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Effects of Ball-milling on the Preparation of LiFePO, Cathode
Material for Lithium-ion Batteries
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Abstract: Olivine LiFePO,/C composite powders were synthesized by solid-state reaction with wet ball-milling
procedure. The powder properties and the electrochemical characteristics of the prepared samples were
investigated in comparison with those samples obtained by dry ball-milling. The crystal structure and the
electrochemical performance were characterized by XRD, SEM, laser particle-size distribution measurement and
electrochemical performance testing. The olivine LiFePO, obtained from wet ball-milling shows a maximum
discharge capacity of 134.9 mAh-g™ at the C/5 rate. The composite also displays a better rate capability, a higher
charge-discharge capacity and a more stable cycle-life than those samples from dry ball-milling. The improved
electrode performance of samples by wet ball-milling originates mainly from very fine particles of sub-micron size
and a homogeneous surface morphology. These powder characteristics increase the surface area of LiFePO,
particles and maximize the contact area with the conductor additives, resulting in enhanced electrochemical

performance.
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Lithium ion batteries are key components of mo- tery cathodes, LiCo0,, LiNiO,, and LiMn,0, have been
bile telephones and portable computers. Among the studied extensively!" . LiCoO, is now used in com-
known Li-intercalation materials for lithium ion bat- mercial lithium-ion batteries despite its high cost and
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toxicity. It is difficult to prepare LiNiO, material.
LiMn,O, has been a promising candidate because of
its low toxicity and low cost compared to LiCoO, and
LiNiO,, but its structure tends to change because of a
cooperative Jahn-Teller deformation, which reduces its
capacity irreversibly.

Recently, olivine-structured LiFePO, is gaining
interest as a candidate material for rechargeable lithi-
um-ion batteries from both an economic and environ-
mental point of view. It has an ordered olivine-type
(S.G.: Pnmb), in which Li, Fe and P atoms
occupy octahedral 4a, octahedral 4¢ and tetrahedral

structure

4c sites, respectively. The FeOg octahedra are sepa-
rated by PO, polyanions in LeFePO, triphylite, which
significantly reduces the kinetic performance. There-
fore it has a highly stable three dimensional frame-
work due to strong P-O covalent bonds in PO, po-
lyanion, which prohibits the liberation of oxygen Pl
These characteristics provide an excellent safety and a
stable operation of battery even under unusual condi-
tions'*?L

LiFePO, is generally synthesized by solid-state
reaction at a higher temperature (for example: 700 °C)
to enhance the diffusion process and obtain a well-or-
dered structure. Owing to this high temperature, there
are some disadvantages such as broader particle size
distribution, longer reaction time and undesirable im-
purities. To overcome these disadvantages, numerous
attempts!"”'¥ were made by milling start materials and
finished products such as blending start materials
uniformly and decreasing the size of the particles of
finished products. Mechanical milling, which can be
viewed as the action of transforming mechanical ener-
gy into chemical energy, stands as a simple and envi-
ronmentally friendly alternative to high temperature
synthesis or solution chemistry. It enables the room
temperature elaboration of metastable phases (either
crystallized or amorphous), which are unreachable via
classical routes, and provides a convenient means to
change the morphology of powders. However, some-
times the mixtures of start materials are not absolutely
uniform by the dry milling, thus resulting in undesir-

able impurities. Moreover, bulky aggregates or a partly

amorphous powder would be formed in the subsequent
dry milling process.

The wet milling (by adding a liquid as moderator
in the vial together with powders and milling balls)
decreases the intensity of the shocks, thus reducing
the degradation of fragile materials. In addition, the
presence of a liquid prevents from the sticking of the
particles and decreases the surface tension. The re-
sulting powder is completely different from that pre-
pared by dry milling in terms of the grain agglomera-

tions.

1 Experimental

The carbon-containing LiFePO, compounds were
prepared by solid-state reaction. The precursors of
Li,CO; (99.9% Aldrich), FeC,0,-2H,0 (98% Aldrich),
NH,H,PO, (99.5% Aldrich) and acetylene black (Mit-
subishi Chemicals), were mixed in a stoichiometric
ratio (molar rate of Li*:Fe?*:(H,P0,):C=1.02:1:1:0.5).
First, the precursors were ground for 12 h by wet ball-
milling in ethanol solution to ensure intimate and ho-
mogeneous mixing. The wet ball milled fine powders
of the precursor mixtures were dried at 80 °C. Then
the dried powders were subjected to calcination tem-
perature of 300 °C for 6 h at first and then to 700 °C
for 16 h (heating ramp: 5 “C+-min™) in a rotary furnace
with N, + 5%H, (V/V) atmosphere. The rotation rate
of the rotary furnace was 1 r-min”". Finally, the sam-
ples were reground for 8 h by wet ball-milling in
ethanol solution after they were cooled to room tem-
perature in the rotary furnace and the final product of
carbon-containing LiFePO, was obtained. The sample
synthesized by wet ball-milling was denoted as LFP1.

For comparison, sample was also synthesized by
dry ball-milling under the same synthesis parameters.
The sample synthesized by dry ball-milling was de-
noted as LFP2.

The structure and phases of the LiFePO, thin-film
samples were characterized by X-ray diffraction (RU-
200B/RINT, Rigaku, Rotaflex using monochromatic
Cu Ko« radiation A=0.154 18 nm, 35 kV, 25 mA, De-
tector: Scintllation Counter, step scanning: 0.02°). The

morphology of the thin-film samples was recorded by
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using a scanning electron microscopy (JSM-6330F,
high vacuum, 10 keV). The particle size distribution
(PSA). The
specific surface area of the powder particles was esti-

mated by the BET method (Gemini V-2380).

Thin film electrodes were manufactured for elec-

was investigated by particle size analysis

trochemical testing of the samples by casting on an a-
collector a N-methylpyrrolidone
(NMP) slurry of the LiFePO, active material (82wt.%)

mixed with a carbon black (Super P-Timcal) conduc-

luminum current

tive additive (10wt.%) and a polyvinylidene fluoride
(Kyner2801-Eif Atochem) binder (8wt.%). These film-
type LiFePO, electrodes were assembled in a nitrogen
filled glove box using MCMB anode as a counter
electrode. The electrolyte was 1 mol -L™ LiPFg in a
mixture of ethylene carbonate (EC) and diethyl car-
bonate (DMC) (1:1, V/V). The cells were charged and
discharged over a voltage range of 2.0~3.8 V.

Cyclic voltammetry (CV) measurements were
performed using a Voltalab systems with VM4 (Model
PGZ301) between 2.0 V and 4.2 V at a scan rate of
0.1 mV-s™. These tests were performed using a three-
electrode cell. The thin film electrodes of LiFePO,

were used as working electrodes. The counter and ref-

erence electrodes were lithium foil.

2 Results and discussion

2.1 XRD analysis

The XRD pattern (Fig.1a) of the sample LFP1
shows an absence of parasitic peaks, and all the
diffraction peaks can be indexed on the orthorhombic
structure with the space group Pnmb, in agreement
with a well crystalline single phase LiFePO, according
to the PDF2 (83-2092). The lattice parameters of well-
crystallized LiFePO, are ¢=0.6019 nm, 6=1.0347 nm
and ¢=0.470 4 nm, according to the PDF2. And there
is no evidence for carbon diffraction peaks, indicating
that the residual pyrolytic carbon in product is amor-
phous or the level of the carbon is below the detection
limit. For comparison, the XRD pattern (Fig.1b) of the
sample LFP2 shows parasitic peaks (marked by arrow
in Fig.1b) due to impurities which are considered to

be iron (I, 1) pyrophosphates or phosphates (per-

haps LisFe,(PO,); or LiFe(P,05)). The nonuniformity of
the mixture with dry ball-milling and high temperature
results in impurities. So the wet ball-milling is pre-
ferred. Though the wet milling decreases the intensity
of the shocks, the nicer fluidity of the mixture ensures

the uniformity of the mixtures.
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Fig.1 XRD patterns of the LiFePO, from (a) wet ball-

milling, (b) dry ball-milling

It should be noted that the peak width of the
LFP1 in the XRD patterns is greater than that of the
LFP2. For example, the (131) peak width of LFP1 is
obviously wider than that of LFP2, which means that
wet ball-milling causes a decrease in the crystalline
grain size of the samples. The grain size (D) based on
the (131) diffraction peak was estimated using the
Scherrer formula. The Dy; values estimated from the
(131) peak width are 73 nm for LFP1 and 85 nm for
LFP2. The grain size decreases with the wet ball-
milling.
2.2 Morphology

Fig.2 shows the scanning electron micrographs of
LFP1, LFP2 compounds from (a) wet ball-milling and
(b) dry ball-milling. The particles of the powders dis-
play nonuniformity. The particle size of the LFP1 is
about 0.5~2 pm (Fig.2a), whereas LFP2 particles con-
gregate together and grow up to larger particles ranged
from 0.5 to 4 pm (Fig.2b). Obviously, the particle size
of the synthesized powders is larger than its grain
size, implying that the particles are formed from the
agglomeration of several grains. Because repeated
ball-milling, upon increasing the mechanical energy,
will result in the cracks of the particles and the cre-

ation of new fresh surfaces. The successive fracture of
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the particles will lead to a size decrease, which is
therefore not unlimited since the increasing particles
surface energy can outweigh the mechanical constraint
energy, in which case the particles are going to form

aggregates”ﬂ.

Fig.2 SEM photos of the LiFePO, from (a) wet ball-
milling, (b) dry ball-milling

Fig.3 shows the particle size distribution mea-
sured by laser diffraction and scattering method. The
LFP1 powder consists of 0.5~2 wm particles, and the
average particle size, represented by the value at 50%
cumulative distribution (ds), is 1.14 pm. In contrast,
the population of larger particles (>3 pwm) for the dry
ball-milling treatment drastically increased, resulting
in larger ds, value (2.39 pwm), which is consistent with
the presence of agglomerates (>3 wm) in SEM obser-
vations. The specific surface area of the powder parti-
cles was measured by the low temperature Nitrogen
adsorption and desorption method. The BET specific
surface area of the LFP1 and LFP2 are 16, 11 cm?-g™

respectively. Obviously, the dry ball-milling and the
presence of agglomerated active particles decrease the

specific surface area.
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Fig.3 Particle size distribution measured by laser
diffraction and scattering method for LFP1,
LFP2 compounds from (a) wet ball-milling,

(b) dry ball-milling

2.3 Electrochemical properties

The CV profiles of LFP1 and LFP2 in the first
cycle are shown in Fig.4. The voltage range was from
2.0 to 4.2V, and the scan rate was 0.1 mV -s ™' at room
temperature. The CV curves show one pair of peaks at
about 3.6 V and 3.2 V, consisting of an oxidation
peak and a reduction peak, respectively, and corre-
sponding to the two-phase charge-discharge reaction
of the Fe**/Fe’* redox couple. Furthermore, the CV
curves of LFP2 sample (Fig.4b) show phase inhomo-
geneity at 2.8~2.9 voltage range and this result may
be caused by the redox potential of the Li;Fe,(PO,)5".
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Fig4 Cyclic voltammograms of the LiFePO, from (a) wet
ball-milling, (b) dry ball-milling
The variation of the first discharge capacity of
LFP1 and LFP2 with discharge rate is presented in
Fig.5. With the increasing in current density, the dis-
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charge voltage and the plateau voltage are rapidly re-
duced in both samples. The discharge capacity of
LFP1 and LFP2 respectively decreases from 134.9,
128.6 mAh-g™ at the C/5 rate to 129.4, 123.2 mAh-
g™ at the 1C rate.
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Fig.5 Charge-discharge curves at various rates for
LiFePO, from (a) wet ball-milling, (b) dry ball-
milling

The cycle performance of LiFePO, compounds by
various milling is given in Fig.6. The experiments
were performed in the range 2.0~3.8 V at 1C. For the
batteries with the LFP1 as cathode materials, the ca-
pacity remains 99.4% after 100 cycles, showing better
cycling stability. For the LFP2, the discharge capaci-
ties are decreased down to about the 10th cycle, and
then become stabilized. After 100 cycles, the capacity
remains 96.1% . According to Andersson’s theory!",
during the charge-discharge process, lithium-ions and
electrons have to move out through the newly formed
FePO, phase. When lithium re-insertion takes place
from the outside of the particle inwards, a new annu-
lar LiFePO, / FePO, interface moves quickly through
the particle, and approaches the unconverted LiFePO,
region at the center of the particle. This region does
not recombine with the inaction LiFePO,; instead, an
annular region of FePO, is left trapped around the
LiFePO, core, which results in a capacity loss. The
essential source of capacity loss of LFP2 is, thus, the
unconverted LiFePO, at the center of the larger parti-
cles, since it is not possible to extract all lithium-ions
and electrons efficiently. Whereas, the smaller particle
size of LFP1 can provide more surface area for lithi-
um-ion diffusion and avoid the formation of the inac-
tion LiFePO,. Thus the LFP1 exhibits relatively supe-

rior cycle stability.
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Fig.6  Cycle-life of LiFePO,/C composite from (a) wet
ball-milling, (b) dry ball-milling

3 Conclusions

The milling is an important procedure in the syn-
thesis process of LiFePO,. Owing to the presence of a
fluid, the wet ball-milling offers very fine particles in
sub-micron size range and a homogeneous surface
morphology of the LiFePO, composites. The smaller
particle size leads to a better electrode performance,
resulting in an increase of the reversible specific ca-
pacity and better capacity retention with cycling. The
discharge capacity of LiFePO, is 134.9 mAh-g™ at the
C/5 rate and 129.4 mAh-g™ at the 1C rate. After 100
cycles at a current 1C, the capacity remains 99.4%.
When dry ball-milling replaces wet ball-milling, the
discharge capacity of LiFePO, is 128.6 mAh-g™ at the
C/5 rate and 123.2 mAh-g™ at the 1C rate. After 100
cycles at a current 1C, the capacily only remains
96.1%. Consequently, the wet ball-milling technique
offers a promising synthetic process to control the
particle size of olivine-type LiFePO,/C composite

cathode materials for rechargeable lithium batteries.
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