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a b s t r a c t

In this work, polyethyleneglycole (PEG) is introduced into polypyrrole (PPy) film coated on LiFePO4 pow-
der particles to promote the properties of cathode material for lithium-ion batteries. The enhancement
of the electrochemical activity by the substitution of a carbon with electrochemically active poly-
mer is investigated. Films of the PPy doped with the PEG were prepared by the chemical oxidative
polymerization of pyrrole (Py) monomer. PEG has been added as an additive during polymeriza-
tion process to improve mechanical and structural properties of the PPy in final PPy/PEG–LiFePO4

cathode material. Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvano-
static charge/discharge measurements were employed to characterize the electrochemical properties
of PPy/PEG–LiFePO4 material. The electrochemical performance of PPy–LiFePO4 electrodes was greatly
improved by introduction of PEG into the PPy films. Charge/discharge measurements confirmed the
OF-SIMS
i-ion batteries
athode material

increase in capacity when applying PEG in PPy. The morphology and particle sizes of the prepared cath-
ode powder material were investigated by scanning electron microscopy (SEM) and particle size analysis
(PSA). Distribution of PPy and PPy/PEG films onto the LiFePO4 particles surface was studied by time of
flight secondary ion mass spectrometry (TOF-SIMS). In addition to polymeric coating layer on the surface
of PPy–LiFePO4 composite particles, some PPy unequally distributed between the particles was found.
The median diameter value is 4.92 �m for PPy–LiFePO4 sample. TOF-SIMS measurements and SEM images

of po
confirmed that thickness

. Introduction

Olivine LiFePO4 has received much attention recently as a
romising storage compound for cathodes in Li-ion batteries. It
as an energy density similar to that of LiCoO2, the current indus-
ry standard for cathode materials in Li-ion batteries, but with a
ower row material cost and an increased level of safety. This com-
ound has a theoretical capacity of 170 mAh g−1 and a constant
pen-circuit voltage of 3.4 V vs. Li/Li+ that is matched to polymer
lectrolytes [1]. Due to these properties, this material has become
n important candidate for cathodes of low-power, rechargeable
ithium batteries [2]. Only one limitation of LiFePO4 is low intrinsic
lectronic conductivity which limits its application in commercial

ystems. Bare LiFePO4 is an insulator with electrical conductivity
f about ∼10−11 S cm−1. One of the possibilities how to increase
lectrical conductivity of LiFePO4 is coating with conducting poly-
ers [3,4]. It was reported, that LiFePO4-carbon composites show

∗ Corresponding author. Tel.: +421 55 2342327; fax: +421 55 6222124.
E-mail address: fedorkova@fns.uniba.sk (A. Fedorková).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.01.003
lypyrrole coating on LiFePO4 particles is about 100 nm.
© 2010 Elsevier B.V. All rights reserved.

higher discharge capacity than pure LiFePO4 and an excellent rate
property [5]. The particle size also greatly influences the capacity
and rate performance of LiFePO4 due to the short diffusion length
of lithium ions [6,7], but too small particles will reduce the tap
density and energy density [8]. Therefore, appropriate particle size
with good electronic conductivity is important for LiFePO4 mate-
rial to reach the best electrochemical properties [5]. The various
methods employed involved reaction with carbon [9–11], reaction
with sugar [8], and using metal nanoparticles in a sol–gel reac-
tion [12]. A problem with using these conductive additives is that
it necessitates many extra steps in the electrode production pro-
cess, increasing amount of time and cost involved in the electrode
preparation.

Polypyrrole (PPy) is one of the conducting polymers which
can be used in Li-ion batteries in combination with LiFePO4 as a
base. PPy, for instance, can act as a host material for Li+-ion inser-

tion/extraction in the voltage range of 2.0–4.5 V vs. Li/Li+, with
a theoretical capacity of 72 mAh g−1. Therefore, PPy is a possible
additive which can be used both as a conductive agent as well as
a polymeric cathode material [13]. Films of PPy were prepared by
simple chemical oxidative polymerization of pyrrole (Py) monomer

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fedorkova@fns.uniba.sk
dx.doi.org/10.1016/j.jpowsour.2010.01.003
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temperature. The pair of anodic and cathodic peaks was observed
between 3.3 and 3.5 V vs. Li/Li+. This is the expected potential range
for the reaction:

Li+ + e− + FePO4→ LiFePO4 (3)
908 A. Fedorková et al. / Journal of P

irectly on the surface of LiFePO4 particles. It was also reported that
he addition of polyethylene glycol (PEG) during Py polymerisa-
ion leads to enhanced electronic conductivities [14]. Blending with
nsulating polymer PEG is an attractive route to improve mechani-
al properties of PPy without loosing electronic conductivity of the
esulting composite polymer [15].

It was found [16] that insertion and extraction of anions to elec-
rolyte solution is accompanying the electrochemical activity of
Py:

py+ xA−oxidation←→
reduction

[(Ppy)x+(A−)x]+ xe− (1)

here A− is a dopant anion to compensate positive charges gen-
rated during the oxidation process and x is the doping level.
owever, the insertion of cations into the film, during the cathodic
rocess has been described as:

Ppy(A−)x(C+)x

] oxidation←→
reduction

[(Ppy)x+(A−)x]+ xC+ + xe− (2)

It is interesting to know that at lower PEG concentration the
ain process of charge transfer would be associated with the

nionic exchange, according to Eq. (1), although PEG is a cationic
onductor. Insertion of cations into the PPy film is a secondary
tep in charge-transfer process. However, when the PEG concentra-
ion increases, a large amount of PEG is incorporated into the PPy
nd a more compact structure is attained, which hinders the ejec-
ion of anions and the process associated with the Eq. (1) becomes
avoured.

A detailed study on the influence of the PEG introduction into
Py film synthesised on LiFePO4 powder particles on the elec-
rochemical behaviour, surface morphology and polymeric film
istribution is presented in this work, in order to optimise its per-
ormance in Li-ion batteries.

. Experimental

.1. Preparation of PPy/PEG coated particles

1 g of pyrrole monomer (Aldrich Chemicals Co.) and 1 g
f commercial battery-grade, carbon coated (C-coated) LiFePO4
Südchemie) were placed in a 100 ml round-bottom flask. The (C-
oated) LiFePO4 powder was used for all samples as base material
n this study. Additional 1.42 g of FeCl3 (99.9% Aldrich), used as oxi-
ation agent, was dispersed in an aqueous solution of 0.1 mol l−1

Cl (50 ml) and added to the flask with LiFePO4 powder. Than the
EG was added in weight ratio PPy:PEG = 33:1. The pyrrole poly-
erization reaction was allowed to proceed for 6 h. The mixture
as kept at∼4 ◦C and stirred vigorously. A black precipitate formed
rogressively during the reaction. The resulting PPy-coated LiFePO4
owder was isolated by filtration, washed with water and acetone
nd subsequently dried in an oven (∼70 ◦C) up to a constant weight.

.2. Preparation of samples for TOF-SIMS

A slurry was made by mixing the PPy–LiFePO4
PPy/PEG–LiFePO4 or pure PPy/PEG) as the active material
ith poly(vinylidene fluoride) (PVDF). PVDF was dissolved in

-methyl-2-pyrrolidone (NMP). A weight ratio of active material
nd PVDF was 90:10. The slurry was then coated onto aluminum
oil as current collector using the doctor-blade technique and
ubsequently dried in a vacuum oven at 80 ◦C for 18 h (NMP was
han evaporated). Circular samples with 12 mm diameter were cut
ut of the coated foil, with an area about 1.13 cm2 and total mass
f 1.5–2 mg on a substrate of Al foil.
Sources 195 (2010) 3907–3912

2.3. Methods

Properties of cathode materials were analyzed by time of flight
secondary ion mass spectrometry (TOF-SIMS). TOF-SIMS experi-
ments were performed with a TOF-SIMS IV equivalent instrument
built at the University of Münster which used a 25 keV Bi3+ primary
ion-gun (ION-TOF GmbH). The primary ion beam was rastered on
10 �m×10 �m areas with a current of 0.12 pA. The removal rate
was about 10 nm s−1.

For electrochemical measurements we used samples prepared
by the same procedure as for TOF-SIMS measurements. These elec-
trodes were assembled (in Swagelok T-cell) with Li counter and
reference electrodes, with a layer of separator (fiber glass separa-
tor Wattman GF/D) to make the test cells. The cells were assembled
in an argon filled glove box (Mbraun, Unilab, Germany). 1 mol l−1

LiPF6 in ethylene carbonate/ethylmethyl carbonate (EC/EMC) 1:1
by volume was the electrolyte used in the experiments.

Cyclic voltammetry (CV) measurements were performed using
EG & G scanning potentiostat (Mod. 273). Voltage range was
2.8–4.2 V and scanning rate was 0.05 mV s−1. DC potential was
3.83 V.

AC impedance measurements were carried out in the frequency
range 105 to 0.1 Hz with amplitudes of ±10 mV.

Constant current charge/discharge experiments were per-
formed in a three-electrode cell between 2.5 and 4.5 V vs. Li+/Li at
room temperature. The charge/discharge rate used for our experi-
ments was C/5.

Scanning electron microscope Quanta 200 ESEM FEG was used
to study the morphology of samples.

Cilas 1064 particle size analyser was used to determine size of
the LiFePO4 particles with and without polymer coating.

3. Results and discussion

The influence of PPy and PPy/PEG coating film on electrochem-
ical properties of the LiFePO4 based electrodes was investigated
by cyclic voltammetry and electrochemical impedance spec-
troscopy. Fig. 1 shows the cyclic voltammograms of electrodes
from PPy–LiFePO4 and from PPy/PEG–LiFePO4 measured at room
Fig. 1. Cyclic voltammograms (3rd cycle) of PPy–LiFePO4 and PPy/PEG–LiFePO4

electrodes measured at room temperature and 50 �V s−1.



ower Sources 195 (2010) 3907–3912 3909

i
s

p
C
r
b
g
n
p
t
c
s
t
o

P
F
t
r
s
t
a
r
a
(
a
o
l
i
i
i
p
c
h
a
p
d
t
b
i

w
n

F
t

A. Fedorková et al. / Journal of P

The voltammograms indicated that only a single electrochem-
cal reaction occurred during the charge and discharge of our
amples.

It can be clearly seen that the PPy/PEG–LiFePO4 electrode sam-
le is more active as compared to the untreated PPy–LiFePO4.
athodic peak is somewhat smaller than the peak of the anodic
eaction. This may be due to irreversible reaction products formed
y going up a maximum cathodic potential of 4.2 V vs. Li/Li+ which
ives rise to a gradual lowering of peak height with increasing
umber of cycles. CV profiles reflect not just the electrochemical
roperties of the active material but also those of the entire elec-
rode. Note that the reaction is a phase change (FePO4→ LiFePO4)
oupled with in-diffusion of Li. Therefore, it is coupled to diffu-
ion inside the solid. It is not a single electrode reaction limited
o the electrode surface. There will be superposition of transport
vervoltage.

AC impedance measurements were performed with the
Py–LiFePO4 and with the PPy/PEG–LiFePO4 composite electrodes.
ig. 2 shows typical Nyquist plots for our samples. Impedance on
he Z′ at high frequency region represents the ohmic resistance—the
esistance of the electrolyte and electrode. Impedance of the
emicircle represents the migration of the Li+ ions at the elec-
rode/electrolyte interface through the SEI layer (high frequency)
nd charge-transfer process (middle frequency). It may be rep-
esented by a parallel circuit of the transfer resistance and

distributed capacitance of the electrolyte/electrode interface
expressible in the form of a constant phase element with a phase
ngle smaller than �/2). Diffusion of the lithium ions into the bulk
f the electrode material represented by Warburg element (straight
ine) is typical for porous electrodes [17]. The low-frequency region
s characterized by a step increase of both the real and the imag-
nary part of the impedance. This is typical for a rate limiting
ncorporation/extraction of lithium into or out of the electrode
articles. Its limiting high frequency dependence is expected as
onstant phase element with phase angle �/4. But in our case, the
ybrid electrode has a three-dimensional structure consisting of
n electrode/electrolyte network with distributed fast and slow
aths for ion and electron transport. The CPE is commonly used to
escribe the depressed semicircle that results from a porous elec-
rode. The PPy/PEG coating increased the electrical conductivity
etween LiFePO4 particles and it promotes charge-transfer reaction
n electrodes.
Fig. 3 shows the discharge capacity of LiFePO4 in combination

ith different polymer compound. Specific discharge capacities vs.
umber of cycles at a C/5 rate within the voltage range 2.5–4.5 V

ig. 2. AC impedance spectra of (a) PPy/PEG–LiFePO4 and (b) PPy–LiFePO4 elec-
rodes. Frequency range 105 to 0.1 Hz.
Fig. 3. Discharge capacity vs. cycle number for LiFePO4, PPy–LiFePO4 and
PPy/PEG–LiFePO4 samples taken at a rate of C/5.

for LiFePO4, PPy–LiFePO4 and PPy/PEG–LiFePO4 samples are rep-
resented. With increasing cycle number, the capacity increased
during the first few cycles and then reached a stable value, which
indicates excellent stability. Bare LiFePO4 in comparison with
LiFePO4 composites shows lower stability during cycling. This
behaviour can be explained by the existence of polymeric coat-
ing which enhances the electronic conductivity of bare LiFePO4
and provides inter-grain connectivity to the hybrid electrode. In
the case of LiFePO4 discharge capacity was 138 mAh g−1 at C/5
rate. The PPy–LiFePO4 sample gave a capacity of 146 mAh g−1 and
PPy/PEG–LiFePO4 148 mAh g−1. All samples showed a good cycling
stability and the specific capacities remain nearly unchanged
within 50 cycles. From Fig. 3, it is evident that PPy/PEG–LiFePO4
provides best cycling performance and capacity.

Fig. 4a shows the scanning electron microscopy (SEM) image
of the typical LiFePO4 particles. The powder consisted of small
particles about 500 nm to 1 �m, some particles formed agglom-
erates of 1.5–2 �m. Only material with an adequate particle size
(not very big, not very small) is useful to produce a power-
ful LiFePO4-cathode based battery system. The LiFePO4 particles
coated with the PPy are shown in Fig. 4b. It is clearly seen
that the particles are covered with the layer of polypyrrole. It
seems that PPy–LiFePO4 composite has a PPy–coating layer on
the surface of particles and some PPy is unequally distributed
between the particles. The layer of PPy/PEG composite polymer
is distributed likewise as the layer of pure polypyrrole. The influ-
ence of the PEG additive is mainly detectable by the improved
electrochemical kinetics of the cathode material. No difference
in surface structure was observed for PPy/PEG–LiFePO4 sam-
ples.

The small particles and loosely coupled agglomerates facilitated
the penetration of the electrolyte and reduced the lithium diffusion
length within the particles. This is helpful to enhance the electro-
chemical properties of Li/LiFePO4 batteries.

Because the polymerization of pyrrole takes place in solution,
clusters of pure PPy are formed between particles during reac-
tion. The amount and distribution of the PPy clusters could not be
identified from the SEM images. Accordingly we examined the par-
ticle size range for these samples more closely. The particle size
distribution is shown in Fig. 5. It may be seen that while pure

LiFePO4 particles (Fig. 5a) show a very narrow distribution (aver-
age distribution 1.64 �m), the range of particle size for PPy–LiFePO4
(Fig. 5b) is quite different. For the PPy–LiFePO4 particles (Fig. 5b)
three granulometric fractions can be distinguished: 0.1–0.8, 0.8–8
and 8–20 �m. Smallest size fraction comprises the PPy particles
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ormed during the chemical polymerization of Py in the bulk, not
n the surface of LiFePO4 particles. A medium granulometric class is
ormed by the uncoated and PPy coated LiFePO4 particles as well by
lusters of these particles. The largest fraction consists of aggregates
f PPy, LiFePO4 and PPy–LiFePO4 particles. The median diameter
alue is 4.92 �m for PPy–LiFePO4 sample.

Since the PPy can act as a cathode material the capacity of
oated LiFePO4 is higher even if the particle size was increased.
article size distribution only confirmed formation of PPy on the
article surface and also between the particles. By coating the
onductive polypyrrole on the surface of the LiFePO4 particles,
he electrical conductivity can be significantly improved, which
acilitates the charge-transfer reaction. The electrodes with bet-
er electrical conductivity should have better capacity. Of course,
big increase in PPy content in the composite would reduce the

pecific capacity of the composite electrode (capacity of LiFePO4 is
70 mAh g−1 and PPy is 72 mAh g−1). Therefore, the specific capac-
ty of PPy–LiFePO4 composite electrodes is compromised by the PPy
ontent.

The TOF-SIMS analysis confirms that the ionic residues of PPy
ere present around the LiFePO4 particle or around the aglomer-

te of few of these particles. These fragments, namely: 39, 41, 128

ig. 4. The SEM image of (a) pure LiFePO4 and (b) LiFePO4 particles covered with
Py.
Fig. 5. Particle size distribution of (a) pure LiFePO4 and (b) PPy–LiFePO4 particles.

and 144 corresponding to the [C3H3], [CH3CN], [2CH3(CH2)3NH]
(e.g. [2PPy + 4H]) and [CH3(CH2)3N(CH2)3CH3], respectively, are
descended from PPy film. These fragments were obtained also
by the thermal decomposition analysis of the pure PPy. The
TOF-SIMS image of the LiFePO4 particles mixed with the PPy
showed good coverage of the LiFePO4 particles with the PPy layer
(Fig. 6).

The ion with m/z = 56 belonging to [Fe]+ originated from the
LiFePO4 particles. Its distribution over the scanned area in TOF-
SIMS maps has clearly the same shape as the fragments originated
from the PPy (Fig. 6). The SEM pictures together with the SIMS
images of LiFePO4 particles coated with the PPy layer confirms
the uniformly and homogenously distributed polymeric film onto
the surface of particles. The PPy/PEG–LiFePO4 particles represent a
more active cathode material than bare LiFePO4 particles. To ensure
a good reproducibility of the measurements and define the prop-
erties of prepared composite cathodic material it was necessary to
know the thickness of polymeric layer. The SEM picture suggests
that the darker thin layer around the lighter LiFePO4 particles rises
from the PPy coating layer. In this case the layer thickness is about
the 100 nm.

This was also confirmed by the TOF-SIMS depth profile (Fig. 7)
of the coated particle. Notice the decreasing intensity of the PPy

+
fragments except the Fe ion the intensity of which is rising with
the measured depth. The Fe+ ion intensity curve is crossing the
NH4

+ (resulting from the PPy) intensity curve at about 10 s. The
approximate average rate of sputtering beam for sample studied
was about 10 nm s−1, which corresponds with the thickness of PPy
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Fig. 6. TOF-SIMS image showing the distribution of the positive, nitrogen containing fragments with PPy origin coated on Al foil.
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Fig. 7. Depth profile of

irca 100 nm. It should be noted, that the exact value of sputtering
eam rate can not be determined, because it changes for different
ubstrate. Moreover, the TOF-SIMS depth profile exhibits the high
ntensity and flat profile of the Li+ ion with the increasing depth
Fig. 7). This behavior confirms that the Li+ cation penetrates from
he LiFePO4 to the PPy layer whereby it facilitates the Li+ transfer
nto the PPy/PEG–LiFePO4 particles. Hence, PPy/PEG–LiFePO4 is a
nique and promising hybrid cathode material for rechargeable Li-

on batteries.

. Conclusions

The PPy/PEG–LiFePO4 samples were synthesized by simple
hemical oxidative polymerization. The PPy coating improves
he conductivity of LiFePO4 and increases the specific sur-

ace area of electrodes. PPy/PEG coating allows easier access
f ions and electrons to deeper lying of LiFePO4 structure. AC
mpedance and cyclic voltammetry measurements confirmed that
Py/PEG composite polymer improved electrochemical activity and
harge-transfer reaction of PPy/PEG–LiFePO4 cathodes. The initial
EG–LiFePO4 material.

discharge capacity of pure LiFePO4 was about 138 mAh g−1 whereas
for PPy/PEG–LiFePO4 it was 148 mAh g−1. The improved battery
performance and cycleability of materials in this study resulted
from homogeneous distribution of PPy or PPy/PEG layers. Particle
size analysis showed that the PPy–LiFePO4 particles belonging to
three different granulometric classes: (i) single PPy, (ii) uncoated
and coated PPy–LiFePO4 particles and (iii) aggregates formed by
all these components. The SEM pictures of LiFePO4 particles coated
with the PPy layer along with the SIMS images indicated the evenly
and homogenously coated particles. Thickness of polypyrrole film
on LiFePO4 particles is about 100 nm. It can be concluded that
the hybrid material PPy/PEG–LiFePO4 reported here is therefore
a promising cathode material for lithium-ion batteries, providing a
stable and reversible capacity, good performance and rate capabil-
ity.
Acknowledgements

The authors wish to acknowledge the financial support from
the Grant Agency of Ministry of Education of the Slovak Republic



3 ower

(
(
(
0
a
a

R

[

[

[

[

912 A. Fedorková et al. / Journal of P

Grant No. 1/0043/08), Slovak Research and Development Ageny
project VVCE-00707), from Deutsche Forschungsgemeinschaft
Grant WI 952 within DFG-PAK 177) and from DAAD (Grant No.
3042007/SMS). The authors are grateful to Professor M. Winter
nd his coworkers for the cell assembly facilities in his laboratory
nd Süd-Chemie AG for providing the LiFePO4.

eferences

[1] N. Ravet, Y. Chouinard, J.F. Magnan, S. Besner, M. Gauthier, M. Armand, J. Power
Sources 503 (2001) 97–98.
[2] A.K. Padhi, K.S. Nanjundaswahi, J.B. Goodenough, J. Electrochem. Soc. 144
(1997) 1188–1194.

[3] S. Kuwabata, S. Masui, H. Yoneyama, Electrochim. Acta 44 (1999) 4593–4600.
[4] G.X. Wang, L. Yang, Y. Chen, J.Z. Wang, S. Bewlay, H.K. Liu, Electrochim. Acta 50

(2005) 4649–4654.
[5] C. Lai, Q. Xu, H. Ge, G. Zhou, J. Xie, Solid State Ionics 179 (2008) 1736–1739.

[

[
[

[

Sources 195 (2010) 3907–3912

[6] K.S. Park, K.T. Kang, S.B. Lee, G.Y. Kim, Y.J. Park, H.G. Kim, Mater. Res. Bull. 39
(2004) 1803–1810.

[7] D.-H. Kim, J. Kim, Electrochem. Solid-State Lett. 9 (2006) A439–A442.
[8] Z.H. Chen, J.R. Dahn, J. Electrochem. Soc. 149 (2002) A1184–A1189.
[9] P.P. Prosini, D. Zane, M. Pasquali, Electrochim. Acta 46 (2001) 3517–3523.
10] S. Franger, F. Le Cras, C. Bourbon, H. Rouault, Electrochem. Solid-State Lett. 5

(2002) A231–A233.
11] S.F. Yang, Y.N. Song, P.Y. Zavalij, Y. Stanley Whittingham, Electrochem. Com-

mun. 4 (2002) 239–244.
12] F. Croce, A. D’Epifanio, J. Hassoun, A. Deputa, T. Olczac, B. Scrosati, Electrochem.

Solid-State Lett. 5 (3) (2002) A47–A50.
13] Y.H. Huang, K.S. Park, J.B. Goodenough, J. Electrochem. Soc. 153 (12) (2006)

A2282–A2286.

14] A. Fedorková, H.D. Wiemhöfer, R. Oriňáková, A. Oriňák, M.C. Stan, M. Winter,
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