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Abstract

Phospho-olivine LiFePO, cathode materials were prepared by hydrothermal reaction at 150 °C. Carbon black was added to enhance the electrical
conductivity of LiFePO,. LiFePO,-C powders (0, 3, 5 and 10 wt.%) were characterized by X-ray diffraction (XRD) and transmission electron
microscope (TEM). LiFePO4-C/solid polymer electrolyte (SPE)/Li cells were characterized electrochemically by charge/discharge experiments at
a constant current density of 0.1 mA cm~? in a range between 2.5 and 4.3 V vs. Li/Li*, cyclic voltammetry (CV) and ac impedance spectroscopy.
The results showed that initial discharge capacity of LiFePO, was 104 mAh g~!. The discharge capacity of LiFePO,-C/SPE/Li cell with 5 wt.%
carbon black was 128 mAh g™! at the first cycle and 127 mAh g~ after 30 cycles, respectively. It was demonstrated that cycling performance of
LiFePO,4-C/SPE/Li cells was better than that of LiFePO,/SPE/Li cells.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium polymer batteries are widely used in potential
power sources for portable electronic devices such as cellu-
lar telephones, lap-top computers and cameras. The successful
commercialization of Li-ion gel polymer batteries for portable
electronic devices has led to other applications where the size
and weight of batteries are important. A considerable investment
in this battery technology that utilizes LiCoO» cathodes has been
made [1-3]. However, low-cost cathode materials are required
for many applications such as in electrical vehicles (EVs) and
hybrid electric vehicles (HEVs) [4,5].

Recently, phosphates LIMPO4 (M = Co, Mn, Fe and Ni) cath-
ode materials, which provide high potentials and good reversible
capacities over 150 mAh g~! in practical uses [6]. Among this
series of materials, LiFePOy is a low-cost material and highly
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compatible to the environment. LiFePO4 has a highly stable
three-dimensional framework due to strong P—O covalent bonds
in (PO4)3~ polyanion, which prohibits the liberation of oxygen
[7-10]. These characteristics provide an excellent safety under
abuse conditions of the batteries. Phospho-olivine LiFePO4 have
been intensively investigated because of its high stability, low
cost, high compatibility with environment [11,12]. However, it
is difficult to attain its full capacity because its electronic con-
ductivity is very low, and diffusion of Li* ion in the olivine
structure is slow. The two ways of electronic conductive carbon
coating and particle size reduction have been used to improve
electronic conductivity of LiFePOy4 [13—16]. Various synthetic
methods such as solid-state reaction, sol-gel route, hydrothermal
reaction, co-precipitation method have been successfully used
for these strategies and the synthesis of single-phase LiFePO4
[17-20].

In this paper, phosphor-olivine LiFePO4 cathode material
was prepared by hydrothermal reaction. In order to enhance the
electrical conductivity of LiFePOy4, carbon black was added after
hydrothermal reaction. 25PVDF-LiCIO4EC9PC1g as polymer
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electrolyte which was reported previously by us was employed
[21]. The electrochemical properties of LiFePO4-C/solid poly-
mer electrolyte (SPE)/Li coin-type cells were evaluated by
cyclic voltammetry (CV), charge/discharge experiments and ac
impedance spectroscopy.

2. Experimental

LiFePO4 was prepared with the starting materials of
LiOH-H,O (Aldrich Co. 99.95%), FeSO4-7H;0 (Aldrich Co.
>99%), H3POy4 (Aldrich Co. >99.999%) and ascorbic acid
(Aldrich Co. >99%). After LIOH-H, O was dissolved in distilled
water to obtain 1 M solution, H3PO,4 and FeSO4-7H, 0O powders
were added to LiOH solution in a molar ratio for Li:Fe:P =3:1:1.
A Telflon obturation vessel (TAF-SR-50, TAIATSU TECHNO)
filled with the mixture was sealed in a stainless steel autoclave
and heated at 150 °C for 3 h. After being cooled to room tempera-
ture, the solution was filtered to separate the precipitate powders;
the powder was washed with ultra pure water. The obtained pow-
der was dried at 100 °C for 1 h under vacuum. In order to improve
low electronic conductivity of LiFePOy, carbon black (3, 5 and
10 wt.%) was added into the solution of N-methylpyrrolidone
(NMP) and LiFePQy, the mixture was ball-milled for 10 h. After
that, the mixture was dried at 90 °C for 12 h. The obtained pow-
ders were further dried at 400 °C for 1 h in nitrogen atmosphere.
After being cooled to room temperature, the mixture of NMP and
LiFePOy4-C was again ball-milled for 10 h. At last, the mixture
was dried at 90 °C for 12 h.

Crystalline phases were identified with X-ray diffraction
(XRD, Dmax/1200, Rigaku). XRD patterns were col-
lected by a step-scanning mode in the range of 10-80°
with a step time of 5°min~'. Powder morphologies were
observed by transmission electron microscope (TEM, JEOL
JFE-2000 FXII).

Cathodes were made from mixtures of LiFePO4-C pow-
ders, carbon black (SP270) and polyvinylidene fluoride (PVDF)
binder dissolved in NMP in a weight ratio of 70:25:5. The
obtained slurry was ball-milled for 1 h, and coated onto an Al-
foil. The resulting electrode films were pressed with a twin
roller, cut into a round plate (@ =15.958 mm) and dried at
110°C for 24 h under vacuum. 25PVDEF-LiCIO4ECoPC; as
SPE was prepared by mixing of LiClO4, propylene carbonate
and ethylene carbonate in a mole ratio of 1:10:10, and finally
polyvinylidenefluoride-hexafluoro propylene (Kynar 2801) was
added.

LiFePO4/SPE/Li and LiFePO4-C/SPE/Li coin-type cells
(CR2032) were assembled with lithium metal as anode and
25PVDF-LiCIO4ECoPCjg as SPE in an argon-filled glove box.
CV testing was performed using WBCS3000 (WonATech Co.)
battery tester system in a potential range of 2.3-4.5V at a
scanning rate of 0.1mVs~!. The test batteries were cycled
galvanostatically in a potential range of 2.5-4.3V using a
WBCS3000 (WonATech Co.) battery tester system at a constant
current density of 0.1 mA cm™2.

Electrochemical impedance measurements were performed
using an IM6 impedance system (Zahner Elektrik Company).
The spectrum was potentiostatically measured by applying an
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Fig. 1. XRD patterns for LiFePO4-C powders with different carbon black con-
tents (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% and (d) 10 wt.%.

ac voltage of 10mV over the frequency range from 2 MHz to
10 mHz.

3. Results and discussion
3.1. XRD analysis of LiFePO4-C powders

XRD patterns of LiFePO4-C powders with different carbon
black contents (0, 3, 5 and 10 wt.%) are shown in Fig. 1. All
the patterns can be indexed to a single-phase material having an
orthorhombic olivine-type structure (space group Pmnb), which
are the same as the standard value (JCPDS card number: 40-
1499). Impurity Fe;O3 is found only in LiFePO4-C powders
with 3wt.% carbon black. Furthermore, the increasing peak
intensity of LiFePO4-C with 5wt.% carbon black shows that
particles with higher crystallinity are obtained. Also, the rela-
tive peak intensities change slightly with increasing carbon black
content; therefore, there is apparently little change in morphol-
ogy with increasing carbon black content. Lattice parameters
of LiFePO4-C powders with different carbon black contents (0,
3,5 and 10 wt.%) are shown in Table 1. On increasing the car-
bon black content, the lattice parameters ‘b’ and ‘c’ are slightly
decreased while the lattice parameter ‘a’ is slightly increased.

Table 1
Lattice parameters of LiFePO4-C powders (space group: Pmnb) with different
carbon black contents

Carbon black content

0wt. % 3wt.% Swt.% 10 wt.%
Cell constants
aA) 5.9854 5.9944 6.0160 6.0015
b(A) 10.4006 10.3104 10.4006 10.3404
c(A) 4.7103 4.7053 4.7103 47024
vV (A%) 293.22 290.81 294.72 291.82




Fig. 2. TEM images of LiFePO4-C powders with different carbon black contents (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% and (d) 10 wt.%.
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Fig. 3. Particle size distribution of LiFePO4-C powders with different carbon black contents (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% and (d) 10 wt.%.
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Fig.4. Cyclic voltammograms of LiFePO4-C/SPE/Li cells with different carbon
black contents (a) 0 wt.% and (b) 5 wt.% at a scan rate of 0.1 mV s~ .

It is demonstrated that the added carbon black does not change
crystal structure of LiFePOy.

3.2. TEM analysis of LiFePO4-C powders

TEM images of LiFePO4-C powders with different carbon
black contents (0, 3, 5 and 10 wt.%) are shown in Fig. 2. As can
be seen from Fig. 2, the particle size of LiFePO4-C with 0, 3,
5 and 10 wt.% ranges from 200 to 300, 150 to 250, 100 to 200
and 100 to 200 nm, respectively. It is obvious that the particle
size of LiFePO4-C (3, 5 and 10 wt.%) powders is smaller than
that of LiFePO4 powders. The particles become more uniform
and round in shape with increasing carbon black content. This
demonstrates that carbon black in the mixture retards the parti-
cle growth during calcination. LiFePOy4-C particles agglomerate
and form the secondary particles. The smaller particles, which
shorten the lithium ions diffusion distances between the surfaces
and center during lithium intercalation and de-intercalation, are
expected to contribute to the enhanced electrochemical perfor-
mance of carbon-coated LiFePOy.

140
COT0V00T000000V00000000-000000

— 120
2 .‘.""""'mlm"“im“m
= O
Eﬂm “A‘?'g‘-n\e“:‘a-aAaA‘AA.A.A;AAAA.A
— 0'0004.
= &
S 80 COO0 G000
©
[=1
3
o 60
o
3 —o— (a)
g 4} — (b)
a —o— (c)

) —% (@)

i ) ‘ . : ‘

0 5 10 15 20 25 30

Cycle Number

Fig. 5. Cycling performance of LiFePO4-C/SPE/Li cells with different carbon
black contents (a) 0 wt.%, (b) 3 wt.%, (c) 5 wt.% and (d) 10 wt.% at a constant
current density of 0.1 mA cm~2 (cycled between 2.5 and 4.3 V).
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Fig. 6. Impedance spectra of LiFePO4-C/SPE/Li cells with different carbon
black contents (a) Owt.% and (b) Swt.% at a constant current density of
0.1 mA cm~2 upon cycling.
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3.3. Particle size distribution of LiFePO4-C powders

Particle size distribution of LiFePO4-C powders with differ-
ent carbon black contents (0, 3, 5 and 10 wt.%) is shown in
Fig. 3. As shown from Fig. 3, approximately 72% of LiFePO4
is within 200-300 nm range, approximately 94% of LiFePO4-C
with 3 wt.% carbon black is within 150-250 nm range, approx-
imately 62% of LiFePO4-C with 5 wt.% carbon black is within
100-150nm range, approximately 50% of LiFePO4-C with
10 wt.% carbon black is within 100-150 nm range. It is obvious
that the particle size of LiFePO4-C with 5 wt.% carbon black is
the smallest.

3.4. Cyclic voltammetry of LiFePO4-C/SPE/Li batteries

Fig. 4 shows cyclic voltammograms of LiFePO4-C/SPE/Li
cells with different carbon black contents (0 and 5 wt.%). As
shown from Fig. 4a, the oxidation and reduction peak posi-
tions for LiFePO4/SPE/Li cell appear at 3.79 and 3.01V vs.
Li/Li*, respectively; the voltage difference between the oxida-
tion and reduction potential is 0.78 V, and the oxidation and
reduction peak positions remove to high potential and low
potential upon cycling, respectively. As shown in Fig. 4b, the
oxidation and reduction peak positions for LiFePO4-C/SPE/Li
cell with 5wt.% carbon black appear at 3.59 and 3.29V vs.
Li/Li*, respectively. The voltage difference between oxidation
and reduction potential is 0.30 V, and the oxidation and reduc-
tion peak positions hardly remove to high potential or low
potential, which demonstrates that the electrochemical reac-
tion reversibility of LiFePO4-C/SPE/Li cell with 5 wt.% carbon
black is fairly excellent. This indicates that Fe>*/Fe3* redox pairs
contribute to the gain and loss of electron in LiFePO4-C (5 wt.%)
crystal structures during the lithium insertion/extraction
process.

3.5. Cycling performance of LiFePO4-C/SPE/Li cells

Cycling performance of LiFePO4-C/SPE/Li cells with dif-
ferent carbon black contents (0, 3, 5 and 10 wt.%) is shown in
Fig. 5. The batteries were cycled between 2.5 and 4.3V at a
current density of 0.1 mA cm~2. As can be seen from Fig. 5,
the discharge capacity of LiFePO4/SPE/Li cell is 104 mAh g~!
at the first cycle and 86mAhg~! after 30 cycles, respec-
tively. The initial discharge capacity of LiFePO4-C/SPE/Li
cell with 3, 5 and 10wt.% carbon black is 100, 128 and
114 mAh g~!, respectively. After 30 cycles, the discharge capac-
ity of LiFePO4-C with 3, 5 and 10wt.% carbon black is
99, 127 and 110mAhg~!, respectively. It is demonstrated
that cycling performance of LiFePO4-C/SPE/Li cells is better
than that of LiFePO4/SPE/Li cell and the discharge capac-
ity of LiFePO4-C is the largest when carbon black content is
Swt.%.

3.6. Impedance spectra of LiFePO4-C/SPE/Li cells

Impedance spectra of LiFePO4-C/SPE/Li cells with differ-
ent carbon black contents (0 and 5 wt.%) at a constant current

density of 0.1 mA cm~2 upon cycling are shown in Fig. 6. The
batteries were cycled between 2.5 and 4.3 V. It is noted that the
ac impedance response of the cell forms a broad semi-circle
and a line to the real axis in the lowest frequency range. The
inclined line in the lower frequency is attributed to the War-
bug impedance, which is associated with lithium ion diffusion
in LiFePO4. As can be seen from Fig. 6a, the resistance of
LiFePO4/SPE/Li cell is 150 2 at the first cycle, 210 Q after 5
cycles, 300 Q2 after 10 cycles, respectively. It is obvious that the
resistance of LiFePO4/SPE/Li cell increases upon cycling. As
can be seen from Fig. 6b, the resistance of LiFePO4-C/SPE/Li
cell with 5 wt.% carbon black is 75 €2 at the first cycle, 76 Q2
after 5 cycles, 76 Q2 after 10 cycles, respectively. It is noted
that the resistance of LiFePO4-C/SPE/Li cell with 5 wt.% car-
bon black hardly changes upon cycling. Therefore, as can be
seen from Fig. 5, cycling performance of LiFePO4-C/SPE/Li
cell with 5wt.% carbon is better than that of LiFePO4/SPE/Li
cell.

4. Conclusions

Phospho-olivine LiFePO4 cathode materials were success-
fully prepared by hydrothermal reaction. Carbon black was
added to enhance the electrical conductivity of LiFePOg,
Lithium polymer cells with LiFePO4-C (0, 3, 5 and 10 wt.%) as
cathode materials and 25PVDF-LiCIO4ECoPC; as SPE were
evaluated. The charge/discharge results showed that initial dis-
charge capacity of LiFePO4 was 104 mAh g~!. The discharge
capacity of LiFePO4-C/SPE/Li cell with 5 wt.% carbon black
was 128 mAhg~! at the first cycle and 127 mAhg~! after 30
cycles, respectively. It was demonstrated that cycling perfor-
mance of LiFePOy4-C (3, 5 and 10 wt.%)/SPE/Li cells was better
than that of LiFePO4/SPE/Li cells.
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