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Abstract LiMnPO4, with a particle size of 50–150 nm, was
prepared by oleic acid-assisted solid-state reaction. The
materials were characterized by X-ray diffraction, field
emission scanning electron microscopy, and transmission
electron microscopy. The electrochemical properties of the
materials were investigated by galvanostatic cycling. It was
found that the introduction of oleic acid in the precursor led to
smaller particle size and more homogeneous size distribution
in the final products, resulting in improved electrochemical
performance. The electrochemical performance of the sample
could be further enhanced by Co doping. The mechanism for
the improvement of the electrochemical performance was

investigated by Li-ion chemical diffusion coefficient
~
DLi

� �
and

electrochemical impedance spectroscopy measurements. The

results revealed that the
~
DLi values of LiMnPO4 measured by

cyclic voltammetry method increase from 9.2×10−18 to 3.0×
10−17 cm2 s−1 after Co doping, while the charge transfer
resistance (Rct) can be decreased by Co doping.
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Introduction

Li-ion batteries (LIBs) [1] are now the dominant power
sources for portable electronic equipment, such as mobile

phones, digital cameras, and laptop computers, due to their
high voltage, high energy density, and long cycle life. LIBs
also show potential applications in electric vehicles (EV)
and hybrid electric vehicles (HEV) [2–4]. The currently
used LiCoO2 cathode material [5–7], however, is not
appropriate for a large-scale application, such as in EV
and HEV, due to its high cost and toxicity. Therefore, the
development of cheap, eco-friendly, and safe cathode
materials becomes extremely important.

Among various cathode materials, the olivine-type
LiMPO4 (M=Fe, Mn, Co, Ni) materials [8–11] are the
most promising because of their stable structure and high
safety, environmental friendliness, and high theoretical
capacity (170 mAh g−1). In the olivine family, LiFePO4

has received special interest owing to its easy preparation
and excellent electrochemical performance [4, 12–14].
However, its intrinsically low working voltage (3.4 V vs.
Li/Li+) and low density may limit its practical application.
Although LiCoPO4 and LiNiPO4 exhibit high working
voltages (4.8 and 5.1 V, respectively), they suffer from rapid
capacity fade [15–17]. In addition, the electrolyte may
become unstable at such a high voltage. In this regard,
LiMnPO4 seems to be a better choice because it gives a
reasonable working voltage of 4.1 V and a high energy
density of 684 Wh kg−1. Unfortunately, this material shows
extremely low ionic and electronic conductivities [18–20],
which make its practical capacity far below 170 mAh g−1.
So far, the effective methods to improve the electrochemical
performance of LiMnPO4 include Mn-site doping [21–23],
particle size minimizing [18, 24, 25], and carbon coating
[26–28]. As reported by Lee et al. [20], Mg and Zr dually
doped LiMnPO4 displayed a superior electrochemical
performance than the undoped one. The electrochemical
performance of LiMnPO4 at high current densities, however,
is not satisfactory yet.
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It is generally accepted that particle size minimizing is
indispensable to improve the electrochemical performance
of LiMnPO4. It is, however, difficult to prepare nanosized
LiMnPO4 by high-temperature solid-state reaction. In this
work, nanosized LiMnPO4 was successfully prepared by
oleic acid-assisted solid-state reaction. The effect of adding
oleic acid during ball milling on the microstructure and
electrochemical performance of final products was investi-
gated. Co doping was used to further improve the
electrochemical performance. Li-ion diffusion coefficients
and electrochemical impedance spectroscopy (EIS) meas-
urements were used to understand the effect of Co doping
on the electrochemical behavior of the samples.

Experimental

LiMnPO4 (or Co-doped LiMnPO4) was prepared via solid-state
reaction using Li(CH3COO)·2H2O, Mn(CH3COO)2·4H2O, Co
(CH3COO)2·4H2O, and NH4H2PO4 as the starting materials.
The starting materials, with a Li/(Mn+Co)/P molar ratio of
1.02:1:1 (with a total weight of about 23.4 g), were sufficiently
mixed by ball milling at 400 rpm for 10 h using
acetone (50 mL) as the milling media and oleic acid
(5 mL) as the surfactant. The resulting mixture was
dried at 60 °C for 12 h to get the precursor. The
precursor was heated at 400 °C for 5 h under N2

followed by ball milling again at 400 rpm for 6 h. After
drying, the powder was heated at different temperatures
(550, 600, and 650 °C) for 5 h under N2. The sample was
named as LMP-1-T, where T is referred to as the heating
temperature. For comparison, a similar process was used to
prepare LiMnPO4 using the precursor without oleic acid
treatment. The sample was named as LMP-2-T. The Co-
doped sample, LiMn0.95Co0.05PO4, was named as LMP-3-T.

The crystal structure of the samples was examined byX-ray
diffraction (XRD) using Cu Kα radiation (λ=0.154 nm) on a
Rigaku D/Max-2550pc powder diffractometer. The morphol-
ogies of the samples were observed by field-emission
scanning electron microscopy on a FEI-sirion microscope
and transmission electron microscopy (TEM) on a JEM
2100F microscope. The carbon content was measured on a
Flash EA-1112 tester.

The electrochemical performance of the LiMnPO4 (or
LiMn0.95Co0.05PO4) was evaluated using CR2025-type coin
cells. The electrode slurry was made by mixing 70 wt.%
active material, 20 wt.% acetylene black, and 10 wt.%
polyvinylidene fluoride in N-methyl pyrrolidone with
magnetic stirring for 2 h. The slurry was then pasted onto
aluminum foil to make the working electrodes. After drying
at 80 °C in air, the electrodes were pressed at a pressure of
10 MPa. The electrodes were assembled into half cells in an
argon-filled glove box using metallic Li foil as the counter-

electrode, 1 M LiPF6 in ethylene carbonate/dimethyl
carbonate (1:1 by volume) as the electrolyte, and polypro-
pylene microporous film (Celgard 2300) as the separator.
Galvanostatic cycling test was conducted between 2.5 and
4.5 V at 1/20 to 1 C (1 C=140 mA g−1) rates on a Lisun
PCBT-100-64D battery tester. The regime for galvanostatic
cycling is that the cells were charged at a constant current to
4.5 V and kept at 4.5 V for 1 h, followed by discharge at a
constant current to 2.5 V. A previous work by Wang et al.
[16] showed that this electrolyte is stable up to 5.1 V. Cyclic
voltammetry (CV) measurements were conducted between
2.5 and 5 V at scan rates from 0.1 to 2.0 mV s−1 on an
Arbin-001 MITS 2.9-BT2000. EIS measurements were
carried out on a CHI660C electrochemistry workstation.
The impedance plots were recorded by applying an AC
signal of 5-mV amplitude over the frequency range from
105 Hz to 10 mHz at de-lithiation state. All of the
electrochemical measurements were performed at room
temperature.

Results and discussion

Figure 1 compares the SEM images of precursors with and
without the introduction of oleic acid during ball milling.
The precursor with oleic acid treatment is composed of
well-dispersed nanoparticles with a size of 50–150 nm. The
particles exhibit a smooth surface and a uniform size
distribution. Without the treating by oleic acid, on the
contrary, the particles tend to aggregate. In addition, the
particles also show a rough surface and a wide size
distribution. It is obvious that the introduced oleic acid
plays an important role in the morphology of the precur-
sors, which in turn will have influence on the morphology
of the final products. During ball milling in acetone, the
hydrophilic group (−COOH) in oleic acid tends to adsorb
on the surface of the precursor particles, while the
oleophillic group (−(CH2)7CH=CH(CH2)7CH3) tends to
stretch into the acetone [18], resulting in the formation of
a unique structure: particles in oleic acid. Such a structure
can prevent the precursor particles from growing and
aggregating.

Figure 2 shows the XRD patterns of the samples
prepared at different temperatures. All diffraction peaks of
the samples can be indexed to orthorhombic LiMnPO4 with
a space group of Pnmb (JCPDS card no. 72–0426) without
the formation of any impurities. No diffraction peaks
related to carbon can be detected, indicating its amorphous
nature.

Figure 3 compares the SEM images of the final product
LiMnPO4. For sample LMP-1-400, it consists of particles
of 50–100 nm in size with a relatively uniform size
distribution as seen in Fig. 3a. The particles show slight
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growth and aggregation after the secondary firing at an
elevated temperature as shown in Fig. 3b, c. Further
increasing the temperature, however, causes the appearance
of large-sized particles and particle aggregation (see
Fig. 3d). For LMP-2-T, the particles show a tendency to
aggregate even if fired at a low temperature (400 °C)
without the secondary sintering as seen in Fig. 3e. After
being heated at 600 °C for 5 h, the particles show
significant growth and aggregation as clearly indicated in
Fig. 3f. The smaller particle size and the refrained particle
aggregation of LMP-1-T originate mainly from its more

homogeneous and smaller-sized precursor. Furthermore,
carbon content analyses (see Table 1) show that the LMP-
1-T samples have higher carbon content than the LMP-2-T
samples. Clearly, the additional carbon comes from oleic
acid. Thermogravimetric analysis showed that oleic acid
can be completely pyrolyzed at 400°C [18]. Carbon also
exerts an important effect in preventing the growth and
aggregation of the particles.

TEM observation was carried out to get an insight into
the microstructure of LiMnPO4. Figure 4 gives the typical
TEM images of sample LMP-1-600. The particle size
ranges from 50 to 150 nm, consistent with the SEM
observation as seen in Fig. 4c. A high-resolution TEM
(HRTEM) image of an individual LiMnPO4 particle
indicates that the particle is coated by a uniform carbon
layer with a thickness of around 1–2 nm. Like particle size
and distribution, uniform carbon coating is another critical
factor in determining the electrochemical performance of
the LiMnPO4 material.

Figure 5 shows the charge–discharge curves of samples
LMP-1-T and LMP-2-T. In Fig. 5a, at a current rate of C/20,
the first charge capacities of LMP-1-550, LMP-1-600, and
LMP-1-650 are 120, 124, and 142 mAh g−1, respectively,
while the first discharge capacities of the three samples are
99, 103, and 83 mAh g−1, respectively. It is clear that LMP-
1-600 exhibits the best electrochemical performance among
the three samples. Therefore, the samples prepared at 600 °C
were investigated in the following sections. Figure 5b
compares the rate capability between sample LMP-1-600
and LMP-2-600. Note that the reversible capacity of LMP-2-
600 at C/20 is only 47 mAh g−1, far below that of LMP-1-
600 (103 mAh g−1). At 1-C rate, a reversible capacity of
around 60 mAh g−1 is still maintained for LMP-1-600,
double that for LMP-2-600 at the same rate. The improved
electrochemical performance of LMP-1-600 compared with
LMP-2-600 can be attributed to its smaller particle size,
more uniform size distribution, and higher carbon content.

Co doping was performed to further improve the
electrochemical performance of LiMnPO4. Figure 6 gives
the XRD patterns of the Co-doped LiMnPO4 (LMP-3-600)
with a nominal composition of LiMn0.95Co0.05PO4. The
patterns fit well with the LiMnPO4 standard card (JCPDS
card no. 72–0426). The lattice parameters calculated from
the XRD patterns are shown in Table 2. Note that the
substitution of Mn by Co leads to the shrinkage of cell
volume since the diameter of Co2+ (0.74Å) is smaller than
that of Mn2+ (0.8Å). However, the change in cell volume is
minor due to a low level of Co doping. HRTEM
observation also confirms that the Co doping results in a
minor change in the lattice parameter of the LiMnPO4

crystal. The inset in Fig. 6 shows the SEM image of LMP-
3-600; it can be seen that Co doping results in a smaller
average particle size and a more uniform size distribution.Fig. 2 XRD patterns of LiMnPO4 prepared at different temperatures

Fig. 1 SEM images of precursors a with and b without the
introduction of oleic acid during ball milling
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As expected, Co doping has a minor effect on the carbon
content of the sample (3.9 wt.% for LMP-3-600).

Figure 7a shows the charge–discharge curves of LMP-3-
600. The first discharge capacities of the sample at 1/20, 1/
10, 1/2, and 1 C are 144, 123, 97, and 80 mAh g−1,
respectively, greatly higher than those of the undoped
sample LMP-1-600. It seems that Co doping activates the
LiMnPO4 material, yielding a higher obtainable capacity,
which is consistent with the behaviors of other cathodes

[29, 30]. Figure 7b compares the cycling stability between
LMP-1-600 and LMP-3-600 at different current rates. Note
that the LMP-3-600 sample shows a slow capacity fade at
C/10, similar to the phenomenon observed in [31].The
exact reason for the capacity fade at a low current is unclear
yet. At a high current rate, however, the LMP-3-600 sample
exhibits a good cycling stability. A good capacity recovery
can also be realized when shifted to a low current density
for this sample. Since the Co-doped LiMnPO4 has a high

Fig. 3 SEM images of the
LiMnPO4 samples: a LMP-1-
400, b LMP-1-550, c LMP-1-600,
d LMP-1-650, e LMP-2-400, and
f LMP-2-600

Table 1 Carbon content of the
as-prepared LiMnPO4 samples Samples LMP-1-400 LMP-1-600 LMP-2-400 LMP-2-600

Carbon content (wt.%) 4.9 3.8 2.7 2.2
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working voltage and electrochemical performance, it can
combine with the high-performance tin-based anodes [32,
33] to make LIBs for potential applications in EV/HEV.

To understand the different electrochemical performance
between LMP-1-600 and LMP-3-600, Li-ion chemical

diffusion coefficients,
~
DLi, were measured by the CV

method. Figure 8a, b show the CV plots at various scan
rates between 2.5 and 5 V. Figure 8c gives the peak current
(Ip) as a function of square root of the scan rate (v1/2) and
the corresponding linear fitting. Note that Ip exhibits a

linear relationship with v1/2, which is expected for a
diffusion-controlled process. The chemical diffusion coef-
ficients can be calculated with the following equation [34]:

IP ¼ 0:4463 n3=2F3=2CLiSR
�1=2T�1=2 ~DLi

1=2v1=2 ð1Þ
where n, F, CLi, S, R, and T represent the charge transfer
number, the Faraday constant, the Li-ion concentration
(mol cm−3), the surface area of the electrode (cm2), the gas
constant, and the absolute temperature (K), respectively.

The
~
DLi values in LMP-1-600 and LMP-3-600 are 9.2×

10−18 and 3.0×10−17 cm2 s−1, respectively. The enhanced
diffusion kinetics for LMP-3-600 can be ascribed to the
smaller particle size and more homogeneous size distri-
bution, which in turn improved its electrochemical
performance. It should be stressed that although the
difference in the diffusion coefficients can partly explain
the different electrochemical behaviors between the two
samples, the exact mechanism, however, should be further

explored since the difference in
~
DLi values is not

significant. Compared to other cathode materials, such as
LiFePO4 [34], LiCoO2 [35], and LiMn2O4 [36], the Li-ion
diffusion rate of LiMnPO4 is rather smaller. This can also
explain its low affordable capacity even at low current
rates.

To further explain the different electrochemical behaviors
between LMP-1-600 and LMP-3-600, ac impedance plots
were recorded after the cells were cycled for 3 and 60 times
as shown in Fig. 9. The Nyquist plots show a semicircle in

Fig. 6 XRD patterns of LMP-3-600. The inset shows the SEM image
of LMP-3-600

Fig. 5 a Charge–discharge curves of LMP-1-T at C/20 and b rate
capability of LMP-1-600 and LMP-2-600

Fig. 4 TEM image of LMP-1-600. The inset shows the HRTEM
image of an individual particle

Table 2 Lattice constants of LMP-1-600 and LMP-2-600

a (Å) b (Å) c (Å) V (Å3)

LMP-1-600 6.109 10.461 4.746 303.3

LMP-3-600 6.100 10.445 4.745 302.3
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the high frequency region and a slopping line in the low
frequency region. As is well established, the semicircle is
related to the charge transfer resistance (Rct), while the
sloping line is referred to the Warburg impedance,
corresponding to the Li-ions diffusion in the bulk electrode.
Note that the LMP-3-600 electrode demonstrates a smaller
Rct than LMP-1-600 both after 3 and after 60 cycles,
indicating the faster diffusion of Li-ions across the
LMP-3-600/electrolyte interface than across the LMP-1-
600/electrolyte interface. The faster interfacial diffusion
for LMP-3-600 is due to its smaller particle size (with a
large specific surface area) that maximizes the contact
with the electrolyte. It should be noted that for both
electrodes, an increase in Rct is observed upon repeated
cycling, which can explain their poor electrochemical
performance after long-term cycling. Again, the EIS results
can only partly explain the different electrochemical behaviors
since the difference in EIS is not remarkable.

Conclusions

Nanosized LiMnPO4 powders were successfully prepared
by oleic acid-assisted solid-state reaction. The introduction
of oleic acid during ball milling leads to the small size and
uniform distribution of the precursors, resulting in opti-
mized morphology and improved electrochemical perfor-
mance of the final products. The sample prepared at 600°C
using an oleic acid-treated precursor exhibits the best
electrochemical performance, delivering discharge capaci-
ties of 103 and 58 mAh g−1 at 1/20 and 1 C, respectively.
Co doping further improves the electrochemical perfor-
mance. The discharge capacities of the Co-doped sample
reach 144 and 80 mAh g−1 at t 1/20 and 1 C, respectively,
far higher than those of the undoped sample. The
enhancement of the electrochemical performance can be
attributed to the reduced particle size and optimized size
distribution by Co doping that facilitates the Li-ion

Fig. 9 Impedance plots of the LMP-3-600 and LMP-1-600electrodes
after 3 and 60 cycles

Fig. 8 a CV plots of LMP-1-600 and LMP-3-600 at various scan
rates and b peak current Ip as a function of square root of scan rate v1/2

and the corresponding linear fitting

Fig. 7 a Rate capability of LMP-3-600 and b comparison of cycling
stability between LMP-1-600 and LMP-3-600
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diffusion in bulk electrode and the diffusion through the
electrode/electrolyte interface.
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