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diffusion coefficient, resulting in the highest gravimetric capacity of 135,100 and 60 mAh g~ at 0.05C, 1C
and 10C, respectively. Using ball-milling, a higher loading of nano-LiMnPO4 in the electrode was ach-
ieved, increasing the volumetric capacity to 263 mAh cm~>, which is ca. 3.5 times higher than the one
Nano-LiMnPO, obtained by hand-mixing of electrode materials. Thus, the electrochemical performance is governed by
Particle shape both the diffusion coefficient of Li*, which is dependent on the shape of LiMnPO4 nanoparticles and the
Li* diffusion orientation secondary composite structure.
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1. Introduction energy is produced excessively from renewable energy devices and
to provide energy whenever needed. One of the promising
Energy storage systems are necessary when the electrical methods to store energy is by using electrochemically rechargeable

system such as Li-ion batteries.
Olivine structured materials, LIMPO4 (M = Fe, Mn, Co, Ni) are
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insertion/extraction. The covalent P-O bond strengthens the
framework such that it does not collapse upon redox processes
occurring at the transition metal ion M2H3+ [1]. This structural
property of olivines provides the outstanding cyclability and ther-
mal stability in the application of lithium ion batteries [2—6].

Among olivine materials, LiFePO4 has been commercialized due
to its facile synthesis and its higher electronic conductivity
compared to other olivine materials. The drawback of LiFePOy is a
low potential (3.6 V vs. Lit/Li), leading to a maximum energy
density of 578 Wh kg1 (170 mAh g~ ! x 3.6 V). In contrast, LIMnPO,4
has a higher potential (4.1 V vs. Li*/Li) with 171 mAh g~ theoretical
capacity, thus providing a potentially 20% higher energy density of
701 Wh kg~! (170 mAh g~! x 4.1 V) than that of LiFePO,4. LiCoPO4
and LiNiPO4 have even higher cell potentials of 4.8 and 5.1 vs. Li*/Li,
respectively, but a lack of stable electrolytes at such high potentials,
preventing their commercial application [7—9]. Thus, LiMnPOy is a
strong candidate as cathode material for high energy Li-ion
batteries.

To be used in a battery, LiMnPOy is also required to have good
rate capabilities such as > 70% of theoretical capacity at 1C. A two-
pronged approach in reducing the particle size of LiMnPO4 on one
hand and having a carbon coating on the surface of LiMnPO4 par-
ticles on the other hand are most promising ways to obtain the high
capacity due to the improvement of both ionic and electronic
conductivity. Recently, Hatta et al. reported a high rate capability
using pyrolytic carbon and Li3PO4 coating on rod shaped LiMnPO4
nanoparticles, providing 160 and 145 mAh g~ ' at 0.1C and 1C,
respectively [10]. Platelet shaped LiMnPO4 was reported to have a
discharge capacity of 100 and 113 mAh g~! at 1C at room temper-
ature and 50 °C, respectively [4].

Furthermore, the Li* diffusion has to be controlled in the olivine
materials. Olivines typically consist of slightly distorted LiOg and
MOg octahedra and POg4 tetrahedra in the crystal structure [1,11,12].
For LiMnPO,4 with space group Pnma, the Li* ion diffusion occurs in
a zigzag-ed path along the b axis via edge sharing LiOg octahedra
[13,14]. One way to improve the rate capability is thus to shorten
the [010] diffusion path for Li* ion release and insertion. In addi-
tion, the exposure of the (010) facet on the surface of LiMnPO4
particles can accelerate the kinetics of Li* in the Pnma system
[15—17]. Controlling the morphology and crystal size is thus vital
for the battery performance as these parameters determine the
preferred direction of the Li* diffusion channel and the shape of the
particles [18,19].

To control the morphology and surface structure of LiMnPO4
particles, synthetic parameters such as precursors, surfactants and
solvents play an important role [4,20—24]. Obtaining LiMnPO4
nanoparticles is however more difficult than for LiFePO4. When the
same synthesis method is applied to generate both, the particle size
of LiFePOy, is smaller than the one of LiMnPO4 [25]. Various syn-
thesis routes have so far produced morphologies of LiMnPO4 with
spherical [26], plate-shaped [4,27,28], rods [25,29,30], wires
[31,32], microporous [33] and flower-like structures [34,35]. Their
electrochemical properties were affected by different morphologies
of LiMnPO,4 [36], which may have different orientations of Li*
diffusion.

While one advantage of using nanoparticles is to improve rate
capabilities [2,4,23,37—39], however, as their surface area is higher
than the one of micron-sized particles, the volume of a nano-
material composite is extremely high due to the empty space be-
tween the particles, resulting in a low tap density. This feature
decreases the loading of nanomaterial on the specific area of the
current collector and limits the volumetric energy density of
nanomaterials based batteries. In case of LiFePQy4, the formation of
micron-sized secondary particles increases the volumetric energy
density compared to nanoparticles, increasing thus the tap density

of the composite. Liu et al. increased the tap densities of LiMng 4.
FeosPO4 and carbon by the formation of a secondary microsphere
composite prepared by spray drying [26]. For a micron-sized
composite consisting of nano-LiFePO,4 and carbon, the volumetric
discharge capacity increased was shown to increase by a factor of
2.5 compared to the one of nano-LiFePO4 alone [40].

Therefore, there are a few challenges remaining for LIMnPOg4; 1)
generating a desired shape of nano-LiMnPOy, in a controlled way in
order to facilitate Li* mobility, 2) improving the volumetric energy
density of LiMnPO4 nanomaterial without losing the high perfor-
mance property of LiMnPO4 and 3) optimising the specific capacity
of this nano-LiMnPOg4, which is still a challenge probably due to the
inhomogeneous mixing between agglomerated nanoparticles of
LiMnPOg4 and carbon [35].

Although the particle shapes of LiMnPO4 and their electro-
chemical performances were reported, Li* diffusion coefficients
combined with the diffusion orientations were not further inves-
tigated in different shapes of particles. We present here a synthesis
method based on thermal decomposition which allows us to obtain
various sizes and shapes of LiMnPO4 nanoparticles. The direction of
the ionic diffusion (b-axis) in particles of various shapes was
investigated using TEM electron diffraction in combination with
the Li* diffusion coefficients (Dj;) on single particles. We further-
more examined the tap densities of various morphologies of nano-
LiMnPO4 and its composites with carbon. The volumetric and
gravimetric capacities were further investigated with those
materials.

2. Experimental
2.1. Chemicals

Manganese nitrate hexahydrate (Mn(NOs),-6H,0), manganese
acetate tetrahydrate (Mn(CH3COO),-4H,0, >99%), manganese
chloride tetrahydrate (MnCly-4H,0, >98%), lithium hydroxide
monohydrate (LiOH-H;0, >98%), oleic acid (CgHi5COOH, >99%),
oleylamine (CoH17NH,, >70%), citric acid (CgHgO7, >99%) and sol-
vents (benzyl ether, ethanol, hexane and N-methyl-2-pyrrolidone)
were purchased from Sigma-Aldrich and Acros and used as
received. Ketjenblack carbon, polyvinylidene fluoride (PVDF,
-(CaHaF>)p-) and separators were supplied by Akzo Noble, Arkema
Inc. in Philadelphia and Celgard in North Carolina, respectively.

2.2. Synthesis of LiMnPO4

LiMnPO4 material was prepared by the thermal decomposition
method using oleic acid and oleylamine as surfactants and reducing
agents. The detail experiments are described in our previous study
[30]. To obtain the different shapes of nano-LiMnPO,4, 3 mmol of
each manganese precursor (Mn(NO3);-6H,0, Mn(CH3COO);-4H,0
or MnCl,-4H,0) and LiOH-H,0 were dissolved in 9 or 27 mmol
oleic acid (CgH15COOH) during heating until 120 °C. 20 ml of benzyl
ether was added to the solution afterwards with continuous heat-
ing. 9 or 27 mmol oleylamine (CgH17NH>) and 3 mmol H3PO4 were
injected at 230 °C of the solution. The solution was stirred vigor-
ously and kept at 230 °C for 1.5 h. Then the temperature was
increased to between 265 and 280 °C for 1—4 h. After the reaction,
the suspension was centrifuged to collect the sedimented dark
brown powder. This material is rinsed with ethanol and hexane and
then centrifuged.

A ligand-exchange method using citric acid aqueous solution
was applied in order to remove the organic residue in as-
synthesized LiMnPOy4 after rinsing [30]. The organic residue con-
taining dark brown LiMnPO4 powder turned to greyish white after
the ligand-exchange.
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2.3. Characterization

As-synthesized LiMnPO4 materials have been characterized by
various methods. X-ray diffraction using Cu-radiation (Rigaku) was
employed to identify the phase and to determine the crystallite
sizes. XRD data were collected from 2 theta = 13 to 70° at a scan
rate of 0.02° per step and 6 s per point. The crystallite size of
LiMnPO4 was determined by two methods; 1) Rietveld refinement
and 2) the Scherrer equation (d = KA/(B cosf), where d is the mean
crystallite size in volume-weight, ) is the wavelength of the X-rays,
B is the width of a peak at a half maximum due to size effects
assuming that there is no strain, K is a constant value of 0.89, and 6
is the incident angle). Rietveld refinement was performed with
X'pert HighScore Plus software using pseudo-Voigt profile. To
obtain the best refinement fitting, the reliability factors, Rwp
(weighted profile R factor) and Rexp (expected R-factor) of Rietveld
refinement were between 2 and 5%. Brunauer- Emmett - Teller
(BET) nitrogen absorption method was applied to measure the
specific surface area using Micromeritics, ASAP 2010. Thermogra-
vimetric analysis (TGA) was used for thermal analysis under air
until 800 °C at 10 °C/min. The morphology and the size of particles
were studied by scanning electron microscopy (SEM, Philips XL30,
10—15 kV) and transmission electron microscopy (TEM, FEI/Philips
CM-100, 80 kV). Electron diffraction spot patterns of various shaped
LiMnPO4 particles were obtained to determine b-axis of lithium ion
diffusion path in Pnma space group. Fourier transform infrared (FT-
IR) spectroscopy was employed for the surface analysis. The IR
spectra were collected in the range of 600—4000 cm™! using
attenuated total reflectance method.

2.4. Composites of LiMnPO4 and carbon

LiMnPO4 was mixed with 20 wt% of carbon black using a ball
mill (RETSCH) for 60 min or without ball milling. Ball milling was
carried out in a 5 ml of stainless steel jar with 30 pieces of stainless
steel balls of 3 mm in diameter.

2.5. Tap density

To determine the tap densities of LiMnPO4 nanoparticles, mi-
croparticles and the composite of C-LiMnPOg4, 0.5 g of powder is
inserted in a cylinder and taped for 30 times, keeping a constant
tapping height then measured the volume.

2.6. Electrodes

The carbon contained LiMnPO4 composite (C-LiMnPO4) was
mixed with polyvinylidene fluoride (PVDF) binder and carbon black
in N-methyl-2-pyrrolidone (NMP). The weight ratio of active ma-
terial LiMnPOy, carbon and the binder was 67:26.3:6.7. The slurry
was deposited on Al current collector using the doctor-blade
method. The electrodes were dried at 120 °C under vacuum over-
night. The loading of active material in the electrode was varied
between 0.5 and 6 mg cm ™2 to study the volumetric capacities.

2.7. Electrochemical properties

The electrode was assembled with lithium metal as a counter
electrode, ethyl carbonate (EC) and dimethyl carbonate (DMC)
mixture in 1:1 vol ratio with 1 M LiPFg electrolyte and a Celgard
separator in a coin cell in an Ar filled glove box (MBraun, Germany).
To evaluate charge/discharge behaviours, the assembled coin cells
were tested using an Arbin 2000 battery test instrument. The
measurements were carried out at a constant current and constant
voltage (CCCV) or a constant current (CC) mode during charging

between 2.5 and 4.6 V vs Li"/Li. The current densities were varied
between C/20 and 10C with the theoretical capacity of 171 mAh/g.
To evaluate Li ion diffusion coefficients, cyclic voltammetry and
electrochemical potential spectroscopy (EPS) were applied to a
three-electrode cell in an Ar filled glove box using lithium anode
and reference electrodes with 1 M LiPFg EC/DMC electrolyte. The
measurement conditions of cyclic voltammetry were 1, 0.7, 0.5, 0.2
and 0.1 mV/s of sweep rate between 3.5 and 4.5 V vs Li/Li of the
voltage window. The measurement conditions of EPS is described
in the supplementary information.

3. Results
3.1. Controlling size and shape of LiMnPO4 nanoparticles

The thermal decomposition method was used to synthesize
different shapes and sizes of LiMnPO4 nanoparticles. We found that
the concentration of oleic acid plays a crucial role for the general
particle shape, while the reaction temperature influences the
thickness and the length of the particles, and hence their aspect
ratio. We also studied the influence of different kinds of precursors
and their concentrations. Manganese acetate
(Mn(CH3C00),-4H20) formed polyhedral nanoparticles with a
mean diameter of 34 nm (Fig. S1(a)) after 1 h. Upon reaction times
greater than 1.5 h, the polyhedral particles of LiMnPO4 grew pref-
erentially in one direction to yield slightly elongated spherical
particles (Fig. 1a and b). Using a three times higher concentration of
precursor than for Fig. 1a and b increases the particle size and leads
to rod-shaped particles with rounded corners (Fig. 1c and d). With
manganese chloride as precursor under similar concentration
conditions as for particles shown in Fig. 1a and b, LiMnPO4 forms
thinner and longer rod-shaped particles (Fig. 1e and f). The specific
surface area of LiMnPOy4 using manganese chloride (26.8 m? g/,
Fig. 1e and f) is almost half compared to the one using manganese
acetate (51 m? g\, Fig. S1. Three times higher concentrations of
MnCl, leads to thicker and rather cubic/platelet shapes (Fig. 1g and
h). In a previous study by us, manganese nitrate as precursor pro-
vided needle, rod and spherical shapes [30].

The precursors and their concentration thus strongly affect the
particle shape and size.

Oleic acid and oleylamine prevent the further growth into
micron-sized particles and also their agglomeration in solution.
Indeed, their hydrophilic OH-anchors rather bind to metal ions
while their hydrophobic hydrocarbon moieties point into the non-
polar solvent benzyl ether.

After the reaction with the surfactants in benzyl ether, the
colour of the so-obtained LiMnPO4 material is typically dark brown,
indicating the presence of residual surfactants. We therefore used
our ligand exchange method efficiently to remove the surfactants
from the surface and to yield “clean” light grey LiMnPO4 nano-
particles without organic residues [30].

Table 1 shows the summary of LIMnPO4 characteristics in terms
of the shapes, specific surface areas, mean particle sizes and crys-
tallite sizes. The crystallite sizes were determined using the
Scherrer equation (d = K)\/(B cos8), d is the mean size of the crys-
talline domains, K is the shape factor, 1 is the X-ray wavelength, B is
the line broadening at half the maximum intensity and @ is the
incident angle) and Rietveld refinement. The reliability factors, Rwp
(weighted profile R factor) and Rexp (expected R-factor) of Rietveld
refinement were between 2 and 5% (Fig. S2). The crystallite sizes
determined by Rietveld refinement showed smaller than the ones
by Scherrer equation. In Rietveld refinement, all peaks of XRD
patterns were fitted using pseudo-Voigt function and Lorentzian
coefficient of peak shape factor while in Scherrer equation, one
specific peak of 20 = 20.6° was applied. As you see in the table, the
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200 nm

200 nm

Fig. 1. TEM (left) and SEM (right) pictures of LiMnPO,4 with different morphology controlled by different manganese precursors and the concentration of the precursors. TEM: (a)
and (c) are from Mn(CH3CO0),-4H,0 using 3 and 9 mmol of manganese precursors, respectively. (e) and (g) are from MnCl,-4H,0 precursor with 3 and 9 mmol, respectively. The
SEM images on the right correspond to the material shown on the left. The insets are electron diffraction spot patterns.

material having higher specific surface area provided smaller 3.2. Tap densities of LiMnPOy4 and its composites
crystallite size in both Scherrer equation and Rietveld refinement
methods. In general, nanoparticles have low tap density due to their high
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Table 1
The summary of characteristics of variously shaped and sized LiMnPO,.
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Shape of particles Size by TEM (nm) Size of crystallite (nm)®

Sger (M? g~ 1) Particle size by Sggr (nm)° Precursors

Polyhedral 21 (20)
Elongated sphere ‘ 32 (26)
?30-35
Thick rod 3 52 (34)
)
O,
60,700
Thin rod 34 (28)
=]
o~
|
o
Ced
o2 50
30_35
Cubic/plate 59
o
2
o
&
(]
70‘% 50
Needle [30] 20 (16)
100
5

51.38 34 Mn(CH3CO0), -4H,0
35.07 49 Mn(CH5CO0),-4H,0
28 62 Mn(CH3CO0),;-4H,0
26.8 65 MnCl,-4H,0
142 122 MnCl,-4H,0
67 26 Mn(NO3),-6H,0

2 Crystallite sizes by Rietveld refinement method with the one from the Scherrer equation in parenthesis.
b The particle size d is calculated by the equation of d = K/(p x Sger), where K is the shape factor, p is the density of the material and Sggr is the specific surface area of the

material.

surface area, causing poor loading of active material in the elec-
trode. The tap density is a useful indication to estimate particle
packing that can be varied with the surface area of the materials
and the shape of particles [41,42]. We investigated the tap densities
of elongated spherical, rod, cubic and needle shaped nano-LiMnPO4
as well as micron sized LiMnPO4 particles, all shown in Table 2. It is
not surprising that micron sized LiMnPO4 has 1.79 g ml~! of tap
density while all nano-sized LiMnPO4 particles reach between 1
and 0.5 g ml~L. The powder packing density is different depending
on the shape of nanoparticle as shown in the schematic of Fig. 2.
The needle shaped LiMnPO4 had the lowest tap density of
0.54 ¢ ml~!' due to the high aspect ratio while the elongated
spherical particles of LiMnPO4 had the highest tap density of
1.07 g ml~". Thus, the shapes of nano-LiMnPOy affected their tap
densities. This can be explained by the rationale that spherical
particles have the highest number of contact points (six contacts
per sphere), which allows for the highest packing density among
the various shaped particles. The tap density decreases as the
particle shape deviates more and more from the sphere [42].
Experimental studies indeed showed that the tap density of
spheres has the highest value while the needle-shaped particles
had the lowest tap density among cylinder, cube and needle-
shaped particles [43,44].

The tap densities of the composites formed from nano-rod
LiMnPO4 and high surface area carbon (ketjenblack) have been

Fig. 2. The schematic of powder packing densities containing different shapes of
nanoparticles.

investigated. The composites were prepared either by hand-mixing
or ball-milling. When the nano-rod LiMnPO4 particles are hand-
mixed with the carbon, the tap density (0.27 g ml~!) of this com-
posite is relatively low. However, after the ball-milling of the
composite, the tap density increased to 0.77 g ml~!, almost 3 times
higher than the one prepared by hand-mixing. During the ball-
milling, nanoparticles of LiMnPO4 and carbon make an intimate

1?1:1:3;2) densities of micron-sized LiMnPOy4, nano-sized LiMnPO4 with different shapes and the composites of nano-LiMnPO,4 and carbon.
Micro-LiMnPO4 Nano-LiMnPO4 Composite
Elongated Thin rod Plate/Cubic Needle Mixed Compact
Tap density (g ml~1) 1.79 1.07 0.97 0.77 0.54 0.27 0.77
SSA (m?g™ 1) 0.92 30.2 26.8 14.2 67 30 6.26
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contact and form dense agglomerates (Fig. 3). Hence, the dense
agglomerations via ball-milling increased the tap density and a
loading of active material. Consequently, the specific surface area
decreased from 30 m? g~! of hand mixed material to 6.26 m? g!
after the ball-milling. The mean pore size is also reduced from
40 nm for hand mixing to 15 nm after ball milling (Fig. S3). We
assume that this is similar to the reported micron-sized secondary
composite agglomeration which improves the tap density of
LiFeggMng4P04/C and LiFePOg4/C, resulting in higher volumetric
capacities of LiFeg gMng4PO4 and LiFePO4 [26,40,45].

3.3. Lit diffusion coefficients and diffusion direction

The Df; of the different materials was determined using cyclic
voltammetry on electrodes consisting of the different shapes of
LiMnPO4. Fig. 4 shows an example of typical redox curves at various
scan rates for one of the particle types. The cathodic current peaks
were determined at each scan rate and used for a graph as a
function of square root of scan rate shown in the inset Fig. 4. The
slope of the inset graph is then Df; according to the Randles-Sevcik
equation.

I, = (2.69 x 10°) n*?A D}{? C v/?

where I is the current peak, n is the number of electrons, A is the
surface area of the electrode, D is the diffusion coefficient, C is the
concentration of Li* and v is the scan rate.

Table 3 summarizes the values of Dj as a function of the shape of
LiMnPOy, the surface areas and their mean particle sizes. Interest-
ingly, the electrodes consisting of thick and thin rod-shaped
LiMnPOg4 particles have almost the same specific surface areas, 28
and 26.8 m? g~ ! respectively, but as far as the Df; is concerned,
there is one order of magnitude difference between those mate-
rials. We attribute this to the influences of size and shape of
LiMnPO4 particles and the orientation of the b-axis on the lithium
ion diffusion. Indeed, the thick rod LiMnPOy4 particles have a Li*
diffusion length of 60 nm in a single particle along the b-axis while
the thin and long rod LiMnPO4 particles have the shorter diffusion
length of 30—35 nm in a single particle. If the lithium ion diffusion
would occur along the longest length in both rod shapes of
LiMnPOy, the thin rod shaped LiMnPO4 should have a lower diffu-
sion coefficient as they are longer with 150—200 nm than the thick
rods with 100—150 nm. However, our measurement revealed that
the diffusion coefficient of Li* in the electrode with thin rods
LiMnPOy is almost 10 times higher than the one for thick rods. This
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Fig. 4. The cyclic voltammograms of one of the LiMnPO, electrodes at various scan
rates. The inset graph is the cathodic current peak as a function of square root of each
scan rate.

means that the Li* diffusion occurs along the shortest dimension of
the single particles. Afterwards, the direction of Li* diffusion in a
single particle was determined by electron diffraction spot patterns
shown in the insets of Fig. 1 (c), (e) and (g). It showed that the b-axis
where lithium ion is diffused in the structure is the shortest
dimension in all different shaped LiMnPOg4 particles. Thus, both
analyses agree well each other. Another confirmation comes from
the D of 1.6 + 1.1 x 10~ cm? s~ ! for elongated spherical LiMnPO,4
particles with 34 nm of mean particle diameter. This value is very
close to the Dy value of thin rod LiMnPOy4, 2 + 1.1 x 10~ cm? s~!
although the specific surface area of the elongated spheres
(51.4 m? g1 is twice the one of thin rods (26.8 m? g~'). It proves
again that the Li" diffusion direction occurs along the short
dimension (30—35 nm) of the thin rods. Also, thick rod and cubic
LiMnPO4 have similar Df; values due to the similar Lit diffusion
path length of 60 nm although the specific surface area of thick rod
is twice (28 m? g~!) the one of cubic particles (14.2 m? g~ 1).
Therefore, we could determine the direction of lithium ion diffu-
sion which is the shortest dimension in a single particle by

Fig. 3. SEM images of the composite of nano-LiMnPO4 and carbon.
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The summary of Df; with different shapes of LiMnPO, nanoparticles, their specific surface areas, the mean particle sizes and the estimated Li" diffusion orientation.
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LiMnPOy, particle Dfi (cm?s™1) Li* diffusion direction
Shape Surface area (m? g~ ') size (nm)
Elongated sphere 51.4 34 16+11x 10" P Lit
Thick rod 28.0 62 13 +56 x 10712 .Li‘
Thin rod 26.8 65 20+11x 101 \
Cubic 14.2 122 92+39x 10712
100 ( )
a g
zg CCCV mode
= ot AN
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Fig. 5. (a) The discharge capacities at CC and CCCV mode in terms of cycle. (b) and (c) The charge and discharge curves of elongated spherical shaped LiMnPO, electrodes in CC and
CCCV modes at 0.1 C, respectively. (d) The charge and discharge curves of thin rod LiMnPO, particles at various C-rates.

combined analysis of Dy;, morphology and electron diffraction spot

pattern.

We evaluated D of the electrodes by another electrochemical

technique of electrochemical

potential

spectroscopy (EPS)

described in supplementary information. The electrode consisting

of elongated spherical LIMnPO4 had Dif 0f 3.4 + 1.2 x 10 "' cm? s~!
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Fig. 6. (a) The rate capabilities of LiMnPO4 cathodes consisting of different shapes of nanoparticles. (b) The cyclability of LiMnPO,4 cathodes at various current densities.

when Li* insertion and extraction occur. This is very close to the
value determined by cyclic voltammetry method. The other elec-
trode of thin rod LIMnPO,4 obtained 3.8 + 3.1 x 10 ~1° cm? s~ L. Thus,
the trend of Dfj determined by EPS is the same as cyclic
voltammetry.

3.4. Electrochemical properties

It is known that olivine structured LiMnPO4 should be tested
under constant current and constant voltage mode (CCCV) after
reaching the desired upper potential in order to extract Li™ fully
from the structure of LiMnPO4. We thus examined two different
measurement modes of CC (constant current) and CCCV shown in
Fig. 5. CCCV mode provided higher specific capacity because the
constant voltage condition allowed more Li* ions to be extracted
and re-inserted into the structure of LiMnPQO4. These reactions are
reversible when we switch between CCCV and CC mode repeatedly
as shown in Fig. 5a. The charge/discharge curves of the first and 5th
cycles in CC are almost identical (Fig. 5b) and the behaviours are the
same in CCCV (Fig. 5c). Thus, the elongated spherical shaped
LiMnPO4 electrodes showed high electrochemical stability. We also
tested thin-rod shaped LiMnPOy4 electrode in CCCV mode shown in
Fig. 5d. The specific capacities of this electrode increased at all the
varied C-rates compared to the elongated spherical LiMnPOg4
electrode.

The specific capacities of LiMnPO4 electrodes consisting of
various shapes of LiMnPO4 nanoparticles were examined at various
scan rates (Fig. 6). It shows that the capacities vary with the shape
of LiMnPO4 nanoparticles. The highest specific capacity of 120 mAh
g~ ! was achieved using thin rod LiMnPO, nanoparticles at 0.05C. At
1C, this electrode yielded 80 mAh g~'. On the other hand, the
lowest specific capacity of 35 mAh g~! was observed with the thick
rod LiMnPO4 electrode at 0.05C. The highest and lowest values of
capacities agree well with the values of Dfj; the lowest diffusion
coefficient of Li* provided the lowest capacity.

The rate capabilities at higher C-rates (>1C) were further
investigated with thin-rod LiMnPO4 electrodes as shown in Fig. 7
(a). We obtained even higher specific capacities using 3 wt % of
vinylene carbonate (VC) additive in EC:DMC 1 M LiPFg electrolyte.
The specific capacities were 100—95 and 60 mAh/g at 1C and 10C,
respectively. Fig. 7 (b) shows the cyclabilities of thin-rod LiMnPO4
electrodes at C/20 and 1C. It reached 135 mAh/g upon 50 cycles
with no degradation at C/20 while it obtained 84 mAh/g at 50th
cycle with 76% of retention at 1C.

The formation of dense secondary composite particles by ball-
milling increased the tap density by a factor of 3 compared to the
composite prepared by hand-mixing. The volumetric capacities
were investigated with the compact and hand-mixed composites,

300
L |

—

——

250

200 1

——

150
=@= Compact composite

Volumetirc capacity (mAh cm-3)

100 «m= Hand mixed composite |
0 - - - -
0 0.2 0.4 0.6 0.8 1
C-rate

Fig. 7. (a) The rate capabilities of thin rod-shaped LiMnPO4 cathodes using 3 wt % of VC
additive in EC:DMC 1 M LiPFg electrolyte. (b) The cyclability of thin rod LiMnPO4
electrodes at C/20 and 1C using 3 wt % of VC additive in EC:DMC 1 M LiPF; electrolyte.

assuming that the gravimetric capacities of both electrodes are
identical (Fig. 8). The dense composite LiMnPO4/C electrode based
on rod-shaped particles had 262 mAh cm~3, 3.5 times higher
volumetric capacity than the one of hand-mixed composite elec-
trode (75 mAh cm~3) because of the higher loading of active ma-
terial (2.1 g cm~3) compared to 0.62 g cm > of loading by hand-
mixing. We are further developing an optimization to maximize
both gravimetric and volumetric capacities of LiMnPO4 cathode for
high energy lithium ion batteries.

In summary, nanoparticles of LiMnPO4 provide the great
advantage of high ionic diffusion due to the short path lengths of
diffusion. More precisely, we showed that depending on the shape
of nanoparticles, different orientations of the preferred Li* diffu-
sion channel are found. Two synthesized LiMnPO,4 materials have
the same specific surface areas but the shape and dimensions of
particle are different. Then the Li* diffusion occurred in the shortest
length of a single particle and the diffusion coefficient of Li* varies
according to the dimension along the b-axis. The electrochemical
capacities revealed that the electrode having the highest diffusion
coefficient of Li* provided the highest capacity. Therefore, one
should control the shape of particles to shorten the dimension of
the Li* diffusion channel.

However, it is not always necessary to minimize all the di-
mensions of particles. Reducing the size of active particles may give
also negative effects on the electrochemical properties such as a
side-reaction with the electrolyte and poor packing density. The
poor packing density results in the low volumetric capacities and
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Fig. 8. The volumetric capacities of LiMnPOy4 electrodes prepared by ball-milling and hand-mixing of the composites, rod-shaped LiMnPO,4 and carbon.

energies due to its low loading of active material in the electrode.

In this report, we showed the increased volumetric capacities by
the formation of secondary composite particles consisting of nano-
LiMnPO4 and carbon via ball milling. Therefore, we have both
benefits of nanoparticles to increase the kinetic of Li* diffusion and
significantly higher volumetric capacity by the micron sized com-
posite dense particles.

4. Conclusion

Nanoparticles of LiMnPO4 were synthesized in an elongated
spherical, thin nano-rod, thick nano-rod, cubic and platelet shapes
by thermal decomposition method. The shapes of LiIMnPO,4 nano-
particles affected the tap densities, the path and the direction of Li*
diffusion, determined by electron diffraction spot patterns and
electrochemical tools. The tap density of carbon-contained com-
posite increased 3 times higher by the formation of dense
agglomeration via ball milling. The increased tap density provided
the higher loading of the active material in the electrode, resulting
in the higher volumetric capacity of 263 mAh cm~3 which is 3.5
times higher than the one of the composite prepared by hand-
mixing (74 mAh cm™3).

The analysis of Dfj revealed that the smallest particles did not
have the highest Li* diffusion coefficient but rather the shortest
dimension of the particles offered the shortest path length of Li*
diffusion direction that gave the highest Li* diffusion coefficient.
Thus, controlling the shortest path length of Lit diffusion is the
critical parameter to improve the electrochemical reaction kinetics
and to enhance the rate capability.

The shape of olivine particle plays a critical role to increase the
loading of active nanoparticles in the electrode and to increase the
capacities at high current densities. Ball milling is an effective
process to make dense composite in order to increase the loading of
active material in the electrode.
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