles with an increase of
synthetic temperature is evident as can be seen from the SEM of
LiMng 4FeqgP04/C(800) [22]. The homogeneous distribution of P,
Mn and Fe in LiMng 4Feg PO4/C(600) can be observed from the SEM
and the corresponding EDS analysis of the sample [Fig. 3(a)]. The
same is not true for LiMng 4Feq gPO4/C(700) as the uneven elemen-
tal distribution as shown in Fig. 3(b). The chemical composition
by the EDS analysis was again confirmed to match the theoretical
molar ratio of Mn:Fe:P for both the composites.

TEM images of all the LiMng 4Feg gPO4/C composites are shown
in Fig. 4. The average particle size was 60 nm, 80 nm, and 200 nm
for the composites synthesized at 600 °C, 700 °C, and 800 °C, respec-
tively. The effect of the synthetic temperature on the particle size
is evident as at higher temperatures the agglomeration of parti-
cles resulted in the particles of bigger size as can be observed
from the TEM of LiMHO.4Feg'6PO4/C(800). LiMl’l(),4Feo'5PO4/C(600)
has the smallest particles with a narrow particle size distribu-
tion. The nature and extent of the carbon coating are important
factors which affect the electrochemical properties of olivine phos-
phates. A uniform carbon coating of ~10 nm is enough to make an
effective contribution to the electronic conductivity of olivine phos-
phates [23]. A nanometer-sized web of the amorphous carbon (that
appears as waves in light shade) surrounding the LiMng 4FeqgPO4
particles (those appear as the dark regions) can be seen in the TEM
images [Fig. 4(b)]. TEM image of LiMng 4FegPO4/C(600) at 10 nm
scale is shown in Fig. 4(c). LiMng 4Feq gPO4 crystallite appears in a
straight line form with dark regions, and the carbon coating of the
composite appears in a wave form with greyish regions [24].

The coating of amorphous carbon with a thickness of 4-8 nm
was observed as nano-web in all the samples. A thin conduc-
tive matrix along with small particle size positively affects the
electronic conductivity of the composites. The structure of the
carbon coating was determined from HR-Raman spectra. The
perusal of Fig. 5 reveals that the D(disordered)/G(graphene) ratios
in LiMng 4FeqgP04/C(600) and LiMng 4FeggP04/C(700) are nearly
the same at 1.03 and 1.15, respectively. The disordered carbon is
sp3-coordinated carbon, and graphene is a single planar sheet of
sp2-bonded carbon [25]. Hence, lower D/G ratio, more conductive
is the coated carbon. Even a small difference in the D/G ratio can
result in different electrochemical properties of these composites
[26].

The electrochemical properties of these materials were evalu-
ated as cathode materials for lithium batteries at room temperature.
Two sets of oxidation and reduction peaks typical for Mn3*/Mn2*
and Fe3*[Fe%* in LiMng 4Feq PO, composites are present in the CV
curves obtained for the first cycle as shown in Fig. 6. The single
redox peak pair for Fe3*/Fe2* redox couple exhibited an anodic

oxidation potential at 3.55V, 3.6 V,and 3.59 V and a cathodic reduc-
tion potential at 3.4V, 3.35V, and 3.38V with a respective peak
separation of 150mV, 250 mV, and 250 mV between the anodic
and cathodic peaks, respectively, for LiMng4FeqgP04/C(600),
LiMng 4Feq gP0O4/C(700), and LiMng4FeqgP0O4/C(800). The redox
current difference of 0.061 mA, 0.073 mA, and 0.045 mA has been
observed for LiMng 4Feq sPO4/C(600), LiMng 4Feq gP0O4/C(700), and
LiMng 4Feq gP04/C(800), respectively. For Mn3*/Mn2*, the corre-
sponding values for the anodic and cathodic peaks are at 4.1V
and 3.9V for all the samples, and a redox current difference
of 0.045mA, 0.027 mA, and 0.02 mA for LiMng4FegP04/C(600),
LiMng 4Feq gP0O4/C(700), and LiMng 4Feq gP0O4/C(800), respectively.
On account of the differences in redox current in the redox cou-
ples, LiMng 4Feq gP0O4/C(600) and LiMng 4FeqgPO4/C(700) showed
higher application potential compared to LiMng 4Feq gPO4/C(800).
LiMng 4FeqgP0O4/C(600) showed the highest redox current in
Mn3*/Mn?* redox reaction. For both the redox couple, the oxidation
and reduction peaks were the sharpest in LiMng 4Feq gPO4/C(600).
It indicated efficient charge-transfer kinetics for this material. It
resulted from the fine crystalline structure, purity, the smallest
particle size, and thin carbon coating.

LiMng 4Feg gP0O4/C(600) performed better than the other com-
posites as it delivered higher charge and discharge capacities when
tested under the same current density, 0.1C (0.03 mAcm~2), as
shown in Fig. 7(a). The initial discharge capacities obtained were
113.8mAhg-!, 1445mAhg-!, 124.0mAhg-! and 93.4mAhg!,
respectively, for LiMng4FeqgP04/C(500), LiMng 4FeqgP0O4/C(600),
LiMI‘lO.4FEO.6PO4/C(700) and LiMI’lOAFCQ‘GPO‘l/C(SOO). LiMI’lOA
FegsP04/C(600) exhibited better performance with a high active
material utilization of ~85% during discharge. It also showed an
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Fig. 8. CV curves of LiMng4FeqsP04/C(600) during cycling (scan rate: 0.1 mVs~!,
voltage range: 2.0-4.6V).
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Fig. 9. (a) Specific charge-discharge capacities in cycles 1, 2, 5 and (b) cycle performance of LiMng 4Feq sPO4/C(600) composite.

almost stable performance up to 10 cycles with a minor decrease
from 144.5mAhg-! to 141.7mAhg-!. In other three cases, the
discharge capacities were lower than those were observed for
LiMn0.4Fe0.6PO4/C(600). The LiMn0_4F60.6PO4/C(700) showed
cyclical variation with an increase of cycle numbers. Given that the
carbon contents of the composites were the same, the difference
in the D/G ratios, the nature of carbon coating, and the particle
size are likely to be the factor that contributed to the better
performance of LiMng 4Feg PO4/C(600) than the other composites
[27].

From the CV behavior of LiMng 4Feg PO4/C(600) it was observed
that after three cycles, the anodic and cathodic peak positions of the
redox couples did not change, as is apparent from the comparison
of CV during the first, second and third cycles of the cell prepared
with cathodes made of LiMng 4Fe gPO4/C(600) as shown in Fig. 8.
The performance during the first cycle was retained during the sub-
sequent cycles also. A good cycle stability and high reversibility of
the redox reaction were attained on cycling for this cell. Efficient
redox reaction kinetics was observed at a low discharge current. The
charge-discharge performance of the lithium cell prepared with
LiMng 4Feq gP0O4/C(600)is shown in Fig. 9(a). The charge capacity in
the range of 154-144 mAh g1 and discharge capacity in the range
of 144.5-141.7mAh g~ were obtained after cycles 1, 2 and 5. The
cathode made with LiMng 4Feq gP0O4/C(600) showed cycle stability
as almost flat curves for the charge and discharge were obtained
up to 50 cycles. The charge and discharge capacities became stable
after 5 cycles. Areasonably good value for both charge and discharge
capacities was observed at 136.6 mAhg-! after 50 cycles at 0.1 C-
rate, with a negligible capacity fade of ~0.15 mAh g~ percycleand a
high material utilization of 80.4% [Fig. 10 (b)]. At 1 C-rate, the initial
discharge capacity obtained was 122 mAh g~!, and the correspond-
ing value was 111 mAhg-! after 50 cycles. After 50 cycles, with
a small capacity fade of ~0.22mAhg-! per cycle, a high material
utilization of 65.3% was achieved. The small particle size and amor-
phous carbon coating contributed to the good cycle stability and
electrochemical properties of the composite, making it a promising
cathode material capable of delivering satisfactory performance at
room temperature.

4. Conclusions

Four carbon-coated olivine phosphates having a formula of
LiMng 4FeqgP0O4/C were synthesized by the variation of firing
temperature, which affected their particle size and surface mor-
phology. With the increase of the firing temperature, the particle
size increased from nanometers to large micron-sized agglomer-
ates, especially at 800°C. The carbon nanocoating appeared as a
nano-web of 4-8 nm thickness on the particles. LiMng 4Feg gPO4/C

synthesized at 600°C had the smallest particles with a narrow
particle size distribution. The anodic and cathodic peaks for the
Mn3*/MnZ* and Fe3*/Fe2* redox couples were ascertained from the
CV curves of the composites and these indicated efficient reversibil-
ity of redox kinetics. The optimum electrochemical performance
was exhibited by LiMng 4Feg gPO,4/C synthesized at 600 °C with ini-
tial discharge capacities of 144.5mAhg-! and 122mAhg-! at 0.1
and 1 C-rates, respectively. The cells prepared with this sample also
showed the stable cycle performance and material utilization of
80.4% as 65.3%, respectively, at 0.1 and 1 C-rates after 50 cycles.
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