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Abstract LiFePO, nanopowders (50 nm) were pre-
pared through a simple hydrothermal process. Poly
vinylidene fluoride (PVDF): LiFePO, complex mem-
branes as solid polymer electrolytes were character-
ized. X-ray diffraction (XRD) and differential
scanning calorimetric (DSC) studies show a decrease in
crystalline size and crystallinity of the polymer PVDF
with increasing LiFePO, concentration. Scanning
electron micrographs show smaller spherical domains
in the dry film with increased LiFePO, nanopowder
content. Impedance measurements suggest that the
ionic conductivity of (PVDF + LiFePO,) increases
with increased temperature and lithium powder
concentration.

Keywords LiFePO, nanopowder - Thermal stability -
Morphology - Tonic conductivity

1 Introduction

Solid polymer electrolyte materials (SPE) are receiving
attention, particularly in the field of solid-state ionics
owing to their potential applications in advanced ionic
devices [1-5] such as high performance batteries, effi-
cient energy conversion by fuel cells, sensors, super
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capacitors, electro-chromic windows and analog
memory devices. SPE have several advantageous over
liquid electrolytes, such as good mechanical properties,
ease of fabrication as thin films in desirable size and
ability to form good electrode—electrolyte contact.
PEO-based polymer electrolytes using alkali salts,
plasticizers and inorganic fillers have been extensively
studied [6-15]. Polymers such as poly (acrylonitrile)
(PAN), poly (methyl methacrylate) (PMMA), poly
(vinyl chloride) (PVC) and poly (vinylidene fluoride)
(PVDF) have been examined as gel-type polymer
electrolytes in energy-storage devices [16-23]. Pres-
ently, the majority of lithium batteries use some form
of gelated PVDF film as a separator between cathode
and liquid electrolyte. Modifications of PVDF-based
polymer electrolytes were developed by blending with
PMMA, PVC and PVAAc [24-28]. The physical
properties of polymer electrolytes are largely affected
by the molecular arrangement and chemical dynamics
of the polymer chains. An understanding of the inter-
play between molecular structure and the ion transport
mechanism is critical to the growth of new polymer
electrolyte materials.

In spite of the industrial importance and wide
application of gelated PVDF, the ion conduction
mechanism remains unresolved. PVDF, which has a
strong electron withdrawing function and a unique
arrangement, delivers a high dielectric constant
(¢ = 8.4). This is effective in dissociating lithium salts to
generate a large quantity of charge carriers for con-
duction. It is highly possible that, apart from the dif-
fusion established by a plasticizer such as ethylene
carbonate (EC), propylene carbonate (PC), conduction
through the swollen PVDF matrix is also highly cred-
ible. The objective of this research is to study the

@ Springer



638

J Appl Electrochem (2007) 37:637-642

morphology, structure, miscibility, ionic conductivity
and electrochemical performance of a PVDF electro-
lyte membrane with lithium nanopowders incorporated
during film formation.

2 Experimental

LiFePO, nanopowders were prepared using a rheo-
logical phase reaction method followed by a self-
assembling process. LiIOH.H,0O, FeC,04.2H,0 and
NH,H,PO, with molar ratio 1.5:1:1 were dissolved in
water and stirred for 4 h; the rheological phase slurry
was introduced to the Teflon-lined Parr reactor and
kept at 180°C for 24 h. The final solution was cooled
naturally and filtered three times. The powder was
dried at 80°C for 8 h.

Polymer electrolyte films of LiFePO, complexed
PVDF were prepared using a solution-cast technique.
N-methyl 1-2 pyrrolidone (NMP) was used as a
solvent. The compositions of the polymer complexes
were the following: (100-x) PVDF + xLiFePOy,,
where x (Wt%) = 0,5,10 and 15. The mixtures of salt
solutions were stirred for 24 h at 60°C for homoge-
nous mixing and cast in polypropylene dishes. The
dish solutions were kept at 50°C for a week in an
oven. Thick films of 100-200 um were collected from
the dishes and these were vacuum dried thoroughly at
10~ mbar to remove solvent traces. The XRD
patterns of the films were determined using a HZG4/
B-PC X-ray diffractrometer with CoKa« radiation and
a graphite monochrometer. The IR spectra were
determined using a 60-SXB FTIR spectrophotometer
over the range 400-4000 cm™'. For the DSC
measurements, a Netzsch STA 409 PC, operating in
dynamic mode (heating rate = 10 Kmin™), was
employed. Samples of ~ 5 mg weight were placed in
sealed aluminium pans. The morphology of the
samples was characterized using a JSM-5610LV
scanning electron microscope (SEM).

A home made conductivity cell was used to measure
the ionic conductivity of the polymer electrolytes as a
function of temperature. The ac impedance measure-
ments of the polymer electrolytes were performed
using an Agilent 4294A precision impedance analyzer
in the range 40-300 kHz and temperature range
298-368 K. The system was thermally equilibrated at
each selected temperature for 15 min. The bulk resis-
tance (Rp) determined from the equivalent circuit
analysis by using frequency response analyzer (FRA)
software. The conductivity values (o) were calculated
from the equation ¢ = (1/Rp)(t/A), where t is the
thickness and A is the sample area.
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3 Results and discussion

XRD patterns of the pure PVDF and (PVDF +
LiFePO,) films are shown in Fig. 1. Sharp diffraction
peaks appear at 260~18-21° and demonstrate the crys-
talline forms of PVDF. A small number of differences
are observed between the pure PVDF and LiFePO,
nanoparticle PVDF complexed films. The clear and
sharp crystalline diffraction peaks in pure PVDF,
however, become less prominent in the presence of the
nanoparticles. The decrease in intensity of the dif-
fraction peaks with dopant concentration suggests a
decrease in both crystalline size and the degree of
PVDF crystallinity. Even though PVDF is not an
ionomer, the highly depolarized CF bond is capable of
forming a weak acid-based complexation with lithium
and thus retards the order of crystalline PVDF.
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Fig. 1 XRD patterns of (a) pure PVDF and LiFePO, complexed
PVDF polymers, (b) PVDF + LiFePO, (95:5), (¢) PVDF +
LiFePO, (90:10), (d) PVDF + LiFePO, (85:15), (¢) XRD
patterns of pure LiFePO, nanopowder
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Figure le shows the XRD patterns of synthesized
LiFePO, nanoparticles. All peaks can be indexed as
pure and well-crystallized LiFePO, phase with an
ordered olivine structure and a space group of Ppyy,.
The calculated lattice parameters from the XRD data
are a = 1.0342 nm, b = 0.6005 nm, and ¢ = 0.4693 nm,
which are comparable to the standard data JCPDS
83-2092. The XRD result demonstrates that the rheo-
logical self-assembling route can be used to synthesize
single-phased LiFePO, product with no unwanted
impurity phases, such as LizPO; and Fe’*-related
compounds [29]. Conventional solid state methods,
although carried out under carefully controlled condi-
tions, have shown the unwanted presence of the
impurity phases such as Fe,O5 and LizFe, (POy)3 [30].
Another advantage is that the sample can be prepared
by this process without sintering. This makes it simple
to prepare LiFePO, olivine materials. In comparison
with the previous solid state processes, the rheological
self-assembling process reduces the synthesis temper-
ature of LiFePO, The soft solution environment may
remarkably accelerate the reaction kinetics of the
formation of LiFePO,

IR spectra of pure PVDF and (PVDF + LiFePO,)
electrolytes of different compositions are shown in Fig.
2a—-d. The vibrational peaks of complexed polymer
electrolytes are shifted towards higher wave numbers
with increasing LiFePO,4 concentration. Fig 2e shows
IR spectra of LiFePO4 nanoparticles which show the
peaks at wavenumbers 3349, 1628, 1371, 1070, 945, 635,
547 and 498 cm™'. The characteristic absorption band
of LiFePO, at 1371 cm ™! is associated with the vibration
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Fig. 2 IR patterns of (a) pure PVDF and LiFePO, complexed
PVDF polymers, (b) PVDF + LiFePO, (95:5), (¢) PVDF +
LiFePO, (90:10), (d) PVDF + LiFePO, (85:15), (e¢) LiFePO,
nanopowder

of the P-O-Fe bond in LiFePO, whereas the bands
situated at 1070 and 945 cm™ correspond to the char-
acteristic absorption of the [PO4]*". The LiFePO,
absorption band between 635 and 547 cm™ is associ-
ated with the vibration of P-O bond in LiFePO,.
Particularly, the characteristic Li-O absorption band
bond at 498 cm™! is weak, which indicates the weak
interaction between Li and O atoms, which enables
Li " ions to insert/extract easily in the ordered olivine
LiFePO, structure [31]. The absence of absorption
peaks of pure LiFePO, nanoparticles in the complexed
systems and peak shifts with LiFePO, concentration
indicate the miscibility of the dopant in the prepared
electrolyte systems. In addition to the PVDF and
LiFePO, vibrational peaks, some other peaks were
observed at the frequencies 1699 and 1450 cm™ and
were assigned to CHj; asymmetric stretching and
bending vibrations of PVDF [22]. The appearance of
new peaks along with changes in existing peaks in IR
spectra indicate directly the complexation of PVDF
with LiFePOy,.

Differential scanning calorimetry also demonstrated
a loss in the long-range order of PVDF in the presence
of LiFePO, DSC curves of pure PVDF and
(PVDF + LiFePQ,) electrolytes are shown in Fig. 3.
Except for pure PVDF, a re-crystallized peak is
apparent for all compositions of LiFePO, complexed
PVDF electrolytes during the endothermic reaction.
This peak shifts towards lower temperature with
increasing dopant content. This behaviour suggests
that the additional PVDF crystallization occurs in
freshly-prepared  (PVDF + LiFePO,) electrolytes
upon heating at elevated temperature, possibly by
driving the salt out of the amorphous PVDF domain.

4.54 (d)
4.04
3.54
3.04
2.5]
2.04
1.5
1.0 -
0.54
0.0
-0.5 4
-1.0 -
-1.5
-2.0 v . . r . . "
0 200 400 600 800
Temperature / °C

Specific heat flow / mW mg”

Fig. 3 DSC curves of (a) pure PVDF and LiFePO, complexed
PVDF polymers, (b) PVDF + LiFePO, (95:5), (c) PVDF +
LiFePO, (90:10), (d) PVDF + LiFePO, (85:15)
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Table 1 Melting temperature (T,,), crystallization tempera-
ture(T,), crystallinity (x), conductivity (¢) and activation energy
of (PVDF + LiFePOy) solid polymer electrolytes

LiFePO4in T,/°C TJ/°C y/%  Conductivity Activation

PVDF/wt% (at 298 K)/S  energy /eV
cm™

0 570 147 100 2x107° 0.18 + 0.04

5 568 129 39.04 25x107° 0.16 + 0.02

10 557 125 332 571x10°° 0.12 + 0.02

15 534 114 299  6.66 x 107 0.11 £ 0.03

The heat of fusion (AHy) and the melting temperature
(Ty,) of polymer PVDF decreases with increasing
dopant content. The relative crystallinity (y) has been
determined, by assuming that pure PVDF is 100%,
using a formula y = AHg/ AH} (where AHY is the fusion
heat of pure PVDF and AH; is related to the dopant in
the polymer). The crystallinity (y), melting tempera-
ture (Ty,) and crystallization temperature (T.) are lis-
ted in Table 1. Polymer electrolytes show lower y in
the presence of lithium ionic nanoparticles.

The TG plots of the (PVDF + LiFePO,) polymer
electrolyte system are shown in Fig. 4. The thermal
decomposition temperature was determined from the
differential curve, and 1is about 140°C for all
(PVDF + LiFePQ,) electrolytes. The absence of
weight loss prior to polymer melting indicates no
impurity, such as solvent or water, is present. Absence
of impurity confirms that the vacuum drying is efficient
in the present case. The degradation temperature
decreases continuously with the increased dopant
concentration in the polymer and is directly related to
an increase in the amorphous fraction of the electro-
lyte. The thermal stability of the polymer is reduced
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Fig. 4 TG curves of (a) pure PVDF and LiFePO, complexed
PVDF polymers, (b) PVDF + LiFePO, (95:5), (¢) PVDF +
LiFePOy (90:10), (d) PVDF + LiFePO, (85:15)
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with the addition of LiFePO, due to the growth of the
amorphous fraction, which is a characteristic of poly-
mers. A higher fraction of residue is found, at above
500°C, with increased dopant concentration.

SEM photographs of PVDF and (PVDF + LiFe-
PO,) films are shown in Fig. Sa—c. The surface
structure of pure PVDF shows connecting big spheres
(see Fig. 5a). As PVDF is polymerized with a high
dielectric constant, the surface tension is also high. Sol
formation is necessary in the process of drying solvent
from the miscible solution. The size of the spheres and
the morphology in the PVDF film are thus highly

Fig. 5 SEM photographs of (a) pure PVDF and LiFePO,
complexed PVDF polymers, (b) PVDF + LiFePO, (95:5),
(¢) PVDF + LiFePO, (85:15)
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Fig. 6 Impedance plot of pure PVDF at different temperatures

dependent on the preparation conditions such as the
solvent and the temperature. Addition of LiFePO, to
PVDF, the acid-base interaction, not only changes the
crystallinity but also reduces the surface potential and
the equilibrium sol dimension becomes smaller. As
seen in Fig. 5b, the spheres are converted into a cau-
liflower shape with improved smoothness. In Fig. Sc,
all the spheres are merged together and develop a
uniform surface, due to the increasingly amorphous
nature of the polymer.

A series of impedance measurements at different
temperatures were obtained from 25-95°C. The
impedance plots for pure PVDF electrolyte at different
temperatures are presented in Fig. 6. Most curves are
semicircular in shape with an oblique line. For each
curve, the value of R, was obtained from the intercept
point at the high frequency end. The conductivity of
the polymer electrolyte was calculated from the mea-
sured resistance (R;,), the area and the thickness of the
polymer film.

The temperature dependence of conductivity is
presented in Fig. 7. Conductivity data at room tem-
perature are noted in Table 1. Interestingly, the con-
ductivity of the complexed PVDF electrolytes
increases continuously with LiFePO, content for all
temperatures. This behaviour is different from that of
PEO solid polymer electrolyte systems, where a max-
imum conductivity is identified at a particular compo-
sitional ratio [32-36]. In this case, incomplete
dissociation and the formation of triplets at higher salt
content are responsible for the reduced conductivity.
The ion- paring mechanism appears to be absent in the
PVDF polymer electrolytes studied, which may be due
to the high dielectric constant of the medium.

Fig. 7 Temperature dependence conductivity of (a) pure PVDF
and LiFePO, complexed PVDF polymers, (b) PVDF + LiFePO,
(95:5), (c) PVDF + LiFePO, (90:10), (d) PVDF + LiFePO,
(85:15)

The plot of logo versus 1000/7 follows an Arrhenius-
type thermally-activated process. The conductivity
relationship can be expressed as ¢ = g¢ exp(-Ev/kT),
where gy is the pre-exponential factor, E, is the acti-
vation energy and k is the Boltzmann constant. Acti-
vation energies of (PVDF + LiFePQ,) solid polymer
electrolytes were evaluated by a linear fitting method;
and the results are listed in Table 1. The activation
energy decreases with increasing Li ion concentration
in the PVDF polymer.

Druger et al. [37, 38] have attributed the change in
conductivity with temperature in solid polymer
complexed systems to segmental (i.e. polymer chain)
motion, which results in an increase in the free volume
of the system. Thus, the segmental motion either
permits the ions to hop from one site to another or
provides a pathway for ions to move. In other words,
the segmental movement of the polymer facilitates the
transitional ionic motion. From this, it is clear that the
ionic motion is due to ionic transitional motion/hop-
ping facilitated by the dynamic segmental motion of
the polymer. As the amorphous region increases,
however, the polymer chain acquires faster internal
modes in which bond rotations produce segmental
motion to favor inter- and intra-chain ion hopping and,
thus, the degree of conductivity becomes high.

4 Conclusions

The interaction between Li" ions and fluorine in the
polymer effectively disrupts the crystallinity of PVDF.
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The ionic conductivity increases continuously with
increased salt concentration. The increased conduc-
tivity is due to a decrease in the degree of crystallinity
and increase in the amorphous nature of the polymer.
The activation energies decrease with increasing dop-
ant concentration.
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