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a b s t r a c t

Here we report the preparation of LiFePO4 cathode for lithium ion battery in the aqueous solvent with poly-
acrylic acid (PAA) as a binder. Its performances were studied by cyclic voltammetry (CV), charge–discharge
cycle test, electrochemical impedance spectroscopy (EIS), X-ray diffraction (XRD), and scanning electron
microscopy (SEM), and compared with the cathode prepared in N-methyl-2-pyrrolidone (NMP) solvent
eywords:
ithium ion battery
iFePO4 cathode
erformance
queous solvent

by using polyvinylidene fluoride (PVDF) as a binder. It is found that the cathode prepared in the aqueous
solvent shows better performances than that in NMP solvent, including the better reversibility, the smaller
resistances of solid electrolyte interphase and charge exchange, the less polarization, higher capacity and
cyclic stability for lithium ion intercalation in or de-intercalation from LiFePO4. The aqueous solvent is
also more environmental friendly and cheaper than NNP. In addition, PAA is less costly than PVDF. Conse-
quently, the preparation of LiFePO4 cathode in the aqueous solvent by using a PAA binder provides lithium

perf

i
(
o
w
b
p
a
L

t
a
a
A
m
a
b

olyacrylic acid ion battery with improved

. Introduction

One of the most important problems lithium ion battery faces
s safety, partly because unstable cathode materials such as LiCoO2
nd Li2MnO4 are used [1–3]. Due to its low cost, the high theoret-
cal capacity density (170 mAh g−1), the excellent reversibility and
hermal stability, LiFePO4 has been considered to be a promising
athode material for lithium ion battery [4–9]. However, the appli-
ation of LiFePO4 is always accompanied with the large cathodical
olarization, particularly in the case of high rate demands, which

s ascribed to the low electronic conductivity of LiFePO4 [10].
herefore, many efforts have been made to improve the electronic
onductivity of LiFePO4, including coating conductive carbon or
etals on LiFePO4 surface [11–15] or doping ions in the crystalline

attice of LiFePO4 [16–18]. However, no satisfactory results have
een reported. The reason may be that the cathodical polarization

s related to not only the electronic conductivity of the cathodical

aterial but also the charge transfer kinetics of the cathode as well

s lithium ion transportation in cathode.
The conventional method to prepare LiFePO4 cathode is similar

o that for LiCoO2 cathode, in which polyvinylidene fluoride (PVDF)

∗ Corresponding author at: School of Chemistry and Environment, South China
ormal University, Guangzhou 510006, China. Tel.: +86 20 39310256;

ax: +86 20 39310256.
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ormances at a less cost and in a more environmental friendly way.
© 2008 Elsevier B.V. All rights reserved.

s used as a binder in the organic solvent N-methyl-2-pyrrolidone
NMP). NMP was found to be effective for the dispersion of cath-
de materials. However, NMP is a volatile and combustible solvent,
hich creates severe pollution and safety problems in lithium ion

attery industry. In addition, PVDF is a good binder for cathode
reparations, but it is an electronic as well as ionic insulator. As
result, the application of PVDF will increase the resistance of

iFePO4 cathode. Finally, both NMP and PVDF are expensive.
Aiming to reduce the cathodical polarization as well as the pollu-

ion from NMP and the cost for the cathode preparation, we propose
new method for the preparation of LiFePO4 cathode, in which the
queous solvent and polyacrylic acid (PAA) binder are introduced.
queous solvent, or water, is far cheaper than NMP and environ-
ental friendly. PAA is cheaper than PVDF, and it has been used as

n additive in anode and cathode preparation [19–21] and found to
e beneficial to lithium ion battery.

. Experimental

The LiFePO4 electrode was prepared in aqueous solution as fol-
ows: Carbon-coated LiFePO4 (2 wt% carbon, STL energy Co., Ltd.,

ianjin, China) and PAA (average molecular weight: 1,000,000,
ako Pure Chemical Industries, Ltd.) were first mixed at a ratio

f 90:10 (by mass) in distilled water. The slurry was then coated on
n aluminum foil and dried under the vacuum at 80 ◦C for 12 h. The
iFePO4 electrode, prepared in NMP (Sinopharm Chemical Reagent

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liwsh@scnu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.10.040
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Fig. 1. Cyclic voltammograms of LiFePO4 electrodes in 1-M LiPF6/EC:DMC:EMC (vol-
u
u
b

C
a
w
u
a
e
0
L

w
l
t
c
b
w

l
r
s
e
t
t
t
w

F
i

p
B
L
(

t
(
T
(

3

3

p
t
i
r
b
c
S
a
peak potential, i.e., 0.19 V, than that in NMP, in which the peak
me ratio 1:1:1), scan rate: 0.1 mV s−1. (a) The electrode was prepared in NMP by
sing PVDF as a binder and (b) the electrode was prepared in the aqueous solvent
y using PAA as a binder.

o., Ltd.) under the same conditions by using the same LiFePO4
nd using PVDF (Kureha Co., Ltd.) as a binder and carbon black
ith a ration of 82:12:6 (by mass), was used for comparison. Before
se, the electrode prepared in aqueous solvent was dried for 12 h
t 100 ◦C under the vacuum to remove the residual water in the
lectrode. Both electrodes were cut into the shape with an area of
.785 cm2 for coin cell use and had a load of about 1.27 mg cm−2

iFePO4.
The electrochemical performances of the LiFePO4 electrodes

ere evaluated in a 2016 coin-type LiFePO4/Li cell, in which the
ithium electrode was used as the counter electrode as well as
he reference electrode. The electrolyte was 1 M LiPF6 in ethylene
arbonate (EC)–dimethyl carbonate (DMC)–ethyl and methyl car-
onate (EMC) with a volume ratio EC:DMC:EMC = 1:1:1. All the cells
ere assembled in an argon-filled glove box (MIKROUNA).

All electrochemical measurements were conducted on Auto-
ab (PGSTAT-30, Eco Echemie B.V. Company). The potential scan
ate in cyclic voltammetry was 0.1 mV s−1. The impedance mea-
urement was performed at the fully charged state of the LiFePO4
lectrodes. Prior to the impedance measurements, LiFePO4 elec-

rodes were cycled 3 times between 2.5 and 4.2 V and then held at
he open circuit potential for 30 min. The frequencies were from 105

o 10−2 Hz and the potential amplitude was 5 mV. The impedance
as analyzed with the software provided by Eco Echemie B.V. Com-
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Fig. 2. Electrochemical impedance spectra of the LiFePO4 electr
ig. 3. The equivalent circuit for the fitting of the experimental electrochemical
mpedance spectra of lithium ion intercalation or de-intercalation.

any. The charge–discharge cycle tests were performed using A
S-9300R type battery charger (Guangzhou Qingtian Industrial Co.,
td., China) at a current density of 0.2 mA g−1 between 2.5 and 4.2 V
vs. Li/Li+).

X-ray diffraction (XRD) was performed on an X-ray diffractome-
er (Rigaku D/MAX-RC, Japan) equipped with a Cu target X-ray tube
30 kV, 30 mA, step size = 0.02◦, scan rate: 12◦ min−1, 10◦ < 2� < 90◦).
he morphology of the electrodes was examined by an S-520 SEM
Hitachi) (Oxford, INCA), accelerative voltage 20 kV.

. Results and discussion

.1. Cyclic voltammogram

Fig. 1 presents the voltammograms of LiFePO4 electrodes pre-
ared in aqueous solvent as well as NMP. It can be seen from Fig. 1
hat both electrodes show the oxidation current peaks for lithium
on de-intercalation during the forward potential scanning and the
eduction current peaks for lithium ion intercalation during the
ackward potential scanning. However, the peak potentials, peak
urrents and the current change were different for both electrodes.
pecifically, the electrode prepared in aqueous solvent showed
smaller difference between the oxidation peak and reduction
otential difference is 0.53 V. However, the current before the peak
ppearing in the electrode prepared in aqueous solvent increases
ore quickly than that in NMP during the forward or backward

otential scanning, indicating that the electrode prepared in

ode prepared in NMP. (a) Nyquist plot and (b) Bode plot.
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prepared in the aqueous solvent. (a) Nyquist plot and (b) Bode plot.
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Fig. 4. Electrochemical impedance spectra of LiFePO4 electrode

queous solvent by using a PAA binder has the better reversibility,
hich can be ascribed to the lower resistances of solid electrolyte

nterphase (SEI) on LiFePO4 and charge transfer for lithium ion
ntercalation and de-intercalation than those of the electrode
repared in NMP and with a PVDF binder.

.2. Electrochemical impedance spectrum

Fig. 2 showed the experimental electrochemical impedance
pectra (the dot lines) of the fully charged LiFePO4 electrode pre-
ared in NMP. The Nyquist plot of Fig. 2 showed a large semicircle
rom the high to medium frequencies and a nearly straight line at
ow frequencies. It has been reported that the impedance spectra
f lithium ion intercalation as well as its de-intercalation in a cath-
de of lithium ion battery usually show three characteristic time
onstants, corresponding to the high, medium and low frequency
ange of impedance spectra, respectively, and can be fitted by an
quivalent circuit as shown in Fig. 3 [22,23]. They characterized the
ithium ion transport in the SEI, the charge transfer at the interface

etween SEI and LiFePO4, and the intercalation or de-intercalation
eaction of lithium ions in LiFePO4 electrode, respectively. The solid
ines in Fig. 2 represented the fitted results by the equivalent circuit
f Fig. 3. It can be seen that the experimental impedance data can
e well fitted by the equivalent circuit, indicating that the whole

ig. 5. Charge–discharge curves of LiFePO4 electrodes in 1-M LiPF6/EC:DMC:EMC
volume ratio = 1:1:1) in the first cycle. (a) The electrode was prepared in NMP with
VDF as a binder and (b) the electrode was prepared in the aqueous solvent with
AA as a binder.
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ig. 6. Cyclic stability of LiFePO4 electrodes in 1-M LiPF6/EC:DMC:EMC (volume
atio = 1:1:1). (a) The electrode was prepared in NMP with PVDF as a binder and (b)
he electrode was prepared in the aqueous solvent with PAA as a binder.

ynamic process of lithium ions follows the three-time constants
odel. Particularly, based on the fitting, the resistances of the SEI

nd the charge transfer of lithium ion intercalation/de-intercalation

or the electrode prepared in NMP were found to be 180.2 and
85.4 � cm2, respectively.

In Fig. 4, the electrochemical impedance spectra of both exper-
ments (dot lines) and model fittings (solid lines) were shown for
ull charged LiFePO4 electrode prepared in aqueous solvent. It can

ig. 7. XRD patterns of LiFePO4 electrodes. (a) The electrode was prepared in NMP
ith PVDF as a binder and (b) the electrode was prepared in the aqueous solvent
ith PAA as a binder.
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ig. 8. SEM images of LiFePO4 electrodes. (a) The electrode was prepared in NMP w
s a binder.

e seen that the experimental spectra can be well fitted with the
quivalent circuit in Fig. 3. The Bode plot of Fig. 4 shows the fre-
uency ranges for the three time constants, 10−2 to 0 Hz, 0 to 102 Hz
nd 102 to 105 Hz, respectively. It implied that the kinetic process
f lithium ion intercalation or de-intercalation may not be influ-
nced by the preparation solvent, i.e., H2O or NMP. However, the
alue of kinetic parameters changed with the solvent. Specifically,
ased on the model fitting, the resistances of both the SEI and the
harge transfer of lithium ion intercalation/de-intercalation for the
lectrode prepared in aqueous solvent were found to be 131.0 and
10.5 � cm2, respectively, which were significantly different from
hose in NMP.

It is interesting to note that, for the electrode prepared in aque-
us solvent, the resistances of both the SEI and the charge transfer of
ithium ion intercalation/de-intercalation were smaller than those
or the electrode prepared in NMP. It indicates that the electrode
repared in the aqueous solvent may have a less resistance SEI film
nd a faster charge transfer step than that prepared in NMP. How-
ver, because the solvents did not remain in the prepared electrode,
he observed difference between the electrodes prepared in aque-
us solvent and NMP may be ascribed to the binder, i.e. PAA and
VDF. Particularly, PAA may have some effects on the improvement
f the charge transfer step of lithium ion in the intercalation/de-
ntercalation in LiFePO4 electrode. These effects can be ascribed to
he carbonyl group in PAA, which is similar to those in the solvent

olecules, EC, DMC and EMC, and helps to set up a compatible
nterface between LiFePO4 and electrolyte.

.3. Charge–discharge performance

Fig. 5 showed the charge–discharge curves of the LiFePO4 elec-
rode prepared in both the aqueous solvent and NMP. It was clear
hat the electrode prepared in aqueous solvent showed better
harge and discharge performances than that prepared in NMP,
ncluding a lower charge plateau potential, a higher discharge
lateau potential, and a larger discharge capacity. Specifically, the
ischarge plateau potential is 3.37 V for the electrode prepared

n aqueous solvent, while it is only 3.27 V for that prepared in
MP. Similarly, the charge plateau potential is 3.48 V for the elec-

rode prepared in aqueous solvent, which is about 0.10 V lower
han 3.58 V for that prepared in NMP. At the same time, the dis-

harge capacity for the electrode prepared in aqueous solvent is
34.4 mAh g−1, higher than 125.6 mAh g−1 observed in the elec-
rode prepared in NMP. Moreover, as shown in Fig. 5, both charge
nd discharge curves of two electrodes are almost in parallel with
ach other. These results indicate that, for the electrode prepared

m
f
p
p
t

DF as a binder and (b) the electrode was prepared in the aqueous solvent with PAA

n aqueous solvent, the increase in the capacity may come from the
ecrease in the polarization.

In addition, the electrode prepared in the aqueous solvent has a
etter cyclic stability than the electrode prepared in NMP, as shown

n Fig. 6. Particularly, after 50 cycles, the capacity for the electrode
repared in aqueous solvent was 132.9 mAh g−1, about 98.8% of its

nitial capacity, whereas for the electrode prepared in NMP, the
apacity was 119.2 mAh g−1, only about 94.9% of its initial capacity.

.4. X-ray diffraction pattern

In Fig. 7, the XRD patterns for the electrode prepared in both
queous solvent and NMP were shown. Both electrodes showed
trong diffraction peaks at 38◦, 44◦ and 82◦, respectively. The peak
t 38◦ can be ascribed to LiFePO4 while the peaks at 44◦ and 82◦ can
e ascribed to the current collector Al. There were weak diffraction
eaks around 20.5◦ for the electrode prepared in NMP with PVDF
s the binder, which can be ascribed to PVDF. However, there were
o such diffraction peaks appearing in the electrode prepared in
queous solvent, indicating that there is difference between two
lectrodes.

.5. Surface morphology

The morphology of electrodes prepared in both aqueous sol-
ent and NMP has been examined by SEM. The results were shown
n Fig. 8. Before the SEM examination, both electrodes have been
harged and discharged for 3 cycles. As shown in Fig. 8, there were
racks appeared in the electrode prepared in NMP with PVDF as a
inder, but none have been found in the electrode prepared in the
queous solvent with PAA as a binder. It is clear that PAA helps to
orm more compact electrode than PVDF, which can improve the
yclic stability of the electrode.

. Conclusion

In this work, we report the preparation of LiFePO4 cathode for
ithium ion battery by using water as solvent and PAA as a binder,

hich is different from the conventional preparation method using
MP as the solvent and PVDF as a binder. The new preparation
ethod has many advantages, comparing with the conventional

ethod. The new method has a lower cost and more environmental

riendly. It can enhance the stability of LiFePO4 electrode, and in
articular, reduce the polarization thereafter improve the battery
erformances. The improvement in performance can be ascribed
o the binder PAA, which can reduce the resistances of the SEI and
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