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LiMnPO4/C nanocomposites could be prepared by a combination of spray pyrolysis and wet ball-milling
followed by heat treatment in the range of spray pyrolysis temperature from 200 to 500 °C. The ordered
LiMnPOy4 olivine structure without any impurity phase could be identified by X-ray diffraction analysis
for all samples. It could be also confirmed from scanning electron microscopy and transmission electron
microscopy observations that the final samples were the LiMnPO4/C nanocomposites with approximately
100nm in primary particles size. The LiMnPO4/C nanocomposite samples were used as cathode active
materials for lithium batteries, and the electrochemical tests were carried out for the cell Li|1 M LiPFg in
EC:DMC=1:1|LiMnPO4/C at various charge/discharge rates in three charge modes. As a result, the final
sample which was synthesized at 300 °C by spray pyrolysis showed the best electrochemical performance
due to the largest specific surface area, the smallest primary particle size and a well distribution of carbon.
At galvanostatic charge/discharge rates of 0.05C, the cell delivered first discharge capacities of 123 and
165mAhg-! in correspondence to charge cutoff voltages of 4.4 and 5.0V, respectively. Furthermore,
in a constant current-constant voltage charge mode at 4.4V, the cells also exhibited initial discharge
capacities of 147mAhg-! at 0.05C, 145mAhg ' at 0.1C, 123 mAhg! at 1C and 65mAhg-' at 10C.
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Moreover, the cells showed fair good cycleability over 100 cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the pioneer work of Goodenough’s group [1], olivine
structure lithium transition-metal phosphates LiMPO4 (M = Fe, Mn,
Co, Ni) have been received much attention as promising cath-
ode materials for next generation of lithium-ion batteries due to
their large theoretical capacities as well as chemical and thermal
stability [2-17]. In fact, LiFePO4 is now considered as practi-
cal cathode material due to its excellent rate capability, which
has been achieved through particle size reducing and the con-
ductive surface coating of particles [8,10]. Recently, a numbers
of studies on LiMnPO,4 have been reported due to the interest
on its higher intercalation potential at 4.1V versus Li*/Li, which
makes the theoretical energy density is about 1.2 times larger
than that of LiFePO4, and is compatible with most liquid elec-
trolytes presently used in lithium-ion batteries. However, a poor
electrochemical performance was mostly observed because of
the slow lithium diffusion kinetics within the crystals and the
very low intrinsic electronic conductivity which is about five
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orders of magnitude lower compared with that of LiFePOy4 [6,7].
Thus far, much effort has paid to enhance its electrochemical
properties by the particle size reduction [14,18,19], the cation
doping [13,20-22], the carbon coated LiMnPO4 [4,11,14,23,24] or
the LiMnPO4/C composites [7,12,13,19-22,25-29]. On the other
hand, several synthesis routes have been utilized and devel-
oped in order to overcome the weakness of LiMnPO4 such as
the solid-state reaction [1,5,7,22,26,27,30,31], the sol-gel method
[4,19,20,32,33], the polyol process [11,12,34], the hydrother-
mal synthesis [21,24,35-38], microwave assisted hydrother-
mal method [23], solvothermal method [28,29], precipitation
[6,18,25,39,40], floating-zone method [41], freeze-drying method
[42] and the electrostatic spray deposition [43]. Despite of
those tremendous efforts, the electrochemical performance of the
LiMnPO,4 prepared is not sufficient for the application to commer-
cial cells.

In our previous work [14], the carbon coated LiMnPO,4 could be
successfully prepared by a combination of spray pyrolysis (SP) with
dry ball-milling followed by heat treatment. The resulting particles
have the particle size in the range from 200 to 400 nm, and a car-
bon layer was formed with a thickness of several tens nanometer on
the surface of LIMnPO4 particles. We also reported that the carbon
coated LiFePO4 nanoparticles [10] could be successfully synthe-
sized by a combination of SP and wet ball-milling (WBM) with heat
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treatment. It is obvious that the WBM [10] is more effective than
the dry one [9] in reducing the particle size and thus significantly
improve the electrochemical performance. In the present study, the
preparation of LiMnPO4/C nanocomposites was conducted using
a combination of SP and WBM followed by heat treatment in the
range of SP temperature from 200 to 500 °C. The effect of SP temper-
ature on physical and electrochemical properties of those materials
was investigated.

2. Experimental
2.1. Precursor solution

The precursor solution was prepared by dissolving the
required amounts of LiNO3 (98% purity), H3PO4 (85% purity) and
Mn(NO3),-6H,0 (98% purity) in distilled water in a stoichio-
metric ratio. The concentrations of Li*, Mn2* and PO43~ were
all 0.2moldm~3. All chemicals were purchased from Wako Pure
Chemical Industries Ltd., Japan.

2.2. Experimental setup and procedure

A schematic diagram of the SP setup was provided in our previ-
ous paper [44]. The precursor solution was atomized at a frequency
of 1.7 MHz by an ultrasonic nebulizer. The sprayed droplets were
transported to the reactor by a N, +3% H, mixture gas with a gas
flow rate of 2dm?3 min—1. SP temperatures were varied from 200 to
500°C. The droplets were converted to the solid particles through
a series of processes such as evaporation of solvent, precipitation
of solute, drying, pyrolysis and then sintering within the laminar
flow aerosol reactor. If the plug flow in the reactor is assumed,
the corresponding residence time of particles inside the reactor is
approximately 4.8 min. The resulting particles were collected at the
reactor exit by an electrostatic precipitator operated at 170°C.

The as-prepared LiMnPO4, powders were then milled with
10wt.% of acetylene black (electrical conductivity of 500Sm~1)
in ethanol by a planetary high-energy ball-milling (Fritsch, pul-
verisette 7). Zirconia balls and a zirconia vial were used in the
WBM process. The rotating speed and ball-milling time were fixed
at 800rpm and 6 h, respectively. After the ball-milling procedure,
the samples were annealed at 500°C for 4h in a N, +3% Hy atmo-
sphere. Fig. 1 shows the flow chart of the preparation of LIMnPO4/C
nanocomposites.

2.3. Sample characterization

The crystalline phases of the samples were studied by X-ray
Diffraction (XRD, Rigaku, Ultima IV with D/teX Ultra) analysis
equipped with Cu Ko radiation. The lattice parameters of the
material were refined by Rietveld analysis using an integrated
X-ray Powder Diffraction Software Package PDXL (Rigaku, Ver-
sion 1.3.0.0). The particle surface morphology was examined by
field emission scanning electron microscopy (FE-SEM, Hitachi,
S4500) operated at 8 kV. The interior structure of the LiIMnPO4/C
nanocomposite particles was observed by using transmission elec-
tron microscopy (TEM, JEOL Ltd., JEM-2010F) equipped with Energy
Dispersive Spectroscopy (EDS). The chemical composition of the
as-prepared LiMnPO4 was analyzed by Inductively Coupled Plasma
Spectrometer (ICP, Shimadzu, ICPS-7510) and the specific surface
area was determined by the Brunauer-Emmet-Teller method (BET,
Shimadzu, Flow Sorb II 2300). The carbon content of LiMnPO4/C
nanocomposites was confirmed using an element analyzer (Yanaco,
CHN corder MT-6). The element mapping analysis of sample was
performed by Auger Electron Spectroscopy combined SEM (ULVAC-
PHI Inc., PHI 680).

Precursors
LiNOa, Mn(NO:s)stQO and H3P04
Distilled water

3

1. Spray Pyrolysis
Total concentration: 0.6 mol dm™
Reactor temperature: 200 - 500 °C
Carrier gas: 2 dm® min™ Nz + 3 % H,

3

2. Ball milling
LIMnPQO4 + 10 wt.% Acetylene black
Ethanol
Rotating speed: 800 rpm
Milling time: 6 h

3

3. Heat treatment
Annealing temperature: 500 °C
Annealing time: 4 h
Atmosphere: Np + 3 % Hz

Fig. 1. Flow chart of the preparation of LiMnPO4/C nanocomposites.

2.4. Electrochemical measurements

The electrochemical performance of LiMnPO4/C nanocompos-
ites was investigated using coin-type cells (CR2032). The cell is
composed of a lithium metal negative electrode and a LiMnPO,4/C
nanocomposite positive electrode that were separated by a micro-
porous polypropylene film. 1moldm=3 solution of LiPFg in a
mixed solvent of ethylene carbonate (EC) and dimethyl carbon-
ate (DMC) with 1:1 in volume ratio (Tomiyama Pure Chemical
Co., Ltd.) was used as the electrolyte. The cathode is comprised
70wt.% LiMnPO4, 10wt.% polyvinylidene fluoride (PVdF) as a
binder and 20wt.% acetylene black, which includes the acety-
lene black in the LiMnPO4/C nanocomposites. These materials
were dispersed in 1-methyl-2-pyrrolidinone (NMP). The resul-
tant slurry was spread uniformly onto an aluminum foil using
the doctor blade technique and then dried in vacuum for 4h at
110°C. The cathode was punched into circular discs and then
scraped in order to standardize the area of cathode (1cm?). The
cell was assembled inside a glove box filled with high-purity argon
gas (99.9995% purity). Then the cells were tested galvanostati-
cally between 2.5V and various charge cutoff voltages from 4.4
to 5.0V versus Li*/Li on multi-channel battery testers (Hokuto
Denko, HJ1010mSM8A) at different charge/discharge rates from
0.05to 10C(1C=171mAhg1). On the other hand, in the constant
current-constant voltage (CC-CV) mode, the cells were charged at
0.1C rate to 4.4V, kept at 4.4V until reaching theoretical capac-
ity, and then galvanostatically discharged at different specific rates
from 0.05 to 10C. Current densities and specific capacities were
calculated on the basis of the weight of LiMnPO,4 in the cath-
ode.

Measurements of acimpedance spectroscopy and cyclic voltam-
metry were carried out using a Solartron 1255B frequency response
analyzer connected to a Solartron SI 1287 electrochemical inter-
face. The amplitude of the ac signal was 10mV in the frequency



T.N.L. Doan, I. Taniguchi / Journal of Power Sources 196 (2011) 1399-1408 1401

T T T T T
(a) * MnPO,H0 Synthesis temperature
- o Mn(NO3),.6H,0 -
500°C
2L 400°C
: .
) ST 00 S . 300°C
b e . . 200°C
| LiMnPQO, (JCPDS 01-072-7844)
| ||| || ||I|I.. Ililllllll P
10 20 30 40 50 60 70
20 / degree
T T T T T
(b) Synthesis temperature
_\MW
400°C
2
@ 4
& 300°C
-
200°C
LiMnPO, (JCPDS 01-072-7844)
10 20 30 40 50 60 70

26 / degree

Fig. 2. XRD patterns of (a) the as-prepared LiMnPO4 and (b) the LiMnPO4/C
nanocomposites samples synthesized by the combination of SP and WBM followed
by heat treatment at different SP temperatures.

range from 100 kHz to 0.1 Hz. Cyclic voltammetry was performed
between 2.5 and 4.4V at a scanning rate of 0.05mVs~1. All electro-
chemical measurements were performed at room temperature.

3. Results and discussion

3.1. Effect of SP temperature on the physical properties of
LiMnPO4/C nanocomposites

Fig. 2a shows the XRD patterns of as-prepared samples syn-
thesized by SP at various SP temperatures. The JCPDS card data
of LiMnPO4 (PDF reference number 01-072-7844) is also shown in
the figure as the standard. The sample obtained at 500°C by SP is
a pure phase LiMnPO,4 with ordered olivine structure indexed by
orthorhombic Pmna. Some very low intensity olivine peaks could
be found on the pattern of the sample obtained at 400°C by SP. It
suggests that the crystallization may partly occur in this temper-
ature. On the other hand, at SP temperatures of 200 and 300°C,
some impurity peaks of MnPO4-H,0 and Mn(NOs),-6H,0 could be
identified. The XRD patterns of the samples synthesized by the com-
bination of SP and WBM followed by heat treatment are presented
in Fig. 2b. The diffraction peaks of all samples can be assigned to an
ordered olivine structure indexed by orthorhombic Pnma. There is
no impurity phase such as Mn,P (JCPDS 00-002-1027). The lattice
parameters of the samples obtained from Rietveld refinement are
summarized in Table 1. All of the values are in good agreement with
the reported data [5,12,21-23,25,28,29,33,36].

CHN analysis showed that the carbon contents are 11.7%, 11.5%,
10.8% and 10.0% for the final LiMnPO,4/C samples which were

Table 1
Lattice parameters of LiMnPO4/C nanocomposites synthesized at different SP
temperatures.

Synthesis a(A) b (A) c(A) V(A3) S=Ruwp/Rp
temperature (°C)

200 104390  6.1018  4.7391  301.86  1.48

300 104320  6.0990  4.7336  301.17 154

400 10.440 6.1005 47392 30182 1.6

500 10.447 6.1037 47400 30224  1.51

synthesized at SP temperatures of 200, 300, 400 and 500 °C, respec-
tively.

The observation of particle morphology was done by FE-SEM.
The SEM images and particle size distributions of the as-prepared
samples synthesized by SP at various SP temperatures are given in
Fig. 3a and b, respectively. The particle size distribution measure-
ment as well as the calculations of the geometric mean diameter
dgp and the geometric standard deviation oz were described else-
where [44]. All samples are spherical in shape and the average
particle size is approximately 1 wm. The chemical compositions
of the as-prepared LiMnPO4 samples were confirmed by ICP. The
observed chemical compositions show fair agreement with the sto-
ichiometric one within 3% deviation (Table 2).

The particle morphology and primary particle size distributions
of the LiMnPO4/C samples prepared by the present method were
shown in Fig. 4. It is obvious that the primary particle size is in
the range from 40 to 250 nm, which emphasizes the strong milling
effect of WBM compared with the dry one [14]. From the parti-
cle size distribution (Fig. 4b), it could be observed that the final
LiMnPO4/C sample synthesized at 300°C on SP has the narrowest
particle size distribution og = 1.27 and the smallest geometric mean
diameter dgp =72 nm. Fig. 5 shows the TEM observation of the final
LiMnPO,4/C sample which was synthesized at 300°C on SP. Both
phases of carbon and LiMnPO,4 could be seen in this image. From
the above mentioned results, we could conclude that LiMnPO4/C
nanocomposites could be synthesized by the combination of SP
with WBM followed by heat treatment in a N, + 3% H, atmosphere.

Fig. 6 presents the variation in the observed specific surface
area, Syimnpo,/c, the calculated specific surface area of carbon, S,
and the geometric mean diameter of primary particle of LIMnPO4/C
nanocomposites with SP temperature. The S¢ was calculated by the
following equations:

Sc = SLiMnPo,4/C — SLiMnPO, (1)

6
dgp x pc @
in which p¢ is the crystalline density of LiMnPO4 and equal to
3.4gcm3 [7]. The LiMnPO,4/C nanocomposite sample synthesized
at 300°C on SP shows the highest specific surface area and the
smallest geometric mean diameter of primary particle. Konarova
and Taniguchi [10] have already reported that the electrochemical
properties of carbon coated LiFePO4 nanocomposites were strongly
affected by the specific surface area, and the sample with larger
specific surface area showed better electrochemical performance.
Furthermore, some researchers [14,18,19] reported that a reducing
LiMnPO, particle size leads to the enhancement of electrochemi-
cal performance. It can be predicted from these facts that the best

SLiMnPo, =

Table 2

Chemical composition of as-prepared LiMnPO,4 powders.
Synthesis temperature (°C) Li:Mn:P
200 1.01:0.99:1.00
300 1.00:0.97:1.00
400 1.02:1.00:1.00
500 0.98:1.00:1.00
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Fig. 3. (a) SEM images of the LiMnPO4 synthesized by SP at different temperatures. (b) Primary particle size distributions of the LiMnPO,4 synthesized by SP at different SP
temperatures.
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Fig. 4. (a) SEM images of the LiMnPO,4/C nanocomposites prepared by the combination of SP and WBM followed by heat treatment at different SP temperatures. (b) Primary
particle size distributions of the LiMnPO,4/C nanocomposites prepared by the combination of SP and WBM followed by heat treatment at different SP temperatures.
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Fig. 5. TEM images of the LiMnPO,4/C nanocomposites prepared by the combination
of SP and WBM followed by heat treatment at a SP temperature of 300 °C.

electrochemical performance could be achieved by the LiMnPO4/C
nanocomposites synthesized by the combination of SP and WBM
with heat treatment at a SP temperature of 300°C. In order to
confirm this prediction, we investigated the electrochemical prop-
erties of the LiMnPO4/C nanocomposites synthesized by the present
method at different SP temperatures in the next section.

3.2. Effect of SP temperature on the electrochemical properties of
LiMnPQO4/C nanocomposites

Fig. 7 shows the first charge/discharge profiles of the LIMnPO4/C
nanocomposites synthesized by the combination of SP and
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Fig. 6. Effect of SP temperature on the specific surface area and geometric mean
diameter of primary particle of the LiMnPO4/C nanocomposites prepared by the
combination of SP and WBM followed by heat treatment at different SP tempera-
tures.
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Fig. 7. First charge/discharge curves of the cells containing the LiMnPO4/C
nanocomposites prepared by the combination of SP and WBM followed by heat
treatment at different SP temperatures.

WBM with heat treatment at different SP temperatures. The
charge/discharge rate is 0.05C. The LiMnPO4/C nanocomposite
sample synthesized at 300 °C on SP delivered the largest discharge
capacity (123mAhg-'). Moreover, wide flat charge/discharge
plateaus could be seen at about 4.1V region versus Li*/Li, which
extend constantly up to about 100 mAhg~! with a small polariza-
tion loss. This fact may indicate that the LiMnPO,4/C nanocomposite
is one of the best LiMnPO,4 cathode active materials ever reported.

In order to understand what make the difference in the electro-
chemical performance of the LiMnPO4/C nanocomposites prepared
by the present method at various SP temperatures, the compar-
ison between two samples which were synthesized at 300 and
500°C on SP was deeply investigated. Fig. 8 shows the cyclic
voltammograms of the two samples. Each profile shows the oxi-
dation and reduction peaks at about 4.3 and 3.95V versus Li*/Li,
respectively, which correspond to the oxidation-reduction reac-
tion of Mn3*/Mn?2* redox couple. The pair of peaks of the LiMnPO,/C
nanocomposites prepared at 300 °C on SP is almost two times larger
in intensity than those of the LiMnPO4/C nanocomposite prepared
at 500 °C on SP. Moreover, the difference in electrochemical perfor-
mance becomes more obvious in ac impedance, as shown in Fig. 9.
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L I : I
3 4

Cell voltage / V

Fig. 8. Cyclic voltammograms curves of the cells containing the LiMnPO4/C
nanocomposites prepared by the combination of SP at 300 and 500°C and WBM
followed by heat treatment.
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Fig.9. Acimpedance spectra of the cells containing the LiMnPO,4/C nanocomposites
prepared by the combination of SP at 300 and 500°C and WBM followed by heat
treatment.

Each profile is a combination of a depressed semicircle in the high
to intermediate frequency region, which may represents for total
charge transfer resistance in complex interfacial processes, and an
inclined line in the lower frequency region represents the War-
burg impedance, which related with lithium-ion diffusion in the
LiMnPO4 particle. The much smaller depressed semicircle could be
obtained from the LiMnPO,4/C nanocomposites prepared at 300°C
on SP, which may indicate the smaller charge transfer resistance in
the electrode-electrolyte interface of LiMnPO4/C nanocomposites
synthesized at 300 °C compared with the one at 500°C.

For further explanation of the effect of SP temperatures on the
electrochemical properties of LIMnPO4/C nanocomposites, the ele-

C mapping

ment mapping analysis was conducted. Fig. 10 shows the SEM and
the element (C, Mn and P) mappings of the LiMnPO4/C nanocom-
posites synthesized at (a) 300 °C and (b) 500 °C on SP. Those of the
LiMnPO4 synthesized at 300°C on SP and then annealed at 500°C
for 4 h are also shown in Fig. 10c as a reference. While the Mn and P
distributions are similar among three samples, it is obvious that the
carbon distribution of the LiMnPO,4/C nanocomposites prepared at
300°C on SP is more uniform than the one at 500°C on SP. From
above characterizations and discussion, it can be concluded that the
LiMnPO4/C nanocomposites synthesized by the present method at
a SP temperature of 300°C have the best electrochemical perfor-
mance, due to the highest specific surface area, the smallest primary
particle size and a well distribution of carbon.

3.3. Cycleability and rate capability of the LiMnPQO4/C
nanocomposites synthesized by the combination of SP and WBM
with heat treatment at a SP temperature of 300°C

The cycle performance of the cells containing LiMnPO,4/C
nanocomposites was evaluated at different C rates such as 0.2, 0.5
and 1C (Fig. 11a) using constant current (CC) charge mode up to
4.4V (CC-4.4V). While the cell showed almost no remarkable gain
orloss of discharge capacity at 1 C, the discharge capacity retentions
were 80% and 92% at 0.2 and 0.5 C rates after 100 cycles, respec-
tively. Beside the electrolyte decomposition, capacity fading might
be due to the structure volume change during charge/discharge
processes, which may reduce the effective contact area between
carbon and LiMnPOy. At low C rates such as 0.2 C, the charge and
discharge capacities are large, which lead to large structure vol-
ume change. Therefore, more serious capacity fading might occur at
lower charge-discharge rate. However, in general, the cells showed
fair good cycleability over 100 cycles.

The first charge-discharge profiles of the cells containing
LiMnPO4/C nanocomposites at different charge cutoff voltages of
4.4, 4.6, 4.8 and 5V are shown in Fig. 12a. It could be seen here
that the charge curve is extended with increasing the charge cut-

Mn mapping P mapping

(a) LiMnPO4/C (SP Temp.: 300 °C)

(b) LiMnPO,/C (SP Temp.:500 °C)

(¢) Reference

Fig. 10. Element mappings of the LiMnPO4/C nanocomposites prepared by the combination of SP at (a) 300°C and (b) 500 °C and WBM followed by heat treatment and (c)

the LiMnPO4 synthesized by SP at 300 °C followed by heat treatment.
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Fig.11. (a)Cycle performance and (b) first charge/discharge curves at various Crates
of the cells containing the LiMnPO4/C nanocomposites prepared by the combination
of SP at 300 °C and WBM followed by heat treatment.

off voltage. Thus, the discharge capacity also increases due to the
deeper level of lithium extraction and the longer charge stage. As
a consequence, the cell delivered first discharge capacities of 123
and 165 mAh g~ in correspondence to charge cutoff voltages of 4.4
and 5.0V, respectively. Fig. 12b presents the effect of charge cutoff
voltage on the initial discharge capacity and the first, second and
third irreversible capacities. The first discharge capacity drastically
increases with a charge cutoff voltage from 4.4 to 4.5V and then
gradually increases with a charge cutoff voltage from 4.5 to 5.0 V.
On the other hand, the irreversible capacities also become larger
with higher charge cutoff voltage. It is noted here that the firstirre-
versible capacity is much larger than the second and the third ones,
due to the side reactions of the electrolyte with carbon at operating
voltage higher than 4.3 V in the initial charge state [11]. From these
results, the charge cutoff voltage of 4.8V (CC-4.8 V) could be con-
sidered as the practical choice since the sample delivered sufficient
initial discharge capacity with relatively low irreversible capacity.

Fig. 13 shows the initial charge/discharge profiles of the cells
evaluated at CC-CV charge mode up to the cutoff voltage of 4.4V
(CC-CV-4.4V) and various CC discharge rates. The flat discharge
plateau is still clearly recognized even at high Crate such as 2 C, due
to the deep Li extraction level under very low currents in constant
voltage (CV) charge stage.

Fig. 14 shows the rate capability of the cells containing
LiMnPO4/C nanocomposites which were performed at three charge
modes: CC-4.4V, CC-4.8V, and CC-CV-4.4V. At the discharge rate
of 0.05C, these cells exhibited the first discharge capacities of 123,
153 and 147 mAhg~! in CC-4.4V, CC-4.8V and CC-CV-4.4V charge
modes, respectively. At higher C rate such as 1C, the initial dis-
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Fig. 12. (a) Effect of charge cutoff voltages on the first charge/discharge curves of
the cells containing the LiMnPO,4/C nanocomposites prepared by the combination of
SP at 300°C and WBM followed by heat treatment. (b) Effect of charge cutoff voltage
on the first discharge capacity, the first, second and third irreversible capacities of
the cells containing the LiMnPO4/C nanocomposites prepared by the combination
of SP at 300°C and WBM followed by heat treatment.

charge capacities of 51, 107 and 123 mAhg~! were observed in
correspondent to CC-4.4V, CC-4.8 Vand CC-CV-4.4V charge modes,
respectively. Even at much higher C rate such as 10C, the cell still
worked and could deliver 65 mAh g~1 at CC-CV-4.4V charge mode.
The present cells included LiMnPO,4/C nanocomposites exhibited a
very good rate capability despite of the intrinsic very low electronic
and ionic conductivity of LIMnPOyg4.

Charge cutoff 4.4 V

Charge rate 0.1 C =
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Cell voltage / V

0 100 200
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Fig. 13. First charge/discharge curves at CC-CV charge condition of the cells con-
taining the LiMnPO4/C nanocomposites prepared by the combination of SP at 300 °C
and WBM followed by heat treatment.
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Fig. 14. Rate capability of the cells containing the LiMnPO4/C nanocomposites pre-
pared by the combination of SP at 300 °C and WBM followed by heat treatment.

Table 3
Comparison of first specific capacities of LIMnPO,4/C nanocomposites of this study
and previous reported data at room temperature.

Samples Crate Cutoff Charge mode Discharge
voltages capacity
V) (mAhg1)

This study 0.1C 2.5-44 cc-cv 145

Ref. [12] 0.1C 2.7-4.4 cc-cv 141

Ref. [22] 0.1C 2.7-4.4 cc-cv 95

Ref. [39] 0.05C 2.5-44 cc-cv 115

This study 0.05C 2.5-4.8 cC 153

Ref. [6] 0.05C 2.0-4.9 cC 96

Ref. [28] 0.01C 2.4-4.8 cC 127

Ref. [45] 0.05C 3.0-4.8 cC 145

Table 3 shows the comparison of LiMnPO,4/C nanocomposites
prepared in this study with previous works, which clearly indicates
that the LiMnPO4/C nanocomposite is one of the best LiMnPO4 cath-
ode active materials ever reported. This good performance could
be clearly explained by the large specific surface area, the small
primary particle size and a well distribution of carbon.

The cycle performance comparison between three charge
modes also was shown in Fig. 15. The cells containing LiMnPO4/C
nanocomposites showed good cycle performance despite the use
of different charge modes.
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Fig. 15. Cycle performance at different charge modes of the cells containing the
LiMnPO4/C nanocomposites prepared by the combination of SP at 300°C and WBM
followed by heat treatment.

4. Conclusions

LiMnPO4/C nanocomposites could be successfully prepared by
the combination of SP with WBM followed by heat treatment in a
N, +3% H, atmosphere. XRD patterns of all samples could be iden-
tified as single phase ordered LiMnPO4 olivine structure indexed by
orthorhombic Pmna. It could be also confirmed from SEM and TEM
observations that the final samples were the LIMnPO,4/C nanocom-
posites with approximately 100 nm in primary particles size. The
LiMnPO4/C nanocomposites were used as cathode active materi-
als for lithium-ion batteries, and electrochemical performance was
investigated using the Li|1 M LiPFg in EC:DMC = 1:1|LiMnPOg4/C cells
at room temperature. The sample which was synthesized by the
combination of SP and WBM with heat treatment at a SP temper-
ature of 300°C showed the best electrochemical performance due
to the largest specific surface area, the smallest geometric mean
diameter of primary particle and a well distribution of carbon.
At a charge/discharge rates of 0.05C, the cells exhibited first dis-
charge capacities of 123 and 165mAhg-! in correspondence to
charge cutoff voltages of 4.4 and 5.0V, respectively. On the other
hand, using CC-CV-4.4V charge mode, the cell also exhibited an
initial discharge capacity of 147 mAhg~! at 0.05C, 145mAhg-! at
0.1C,123mAhg ! at 1 Cand 65 mAhg-! at 10 C. Moreover, the cell
showed fair good cycleability over 100 cycles.
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