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Olivine lithium manganese phosphate (LiMnPO,4) becomes research focus because of its high energy
density and improved thermal stability. However, its application in lithium ion batteries suffers severely
from poor electrochemical activity due to low conductivity and structural instability upon the charge and
discharge process. By applying a high-energy ball-milling method we succeed in improving the capacity
delivery and rate capability. LiIMnPO4 materials ball-milled without or with acetylene black are able to
deliver a high capacity of 135 and 127 mAh g-!, respectively, more than 50% greater than the pristine
one. Particularly, the latter also shows an improved discharge plateau and stable cyclability. High-energy
synchrotron radiation X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy,
laser particle analysis, and galvanostatic charge and discharge are employed to understand the effect of
ball-milling on the LiMnPO4 material.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The boom demand for high energy and power relies heavily on
the current secondary battery systems, particularly on Li-ion bat-
teries [1,2]. Although the Li-ion batteries have been widely applied
in most portable electronic devices such as laptops, digital cameras
and mobile phones, their enlargement of application in power tools
and automotive industry is severely hindered due to the intrinsic
safety limitation of currently major cathode material LiCoO,. To
address this issue, many cathode materials based on XOp, (POy4,
SiOy4, BO3, etc.) polyanion structures have been explored due to
the decent redox potential and improved safety [3-5]. The strong
covalent X-0 bond of the XOp, polyanions not only enhances the
M?2*/M3* redox potential through an inductive effect, but also pre-
vents the O atoms from releasing even in abused condition. In
particular, the olivine LiFePO4 material has received a great deal
of attention because of good electrochemical property, high ther-
mal stability, low raw material cost, and environmental benignity
[6,7].

However, LiFePO4 shows a relatively low energy density
because of a lower operating voltage of 3.4V vs. Li*/Li compared
with 3.9V of LiCoO; and 4.1V of LiMn;04. This poor energy den-
sity indicates more battery modules are needed, which is not so
easy to meet in the power systems. Therefore, a cathode material
with a high operating voltage is highly desirable. LiMnPO4 seems
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to be an ideal choice because it possesses a large theoretical capac-
ity (170mAhg-1), a good thermal stability, and a high operating
voltage of 4.1V vs. Li*/Li, which is comparable with currently com-
mercial materials [3,8].

Due to poor electrochemical behavior, however, the application
of LiMnPO4 in power batteries still faces a great challenge. Two
major factors are believed to account for this. One is the extremely
low electronic and ionic conductivity, and the other is the structural
instability upon the electrochemical process. Over last decades, the
poor conductivity issue in olivine materials has been significantly
addressed by carbon coating or ion doping [9,10]. However, the
structural issue has not been well taken care of [11,12]. It is fairly
well known that the charged LiMn""PO, phase undergoes a severe
lattice deformation due to the asymmetric electronic configuration
of Mn3" ions (3d* (tyg3eg!)) [13,14]. The Jahn-Teller deformation as
well as the large lattice misfit between LiIMnPO4 and MnPO,4 phases
destroys the integrity of lattice, thus leading to a low electrochem-
ical activity. As a consequence, the capacity delivery of LiMnPOy is
quite low in early reports [15-17]. For instance, Delacourt et al.
reported a capacity of 70mAhg-! for LiMnPO, prepared via an
aqueous precipitation route [15].

Later, it is demonstrated that the performance of LiMnPOg4
can be improved when carefully controlling its size, morphol-
ogy and texture [18-20]. For instance, Kwon et al. shows that
LiMnPOy4 could deliver a capacity of 134mAhg-! at 0.1C when
the particle size decreasing to 140 nm [19]. More recently, Wang
et al. adopted a polyol synthesis approach to prepare platelet-
like LIMnPO4 nanostructures with ultrathin [020] crystalline plane
(~20nm), which could deliver a high capacity of 141 mAhg~! [21].
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After being further ball-milled with carbon black, the obtained
LiMnPO,4-C composite is comprised of spherical particles with size
in the range of 25-30 nm. Such nanocomposite exhibits a stable
capacity up to 145mAhg-! in the potential range of 2.7-4.4V
[22]. This report represents the strategy to improve the activity of
LiMnPO,4 towards lithium: efficient carbon coating and synthesis of
nanoparticle (generally less than 50 nm). The former provides good
electrical conduct between particles and current collector, while
the latter enhances Li ion diffusion as well as structural flexibil-
ity towards lattice deformation [23]. Inspired by this work, many
recent works follow such a fashion [24,25]. However, the nanoscale
particles coupled with a heavy carbon loading (>25 wt.%) decrease
the volumetric energy density and raise the difficulty of material
processing. Therefore, it may not be appealing for practical appli-
cation.

Another strategy to improve the electrochemical activity of
LiMnPOQy is to dope exoticions, as widely utilized in LiFePO4 [26,27].
It is proposed that doping in LiMnPO4 may modify the electronic
conductivity and the structural compatibility upon the electro-
chemical process, thus leading to a high activity [28,29]. However,
the mechanism for doping is not clear yet, as it is discovered that
some ions (Mg2*, Fe2*, Ni2*, and Cu?*) show a positive effect on
the electrochemical performance of LiMnPO4, whereas other ions
(Zn%* and Ca?*) show a negative one [28-32].

So far, it is still a challenge to prepare high-performance
LiMnPO,4 material via a facile method. Herein, we introduce a sim-
ple post treatment, i.e., high-energy ball-milling, to increase the
electrochemical activity of LiMnPOy. The high-energy ball-milling,
also known as the mechanochemical method, brings intensive
effects on the structure, morphology, and size distribution of
the electrode materials, thereby modifying their electrochemical
behavior [33,34]. In this work, we report the effects of high-energy
ball-milling upon the crystalline property, size, and morphology
of LiMnPOy. The effects were further correlated with the electro-
chemical activity to understand the mechanism.

2. Experimental

The LiMnPO4 material was prepared via a ceramic route with
starting materials of Li,CO3 (99%, Wako), MnC,04-2H,0 (98%,
Wako) and NH4H,PO4 (99%, Wako). Stoichiometric amount of raw
materials was weighed and mixed by mortar and pestle. A certain
amount of sucrose as a conductive precursor was added, which was
expected to generate 2 wt.% carbon coating in the final product. The
mixture was firstly decomposed at 300 °C for 2 h, and then heated
at 650°C for 5 h in continuous Ar flow to obtain the carbon-coated
LiMnPO4 (labeled as pristine). The LiMnPO4 was further treated by
a high-energy ball-milling process. Typically, 1g pristine LiMnPO,
material and 100 g ZrO, balls (¢ 4 mm) were loaded into a Teflon-
lined stainless steel vessel, and sealed in Argon filled glove box.
Then the vessel was fixed on a high-speed planetary mill (High G,
Kurimoto) and operated at a speed of 500 rpm with an input power
of 3.7 kW. The milling time lasted for 2 h with interval of 30 min for
every half hour. After treatment, the powder was separated from
ZrO, balls by sieving and collected for characterization. Two ball-
milling products, without or with acetylene black (8 wt.%), were
produced. The final products are accordingly labeled as HG1 and
HG2.

X-ray diffraction (XRD) measurement was conducted at the
BL19B2 beam line of the synchrotron radiation facility SPring-8,
Japan, as reported elsewhere [35]. A large Debye-Scherrer camera
was used to detect the fine diffraction patterns, and the wave-
length was calibrated to be A =0.70 A by using CeO, as a standard.
A glass capillary (¢ =0.3 mm) was used to load LiMnPO4 powder
and sealed in an Ar filled glove box. The structural analysis was
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Fig. 1. XRD patterns of the pristine and ball-milled LiMnPO4 materials.

performed with the Rietveld method on the program Rietan-2000
[36]. Scanning electron microscopy (SEM) was carried out on a JEOL
JSM-6390 microscope. Raman spectroscopy was performed on a
RMP-320 (Jasco) spectrometer with Ar laser of 50 mW at 532 cm~1.
Particle size distribution was analyzed by a laser particle analyzer
(Mastersizer 2000, Malven).

The electrochemical tests were carried out on a 2032 coin cell.
The cathode composite consists of 80 wt.% LiMnPOg4, 10 wt.% acety-
lene black (inclusive of that over the ball-milling process), and
10wt.% polyvinylidene fluorine, with a typical material loading
of 5mgcm—2. The 2032 coin cells were assembled in a dry room
with a dew point below —60°C. The anode is Li foil, and the elec-
trolyte is 1 mol L~! LiPFg in ethylene carbonate/dimethyl carbonate
(EC/DMC) (1:1 by volume). The cells were measured on a Battery
Lab System program-controlled test system (Keisokuki Center) in
the voltage range of 2.2-4.5V.

3. Results and discussion

The XRD patterns of as-prepared three LiMnPO,4 materials (pris-
tine, HG1, and HG2) are presented in Fig. 1. All the patterns
show well resolved diffraction peaks indexed to olivine LiMnPO,
(JCPDS no. 74-0375) without any impurities. This indicates that
the LiMnPO4 material can be readily synthesized by this ceramic
route, and that the structure remains after the post high-energy
ball-milling process. A zoom look (inset in Fig. 1) reveals that the
peak intensities decline and the peaks become broad for the ball-
milled sample, suggesting that both the crystallinity and crystalline
size are decreased [33,34]. This phenomenon would be more pro-
nounced when using Cu Ka diffraction (not shown). By using the
Scherrer formula D=0.91/8 cos 6, where A is the X-ray wavelength,
B the full width at half maximum (FWHM), 6 the Bragg angle,
the average crystalline size D along [02 0] direction can be calcu-
lated to be 48, 27, and 28 nm for pristine, HG1 and HG2 materials,
respectively. Since Li* ion diffusion in LiMnPO,4 occurs along the
one-dimensional direction paralleling to the b-axis, such a decrease
in crystalline size would facilitate Li ion diffusion within particles.

The structural refinement was performed on the synchrotron
XRD data of LiMnPO4 materials. Table 1 summarizes R factors
and some lattice parameters, and Fig. 2 presents the refinement
result of the typical pristine LiMnPOg4. All refinements give sat-
isfactory values of Rwp, Rp, and S, indicating that the structural
analysis is reliable. The pristine LiMnPO4 has the lattice parameters
of a=10.444(1)A, b=6.102(1)A, c=4.744(1)A, and V=302.35A3,
agreeing well with the previous reports [3,15,30]. The ball-milled
materials, however, show a slight increase in lattice parameters,
with an overall 0.3% expansion in the unit cell volume. A bit of
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Table 1
The R factors and structural parameters of LiMnPO4 materials.
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Sample a(A) b (A) c(A) V(A3)

Li-0; (A)

Li-0, (A) Li-0;s (A) Rup (%) R, (%) s

302.35
303.16
303.15

10.444(1)
10.454(4)
10.455(6)

6.102(1)
6.108(2)
6.108(3)

4.744(1)
4.748(2)
4.747(2)

Pristine
HG1
HG2

2.241
2.256
2.251

4.00
4.50
4.32

2.98
3.40
3.26

1.05
1.19
1.13

2.103
2.106
2.105

2.159
2.152
2.149
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Fig. 2. Rietveld refinement results of the pristine LiMnPO4 material.

expansion in LiOg octahedral is also confirmed. Such expansion
reflects the strong interaction between material particles and ZrO,
balls [33], and may benefit the Li* ion diffusion [27]. In addition,
lattice defects such as the voids and cracks and amorphous state

Intensity / a.u.

4* .'.“ 3 o .-. B

X10,000 1um . 0000 2380 S

may be generated by the ball-milling treatment [33,34], which can
accommodate the lattice stress and strain induced by Jahn-Teller
deformation. Consequently, an improved electrochemical activity
could be anticipated.

SEM images of the LiMnPO,4 materials are illustrated in Fig. 3a—c.
The pristine material is composed of many submicron grains and a
few agglomerates up to several microns. In contrast, the ball-milled
materials are dominated by fine particles, which are the fragments
of large particles. This scenario is particularly impressive in HG1
material, as the interaction between ZrO, balls and LiMnPO4 par-
ticles proceeded without buffering of acetylene black. It is worthy
of noting that some large agglomerates are also observed in the
SEM image of HG1, which may be due to the recombination of
the resultant small LiMnPO4 fragments driven by the large sur-
face energy. Fig. 3d shows the Raman spectra of three LiMnPO,
materials in which only two sets of bands centered at 1345 and
1590 cm~! are observed. These bands are due to the D band and G
band of carbon, respectively [35]. The other bands associated with
PO,43- group, however, are not visible, probably being masked by
the strong scattering signal of carbon.

The materials were further characterized by laser particle analy-
sis. Fig. 4 represents their volume size distributions. The ball-milled
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Fig. 3. SEM images (a-c) and Raman spectra (d) of the pristine and ball-milled LiMnPO4 materials.
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Fig. 4. Volumetric particle size distribution of the LiMnPO,4 materials.

materials clearly show a decreased particle size compared with
the pristine one. The fraction of coarse particles (>20 wm) in the
profile of the pristine material also disappear in both HG1 and
HG2. In addition, HG1 shows a broad distribution below 1 pum,
indicating the existence of fine particles, whereas HG2 shows a
side peak around 0.2 wm, which may be due to added acetylene
black.

The electrochemical activity was investigated using the Li coin
cells. Fig. 5 compares their initial charge and discharge profiles
at 0.05C (1C=150mAg-1) at 30°C. In the range of 2.2-4.5V, the
pristine LiMnPO,4 material only delivers a capacity of 83 mAhg!,
whereas HG1 and HG2 deliver 135mAhg~! and 127mAhg!,
respectively, which are 63% and 53% greater than the pristine. The
enhanced capacity may be attributed to the improved Li diffusion
kinetics and the better tolerant ability towards lattice stress. The
former is attributed to decreased particle size, while the latter may
be related to defects and partial amorphous state. Note that the
capacity is somewhat lower than that of Martha et al. [22] and Oh
et al. [25], due to the low carbon loading in our case (12 wt.% com-
pared with 30 wt.% or more). However, our materials may deliver
a higher energy density. To address this issue in detail, we com-
pare the volumetric energy density of two LiMnPO4 electrodes
by a simple calculation: electrode (1) 78 wt.% LiMnPO4 + 12 wt.%
C+10wt.% binder and electrode (2) 60wt.% LiMnPO4+30wt.%
C+10wt.% binder. The compacted densities are 1.8 and 1.4gcm3
for electrode (1) and (2), respectively. Assuming their reversible
capacity are 125 and 155 mAh g1, we can calculate their volumet-

50 L] L] L] L) L] L] L] L] L]
45 pommRmm———
i
5 4.0 pristine 4
g‘ -=-=--HG1
veenneee HG2
?_ 35 -
)
()]
8 3.0 X -
o 1Y
=
25 \ -
5 \
\
Al
20 'l A 'l A 'l A 'l A L

A Il A 'l A il A 'l
0 20 40 60 80 100 120 140 160
Capacity / mAhg'1

Fig. 5. The initial charge and discharge profiles of the pristine and ball-milled
LiMnPOy4 electrodes at 0.05 C and 30°C.
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Fig. 6. Discharge capacity and coulombic efficiency of the three LiMnPO, electrodes
at 0.1 C and 30°C as a function of cycle number.

ric energy densities to be 176 and 130 mAh cm?, respectively. This
clearly shows that our material is more favorable to high energy
density.

It is worth mentioning that HG1 exhibits a large polarization
over the charge and discharge despite the high capacity. The polar-
ization refers to the poor electrical conduction as the carbon coating
layer in HG1 may be severely destroyed by ball-milling, whereas
this damage is minimized in HG2 where acetylene black provides
a buffer. Further electrochemical impedance spectroscopy results
(not shown) confirm the hypothesis.

The cycling performance of the LiMnPO,4 electrodes at 0.1 C rate
and 30°C is shown in Fig. 6. The cells were fully charged and dis-
charged at 0.05 Cfor three cycles before the cycling test. The pristine
LiMnPO,4 exhibits a low capacity retention of 82% after 30 cycles.
Similarly, HG1 shows appreciable capacity decay over the cycles
despite its high initial capacity of 130mAhg-1. It falls down to
108 mAhg-1 at the 30 cycles, possibly due to its poor conductiv-
ity. This is because some particles in HG1 electrode may easily lose
electrical connection with current collector driven by large volume
variation upon cycles. In contrast, HG2 shows a marked improved
retention up to 95%, delivering the highest capacity of 118 mAhg~!
among the three samples at the 30th cycles. The enhanced struc-
tural integrity due to lattice defects and the intact conducting
layer are believed to account for such a high cycling stability. The
high coulombic efficiencies (>95%) of the milled materials ver-
ify that their electrochemical process is reversible, as shown in
Fig. 6.

To evaluate the power ability of these LiMnPO4 materials,
rate discharge experiments were further carried out. The coin
cells were charged it at a constant current of 0.1C to 4.5V fol-
lowed by holding at 4.5V until current decaying to 0.02C, and
then discharged to 2.2V at various rates. The rate discharge pro-
files of the three LiMnPO4 samples are presented in Fig. 7. As
anticipated, enhanced rate capabilities are observed in all rates
for both ball-milled LiMnPO4 samples compared with the pris-
tine one. When the current rate increases from 0.05C to 1C,
the capacity of the pristine LiMnPO,4 drops from 81 mAhg-! to
50mAhg-'. Meanwhile, the capacities of HG1 are 134mAhg™!
and 96 mAhg-! at 0.05C and 1C, respectively. HG2 shows a sim-
ilar rate behavior to HG1, 127mAhg-! at 0.05C, 123 mAhg™!
at 0.1C, and 99mAhg-lat 1C. It is also seen that HG2 displays
a flat discharge plateau at 0.05-0.4C rate, in vast contrast to
the sloping curves of HG1 even at 0.05C. This suggests that the
acetylene black protects the coating carbon layer while does not
counteract the effect of ball-milling. Therefore, ball-milling with
conductive carbon serves as a better modification approach for
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Fig. 7. Rate discharge capability of the three LiMnPO, electrodes at 30 °C. The cells
were charged at a CC-CV protocol, i.e., first charged at a constant current of 0.1 C to
4.5V followed by holding at 4.5V until current decaying to 0.02 C.

LiMnPOy. A similar conclusion was also drawn by Rabanal et al.
[34].

It is interesting to note that the HG1 material delivers an even
higher capacity than HG2 at the low rates despite the large polariza-
tion, which is not fully clear currently. One possible reason is that
HG1 may possess more defects and amorphous state due to the
direct interaction between material and ZrO, balls, which provides
a better tolerant ability to internal stress and strain. At low rates,
the limitation of conductivity is not critical, while the relaxation of
lattice strain would be the key fact influencing the electrochemical
activity. Investigation of lattice defects by high resolution TEM is
currently under way to gain an insight into this issue.

Itis well known Jahn-Teller distortion is one of the main reasons
that lead to a poor cycling behavior of manganese based materials.
Therefore, the LiMnPO, electrodes were also measured at 55°C to
examine the possible effect of Jahn-Teller distortion. Fig. 8 depicts
the cyclability of the typical sample HG2 at 55°C. The material,
however, exhibits a good cyclabity with only ~2.5mAhg~! lost
after 40 cycles, equal to a capacity fading of 0.05% per cycle. Hereby
it is manifest that the Jahn-Teller distortion has little impact on the
ball-milled LiMnPO4 material.
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Fig. 8. Discharge capacity of HG2 electrode at 55°C as a function of cycle number.
Charge rate: 0,2 C, discharge rate: 0.5C.

4. Conclusion

In summary, a simple high-energy ball-milling approach was
proposed to improve the electrochemical activity of LIMnPOg4. The
LiMnPO,4 sample ball-milled with 8 wt.% acetylene black shows an
increased capacity, stable cycling behavior, and good rate capabil-
ity. On the other hand, the ball-milled sample without acetylene
black shows a high capacity of 135mAhg-!1 but an appreciable
capacity fading over cycling. The improved electrochemical activ-
ity may be attributed to enhanced kinetics and structure integrity,
which are related to the decreased particle size, expanded unit
cell volume, and crystal defects. It is believed that the activity
of LiMnPO,4 can be further improved given that the ball-milling
parameters like time, material/ball ratio, and conductive additive
are optimized. Although it may be not as effective as some soft-
chemical methods that can elaborately tailor the physicochemical
nature of final products, the mechanochemical method is, due to
simplicity and easy operation, still attractive and in principle appli-
cable to other electrode materials with poor structural integrity.
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