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bstract

LiMnPO4 was synthesized using a sol–gel method and tested as a cathode material for lithium ion batteries. After calcination at temperatures
etween 520 and 600 ◦C, primary particle sizes in the range of 140–220 nm were achieved. Subsequent dry ball milling reduced the primary particle

iameters from 130 to 90 nm, depending on time of ball milling. Reversible capacities of 156 mAh g−1 at C/100 and 134 mAh g−1 at C/10 were
easured. At 92% and 79% of the theoretical values, respectively, these are the highest values reported to date for this material. At faster charging

ates, the electrochemical performance was found to be improved when smaller LiMnPO4 particles were used.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium transition-metal (ortho) phosphates have recently
ttracted attention as potential Li-ion battery cathode materi-
ls due to their lower toxicity, lower cost and better chemical
nd thermal stability, when compared to the currently used
iCoO2. The three-dimensional framework of an olivine is
tabilized by the strong covalent bonds between oxygen ions
nd the P5+ resulting in PO4

3− tetrahedral polyanions [1]. As
consequence, olivine lithium metal phosphate materials do

ot undergo a structural re-arrangement during lithiation and
e-lithiation. This means that they do not experience the capac-
ty fade during cycling suffered by lithium transition metal
xides such as LiCoO2, LiNiO2, LiMnO2 and LiMn2O4. This is
ttributed to structural rearrangements caused during lithiation
nd de-lithiation.

Lithium manganese phosphate has a redox potential of 4.1 V

ersus Li+/Li [1,2], which is considered to be the maximum limit
ccessible to most liquid electrolytes. Unfortunately, LiMnPO4
as a low intrinsic electronic and ionic conductivity and hence
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poor discharge rate capability. The electrochemical perfor-
ance is especially poor at high current densities, this is assigned

o the slow lithium diffusion kinetics within the grains and
he low intrinsic electronic conductivity [3,4]. An approach to
mprove the rate performance of the olivine material is to min-
mize the particle size [5,6]. This reduces the diffusion path
ength for lithium ions in the cathode material and also creates

large contact area with conductive additives such as carbon
7–9].

Delacourt et al. [10] synthesized 100 nm diameter particles
f LiMnPO4 by precipitation, which enhanced the reversible
apacity to 70 mAh g−1 at C/20 from only 35 mAh g−1 for 1 �m
iameter particles. Yonemura et al. [4] reached 150 mAh g−1 of
ischarge capacity at C/100 with small particles, close to the
heoretical capacity of 170 mAh g−1. Thus, it is evident that
article size is critical in determining useful lithium capac-
ty and charge/discharge rates [11–14]. So far, the production
f mesoparticulate LiMPO4 (M = Fe, Mn) remains a challenge
nd only a few groups have successfully produced materials
f appropriate dimensions to yield the desired electrochemi-

al performance in lithium ion batteries. The sol–gel synthesis
echnique offers a convenient means of producing particles of
mall size from homogeneous mixing of reagents on an atomic
cale. In this paper we report the electrochemical performance
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an initial specific surface area of 8.0 m2 g−1, 3 h of ball milling
increased the BET value to 18.5 m2 g−1 (Fig. 4). A particle size
distribution (PSD) analysis shows an agglomeration of our mate-
rial. The as-calcined LiMnPO4 gave a mono-modal PSD with
50 T. Drezen et al. / Journal of P

f sol–gel prepared LiMnPO4 with various particle sizes at low
nd high current densities.

. Experimental

LiMnPO4 powder was prepared by a sol–gel method using
ithium acetate dihydrate, manganese acetate tetrahydrate and
mmonium dihydrogen phosphate as precursors. The starting
aterials were dissolved in distilled water at room temperature

nd glycolic acid was used as a chelating agent. The pH of the
esulting solution was adjusted to below 4 by the addition of con-
entrated HNO3. This solution was then heated to 60–75 ◦C to
btain a gel and the latter was dried overnight at 120 ◦C before
eing heated for 5 h at 350 ◦C under air. The powder as pro-
uced was then calcined at different incremental temperatures
450–800 ◦C) for 3 h in air.

The crystal structure of the resulting powder was exam-
ned by X-ray diffraction (XRD) using Cu K� radiation and

2θ step of 0.04◦. The surface area of the samples before
nd after ball milling was measured by nitrogen adsorption
sing the Brunauer–Emmett–Teller (BET) model. Particle size
istribution was measured by laser diffraction (Malvern Master-
izer). The morphology and the particle size were investigated
ith field-emission scanning electron microscopy (FESEM,
hilips XL30 FEG). After calcination, the LiMnPO4 powder
as dry ball-milled (RETSCH PM 4000) with 20 wt% of acety-

ene black for 4 h to obtain a carbon–LiMnPO4 (C–LiMnPO4)
omposite. Electrodes for electrochemical testing were pre-
ared by tape casting a N-methyl pyrrolidone (NMP) slurry
f the C–LiMnPO4 composite (90 wt%) with poly(vinylidene
uoride) (PVdF) binder (5 wt%) and acetylene black (5 wt%)
n an aluminum current collector. After drying at 120 ◦C
nder vacuum, the electrodes were compressed into 23 mm

disks with a thickness of 27–41 �m, the active material
oading being 1.45–3.7 mg cm−2. The cells were assembled in
wagelokTM fittings using Li metal foil as the counter elec-

rode with a microporous polymer separator (Celgard 2400TM)
nd liquid electrolyte mixtures containing 1M LiPF6 in a
olvent mixture of propylene carbonate (PC), ethlylene carbon-
te (EC) and dimethyl carbonate (DMC) (1:1:3 by volume).
he electrochemical properties of LiMnPO4 electrodes were
easured by galvanostatic charge/discharge and cyclic voltam-
etry using an Arbin BT 2000 electrochemical measurement

ystem.

. Results

The crystal phase of our samples was identified from the pow-
er XRD measurements to be LiMnPO4 with an ordered olivine
tructure indexed by orthorhombic Pnmb powder prepared with
n orthorhombic phase. XRD data for samples synthesized at
ifferent calcination reaction temperatures is shown in Fig. 1.
he olivine phase was formed at a temperature as low as 350 ◦C

ven though the peak intensity was very low. The peak inten-
ity increased with reaction temperature, indicating improved
rystallization and particle growth. The mean particle size cal-
ulated from BET data, DBET (shown in Fig. 2), demonstrates

F
a

ig. 1. XRD diffraction patterns of the powders annealed at (a) 350 ◦C for 5 h,
b) 450 ◦C for 3 h, (c) 520 ◦C for 3 h and (d) 570 ◦C for 3 h. The � labeled peaks
ndicate an impurity phase (Li3PO4).

hat the average particle size increases dramatically between
00 and 800 ◦C. The powders calcinated at temperatures below
00 ◦C maintain a smaller DBET, of under 200 nm and have
well-crystallized olivine phase of LiMnPO4. The powders

howed a certain degree of agglomeration with a median
olume diameter Dv50 from the laser diffraction of around
�m.

The LiMnPO4 powder was dry ball-milled with 20 wt%
f acetylene black for 4 h to obtain a carbon–LiMnPO4
C–LiMnPO4) composite. During ball milling the primary par-
icle size was reduced. For a compound calcined at 600 ◦C with
ig. 2. Variation in primary particle size, DBET, of LiMnPO4 as a function of
nnealing temperature.
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Fig. 3. Variation of the specific surface area of a LiMnPO4 calcined at 600 ◦C
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nd volume particle size distribution (a) of the as-calcined LiMnPO4, (b) after
h of ball milling and (c) after 24 h of ball milling.

gglomerates of 4 �m (Dv50). PSDs of LiMnPO4 with milling
imes from 15 min to 24 h showed bi-modal size distribution.
he mean diameter decreased until 3 h of ball milling but then

ncreased with further milling time (insets Fig. 3). This indi-
ates that the primary particles of about 100 nm diameter are
ggregated giving a Dv50 of 2.5 �m after 3 h milling. The pri-
ary particle size is decreased by planetary ball milling but

he agglomeration becomes more marked as ball milling time
ncreases.

SEM was applied to investigate the particle size and the mor-
hology of materials calcinated at 520, 600 and 700 ◦C. As
hown in Fig. 4(a), the SEM images of powders calcinated at
20 ◦C, show small and uniform particle dimensions. In Fig. 4(c)
articles synthesized at 600 ◦C are clearly larger than Fig. 4(a)
nd the particle size distribution is broad.
Reversible capacities of the C–LiMnPO4 composite powders
ere measured at C/10 and are shown in the form of cycling tests

n Fig. 4. The sample calcinated at 520 ◦C demonstrated the
ighest capacity of 134 mAh g−1 at C/10. The results demon-

t
b
t
e

ig. 4. The cycling performance at 0.1C of LiMnPO4 prepared via sol–gel using dif
nd (e) 700 ◦C and SEM images of LiMnPO4 annealed at (a) 520 ◦C, (c) 600 ◦C and
Fig. 5. Rate capabilities for different particle sizes of LiMnPO4.

trate that the specific capacities decrease as the particle size
ncreases.

Rate capabilities for four different particle sizes are shown
n Fig. 5. One hundred and forty nanometer particles reached

reversible capacity of 116 mAh g−1 at C/5 (68% of the the-
retical capacity). At 1C, the reversible capacities for the 140
nd 270 nm diameter LiMnPO4 particles are 81 and 7 mAh g−1,
espectively. Increasing particle size impacts rapidly on the abso-
ute and reversible lithium capacities of LiMnPO4. This can be
ationalized by a simple consideration of the lithium insertion
nd extraction kinetics and the poor electrical conductivity of

he active phase. As the particle size increases, lithium diffusion
ecomes increasingly difficult due to both the diffusion limita-
ion of Li+ within a single large particle and the difficulty of
lectron transport through the bulk of this material.

ferent calcination temperatures (a) 520 ◦C, (b) 570 ◦C, (c) 600 ◦C, (d) 600 ◦C
(e) 700 ◦C.
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ig. 6. The reversible capacities at various discharging rates in the same con-
ition of charging rate of C/20. Charging and discharging rates were calculated
rom the nominal capacity of 150 mAh g−1.

Fig. 6 shows 150–160 mAh g−1 of reversible capacity at
/20 after charging rate of C/20. Subsequently the material was

harged again at C/20 rate and it still obtained 120–130 mAh g−1

f reversible capacity at 1D. At 5D, 65–85 mAh g−1 of discharge
apacity was observed. The charge and discharge rate was cal-
ulated from a maximum practical capacity of 150 mAh g−1.
herefore, we reached the maximum capacity even at C/20 and
/20 instead of C/100 and D/100. And the material achieved
7% of the maximum capacity at 1D.

. Discussion

It is suggested that to improve the electrochemical perfor-
ance of olivine electrodes, it is necessary to improve both ion

nd electron transport. Improvement in ion transport is achieved
y decreasing the particle size and ensuring a narrow size dis-
ribution [13,15]. Improvement in electron transport is achieved
y carbon coating the cathode material and by adding carbon to
he cathode.

Predictably, increasing the calcination reaction temperature
esults in the formation of larger LiMnPO4 primary particles.

e demonstrate that increasing primary particle size impacts
apidly on the absolute and reversible lithium capacities of
iMnPO4. This can be rationalized by a simple consideration of

he lithium insertion and extraction kinetics and the poor elec-
rical conductivity of the active phase. As the primary particle
ize increases, lithium diffusion becomes increasingly diffi-
ult due to both the diffusion limitation of Li+ within a single
arge particle and the difficulty of electron transport through
he bulk of this material. When the primary particle size is
arge, it will take a much longer time for lithium ions to dif-
use into the core of the particle to make a single homogeneous
hase of LiMn2+PO4 or Mn3+PO4. The important observation

rom this work is to recognize that the mesoparticulate uniform
iMnPO4 materials synthesized at lower reaction temperatures
llow for shorter lithium ion diffusion lengths within a single
article.

[
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In addition, we used a high-energy planetary ball milling
o make a homogeneous mixture of the active LiMnPO4 mate-
ial and carbon and also to make a uniform carbon network
onnection between carbon particles.

The combination of small primary particle size and carbon
oating results in enhanced specific capacities beyond 92% of the
heoretical capacity (156 mAh g−1 at C/100). The performance
f 116 mAh g−1 at C/5 exceeds the best previously reported
alues of 70 mAh g−1 at C/20 [10] and 135 mAh g−1 at C/25
4].

. Conclusions

Near optimal charge/discharge capacity performance has
een obtained from mesoparticulate LiMnPO4 cathode mate-
ial in lithium ion batteries. The primary particle size for
ow conductivity LiMnPO4 is crucial to the electrochemical
erformance. A relatively low reaction temperature produces
ell-crystallized small powders (140–160 nm) with a uniform
article size and morphology. These materials achieved excel-
ent charge/discharge kinetics of lithium ions. Once coated with
arbon via ball milling, electrodes produced from these materials
emonstrate capacities, close to the theoretical limit. The results
btained are clearly superior to literature data on LiMnPO4, con-
rming that the sol–gel route provides a suitable preparation
ethod.
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