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Abstract

Poly(vinylidene fluoride) (PVDF):LiPF6 complex membranes as ‘solid’ and ‘wet’ polymer electrolytes are evaluated. X-ray diffraction
(XRD) and differential scanning calorimetric (DSC) studies show a decrease in crystalline size and crystallinity of the polymer PVDF
with increasing LiPF6 concentration. Although PVDF is not an ionomer, acid–base complexation between the PVDF polymer at fluorine
sites and the Li ions of the LiPF6 salt is evident from X-ray photoelectron spectroscopy (XPS) spectra. Such interaction is responsible for
the reduction in both PVDF crystallinity and sol particle size during solid film formation. As evident from scanning electron micrographs,
smaller spherical domains in the dry film are found with increasing lithium salt. Impedance (ac) measurements suggested the ionic
conductivity of PVDF:LiPH6 film increases with increasing lithium salt. By comparison, PVDF:LiPH6 solid polymer electrolyte (SPE)
wetted with Ethylene carbonate/propylene carbonate (EC/PC) shows less dependence of conductivity on salt concentration with a shallow
maximum at about 15 wt.% salt. The average value is comparable with that of the solvent-free film at 20 wt.% LiPF6. This result suggests
the existence of dual conduction mechanisms in ‘wet’ SPE via the amorphous PVDF matrix and the EC/PC solution trapped in the swollen
region of the PVDF porous network.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Solid electrolyte materials have attracted growing inter-
est in recent years because of their potential application at
ambient temperature in ionic devices such as secondary bat-
teries and fuel cells[1–4]. Ion conduction is an important
characteristic in developing these materials. The particular
advantages of polymer electrolytes over other solid elec-
trolytes are unique mechanical and electrical properties,
ease of fabrication into films of desirable sizes, and interac-
tions to strengthen the electrode–electrolyte contact. Exten-
sive work has been carried out on solid polymer electrolytes
based on poly(ethyl oxide) (PEO) that includes its modifica-
tion by plasticization and by adding inorganic oxides etc. as
fillers [5–15]. Polymers such as poly(acrylonitrile) (PAN),
poly(methyl methacrylate) (PMMA) and poly(vinylidene
fluoride) (PVDF) have been examined as gel-type polymer
electrolytes in energy-storage devices[16–21]. At present,
the majority of lithium batteries uses some form of gelated
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PVDF electrolyte. Modifications of PVDF-based polymer
electrolytes have been explored by blending with PMMA,
and poly(vinyl alcohol-co-vinyl acetate) (PVAAc)[22–25].
The physical properties of polymer electrolytes are largely
affected by the molecular arrangement and chemical dy-
namics of polymer chains. An understanding of the in-
terplay between molecular structure and the ion transport
mechanism is critical to the development 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 withdraw-
ing function and an unique arrangement, delivers a high
dielectric constant (ε = 8.4). This is effective in dissoci-
ating lithium salt to generate a large quantity of charge
carriers for conduction. It is highly possible that apart from
the diffusion established by a plasticizer such as ethylene
carbonate (EC), propylene carbonate (PC) or dimethyl car-
bonate (DMC), conduction through the swollen PVDF ma-
trix is also highly plausible. The objective of this research
is to study the morphology, structure and ion conductivity
of a PVDF electrolyte membrane with lithium salt incor-
porated during film formation. The results are compared
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with those for a “wetted” PVDF film in order to assess
possible structural factors that contribute to ion conduction.
The uniqueness of this wet polymer electrolyte compared
with gel-type electrolyte is that lithium ions are already
planted the amorphous region of the polymer; in a gel-type
electrolyte, lithium ions are introduced by the organic
solvent.

2. Experimental

Solid polymer electrolyte films were synthesized by using
poly (vinylidene fluoride) (PVDF) (Ploy Science, MW=
6 × 104) and LiPF6 (Across). Initially, polymer PVDF was
dissolved inN-methyl-2 pyrrolidon (NMP) followed by the
addition of various amounts of LiPF6 salt and stirring for
24 h at 60◦C. The homogeneous mixtures were poured on
Teflon dishes and evaporated slowly at 50◦C, then dried in
vacuum. Further drying was achieved in a dry box under a
nitrogen atmosphere to remove traces of NMP solvent. All
measurements were carried out in a nitrogen environment
to avoid attack by moisture. The wetted polymer electrolyte
was prepared by impregnating PVDF:LiPF6 complexed
film with organic EC/PC solution of 1:1 mole ratio for
10 min.

X-ray diffraction (XRD) patterns were recorded on a
Shimadzu X-ray diffractometer (XRD 6000) in the range
5–60◦ with a scanning rate of 2◦/min. Differential scanning
calorimetry (DSC) studies were performed by means of a
Perkin-Elmer (DSC 7 series) system at a heating and cool-
ing rate of 10◦C/min. The weights of these samples were
maintained in the range of 6–9 mg and all experiments were
carried under a flow of nitrogen. Perkin-Elemer TGA-7
series equipment was used to conduct thermogravimetric
analysis (TGA) in the range of 30–900◦C.

The surface morphology of such electrolytes were studied
by the scanning electron microscopy (SEM) using a Hitachi
(model 3500N) instrument with gold-sputtered coated films.
X-ray photoelectron spectroscopy (XPS) experiments were
performed in an ultra-high vacuum using a VG-Scientifica
(ESCA) X-ray photoelectron spectrophotometer and an Al
K� as X-ray beam source.

Impedance spectroscopy was used to determine the ionic
conductivity of the polymer electrolyte films. Measure-
ments were carried out over the frequency range 1 MHz
to 10 Hz, with the help of a frequency response analyzer,
i.e. an AUTOLAB/PGSTAT 30 (potential/galvanostat) elec-
trochemical instrument. These measurements were made
over the temperature range 298–373 K, and the system
was allowed to reach thermal equilibrium at each se-
lected temperature for 30 min. The frequency response
analyzer (FRA software) was used to determine the bulk
resistance (Rb) within an error of below 1%. The conduc-
tivity values (σ) were calculated from the equation:σ =
(1/Rb)(t/A), wheret is the thickness andA the area of the
sample.

3. Results and discussion

3.1. X-ray diffraction

XRD spectra recorded for the PVDF:LiPF6 solid polymer
complex films are shown inFig. 1. Sharp diffraction peaks
appear at 2θ ∼ 18.7 and 20.5◦ and illustrate the various
crystalline forms of PVDF. Few differences are observed be-
tween the pure PVDF with that of LiPF6 salt PVDF blend
films. The clear and sharp crystalline diffraction peaks in
pure PVDF, however, become less prominent in presence of
the salt. The decrease in intensity and gradual broadening of
the diffraction peaks with salt concentration, suggests a de-
crease in both crystalline size and the degree of crystallinity
of PVDF. Although PVDF is not an ionomer, the highly de-
polarized CF bond is capable of forming a weak acid-based
complexation with lithium, and thus retards the ordering of
crystalline PVDF. The absence of corresponding lithium salt
diffraction peaks in complexed polymer PVDF films indi-
cate homogeneous distribution of the stoichiometric ratio
through the complexed films which are under investigation.

3.2. Differential scanning calorimetric studies

Differential scanning calorimetry also demonstrated a loss
in the long-range order of PVDF in the presence of lithium
salt. DSC curves of pure PVDF and PVDF:LiPF6 films are
depicted inFig. 2A and Bfor two heating scans. Except for
pure PVDF, a re-crystallized peak is apparent (the exotherm
prior to the melting temperature) for all compositions of
lithium salt blend PVDF films during the first scan of en-
dothermic. This is absent in the second scan. This peak shifts
towards lower temperatures with increasing salt content (see
Fig. 2A). This behavior suggests that additional PVDF crys-
tallization occurs in freshly-prepared PVDF:LiPF6 complex
films upon heating at elevated temperature, possibly by
driving the salt out of the amorphous PVDF domain. In

Fig. 1. X-ray diffraction spectra of (a) 0, (b) 5, (c) 10, (d) 15 and (e)
20 wt.% LiPF6 salt in PVDF.
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Fig. 2. (A) First scan DSC curves of (a) 0, (b) 5, (c) 10, and (d) 15 wt.% LiPF6 salt in PVDF. (B) Second scan DSC curves of (a) 0, (b) 5, (c) 10, (d)
15 and (e) 20 wt.% LiPF6 salt in PVDF.

both scans, the heat of fusion (�Hf ) and the melting tem-
perature (Tm) of polymer PVDF decreases with increasing
salt content. In addition, the melting endotherms become
broader. The relative crystallinity (χ) has been calculated
by assuming that pure PVDF is 100% with the equation
χ = �Hf /�H◦

f (where�H◦
f is the heat of fusion of pure

PVDF and�Hf is related to the salt in the polymer). The
crystallinity (χ), melting temperature (Tm) and crystalliza-
tion temperature with cooling (Tc) are tabulated inTable 1.

Table 1
Melting temperature (Tm) crystallization temperature (Tc) and crystallinity
(χ, %) of PVDF:LiPF6 solid polymer electrolyte on second scan

PVDF6 in PVDF (wt.%) Tm (◦C) Tc (◦C) χ (%)

0 167.39 133.71 100
5 164.36 129.08 57.9

10 159.13 122.85 46.8
15 155.63 117.98 39.8
20 147.43 111.54 39.4

It is interesting to note thatχ is suppressed in the presence
of lithium ionic salt. The crystallization exotherm also shifts
towards lower temperatures and broadens with increasing
salt content, and disappears at salt concentration of 25 wt.%.
This trend agrees with the above findings from XRD
curves.

3.3. Thermogravimetric analysis (TGA)

The TGA plots of the PVDF:LiPF6 polymer electrolyte
system are shown inFig. 3. The thermal decomposition
temperature is determined from the differential curve, and
is about 500◦C for pure PVDF (seeFig. 3a). The absence
of weight losses prior to polymer melting indicates no im-
purity such as solvent, water, etc. is present, and confirms
that drying under vacuum and nitrogen gas is efficient. The
degradation temperature decreases continuously with in-
creasing addition of LiPF6 to PVDF, a result directly related
to an increase in the amorphous fraction of the electrolyte.
The thermal stability of the polymer is reduced with the
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Fig. 3. TGA plots of (a) 0, (b) 5, (c) 10, (d) 15 and (e) 20 wt.% LiPF6 salt in PVDF.

addition of ionic salts due to the growth of the amorphous
fraction, which is a typical characteristic of polymers. A
higher fraction of residue above 500◦C is found with in-
creasing salt. The source of the incomplete decomposition
at high salt content is not clear, but is believed to be asso-
ciated with the PF6 anion containing backbone.

Fig. 4. Scanning electron micrograph (1000×) of (a) 0, (b) 5, (c) 10 and (d) 20 wt.% LiPF6 salt in PVDF.

3.4. Scanning electron micrograph

Scanning electron micrographs of PVDF:LiPF6 films are
displayed inFig. 4. The surface structure of pure PVDF
shows connecting spherical domains with a reversed pore
shape (seeFig. 4a). As PVDF is a polymer with a high
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dielectric constant, the surface tension is also high. Sol for-
mation is necessary in the process of drying solvent from
the miscible solution or heterogeneous gel solution. The size
of the spheres and the morphology in the dry PVDF film is
thus highly dependent upon the preparation conditions such
as the solvent and the temperature. On addition of LiPF6
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 from
Fig. 4b–d, the spherical shape domains are smaller in size
compared with pure PVDF and still have spherical shapes
with improved smoothness. A plausible PVDF structure on
the surface is an amorphous polymer chain which is phys-
ically cross-linked by the dissociated Li+ and PF6− ions
through coordination with polymer fluorine.

3.5. XPS analysis

Although DSC, XRD, SEM results demonstrate the inter-
action between lithium ionic salt and PVDF polymer, clear
evidence of complex coordination can be obtained from the
XPS technique. The XPS spectra were obtained in the range
0–800 eV. The major peaks identified in the electrolyte films
are for carbon (C) 1s, fluorine (F) 1s and 2s1/2, and lithium
(Li) 1s.

The C 1s spectra of pure PVDF and of PVDF complexes
with LiPF6 salt are presented inFig. 5. The pure PVDF C 1s
spectrum consists of two major peaks at 290.2 and 285.6 eV,
which correspond to CF2 and CH2 groups, respectively. In
presence of lithium salt, the C 1s spectrum broadens and also
shifts to 290 and 285.1 eV. The shift of the C 1s spectrum
in both groups and the broadening suggests that lithium ion
may be interacting with fluorine in the PVDF.

The F 1s and F 2s1/2 signals of pure PVDF and the lithium
salt complexed PVDF polymer are shown inFig. 6A and
B. The PVDF F 1s and F 2s1/2 spin-orbital splitting photo-
electrons for pure PVDF are located at binding energies of
687.5 and 32.6 eV, respectively. In F 1s (Fig. 6A) spectra the

Fig. 5. XPS spectra of C 1s region: (a) pure PVDF; (b) 10 wt.% LiPF6

in PVDF.

Fig. 6. (A) XPS spectra of F 1s region: (a) pure PVDF; (b) 10 wt.%
LiPF6 in PVDF. (B) XPS spectra of F 2s1/2 signal: (a) pure PVDF; (b)
10 wt.% LiPF6 in PVDF.

CF binding energy is shifted 0.5 eV (to 688 eV) and a strong
new peak appears at 684.8 eV. This gives clear indication of
Li coordination with the F atom. In the F 2s1/2 spectra re-
gion (Fig. 6B) two binding peaks (33.6 and 29.4 eV) were
identified as lithium salt complexed to PVDF. It is difficult
to conclude whether this additional peak (29.4 eV) entirely
originates from lithium coordination with the PF6 anion or
with the fluorine atom from PVDF. Nevertheless, the shift
to higher binding energy and the broadening of the spec-
tra in PVDF complexed with salt already indicates lithium
interaction with fluorine sites in polymer.

The Li 1s XPS spectra in the range 51–58 eV for pure
PVDF and PVDF complexed with LiPF6 films are given in
Fig. 7. A broad peak with highest intensity at 54.9 eV is
apparent in the LiPF6 added PVDF polymer film, where no
such peak in pure PVDF film is found. This peak appears
in all the salt-added PVDF films, and broadens further with
increasing addition of lithium salt. This result also supports
lithium coordination with PVDF polymer. Complexation in
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Fig. 7. XPS spectra of Li 1s signal: (a) pure PVDF; (b) 10 wt.% LiPF6

in PVDF.

the PVDF:LiPF6 polymer accounts for the reduced PVDF
crystallinity and the changes in morphology with increasing
lithium salt. A plausible complex structural model of PVDF
with LiPF6 is presented inFig. 8.

3.6. Conductivity

The dependence of conductivity (σ) on temperature is de-
picted inFig. 9. Conductivity data at room temperature are
summarized inTable 2. Interestingly, the conductivity of the

Fig. 8. Plausible structural model of PVDF:LiPF6 complex electrolyte.

complex PVDF dry films increases continuously with LiPF6
content at all temperatured measures. This behavior is dif-
ferent from that of PEO solid polymer electrolyte systems,
where a maximum conductivity is identified at particular
compositional ratio[10,26–29]. In this case, incomplete dis-
sociation 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 elec-
trolyte films studied here, due to the high dielectric constant
of the medium.

The plot of logσ versus 1000/T follow an Arrhenius-type,
thermally-activated process. The conductivity relationship
can be expressed asσ = σ0 exp(−Ea/kT), where σ0 is
the pre-exponential factor,Ea the activation energy andk
the Boltzman constant. Activation energies of PVDF:LiPF6
solid polymer electrolytes are evaluated by linear fitting, the
results are listed inTable 2. It is found that the activation
energy decreases with increasing salt concentration in poly-
mer PVDF.

Druger et al.[30,31]have attributed the change in conduc-
tivity 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 seg-
mental 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/hopping fa-
cilitated 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 hoping, and thus the degree of conductivity becomes
high.

4. Plasticizer EC/PC effect

Plasticizer, which fills the pores and swells the poly-
mer matrix is adopted to enhance the conductivity of
PVDF:LiPF6 solid polymer electrolyte. The isothermal
ion conductivity of plasticized (‘wet’) polymer electrolyte
PVDF:LiPF6 along with dry (‘solid’) polymer electrolyte
at room temperature are shown inFig. 10. The conductivity
and EC/PC uptake data are given inTable 2. The results
show that the ion conductivity of the ‘wet’ electrolyte is
less dependent on the salt concentration. The conductivity
is three orders higher in ‘wet’ electrolyte at low LiPF6,
compositions, but becomes comparable with that of the
dry film when the salt content reaches 20 wt.%. Note that,
present wet membranes are achieved by slight immersion
in EC/PC solution. This is a different process from that
for gel-type electrolytes in which the pure polymer film is
gelated in the electrolyte solution. The advantage of the
present preparation is that lithium ions are already planted
in the solid network polymer matrix and are not supplied by
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Fig. 9. Conductivity vs. temperature plots of (a) 5, (b) 10, (c) 15 and (d) 20 wt.% LiPF6 salt complex in PVDF solid polymer electrolyte system.

Table 2
Room-temperature conductivity (‘solid’ and ‘wet’ forms), activation energies, and EC/PC uptake of PVDF:LiPF6 electrolyte

LiPF6 in PVDF (wt.%) Conductivity in solid
form (S cm−1)

Activation energy in
solid form (Ea, eV)

Conductivity in wet form
with EC/PC (S cm−1)

EC/PC uptake by
film (wt.%)

5 8.46× 10−8 0.21 1.46× 10−4 25
10 2.34× 10−6 0.20 5.0× 10−4 27
15 2.10× 10−5 0.20 5.6× 10−4 25
20 2.70× 10−4 0.15 1.9× 10−4 24

the gel electrolyte solution. The EC/PC solution penetrates
the pores of the solid polymer electrolyte network, which
occupies the pore space within the swollen polymer chain.

The results suggest that charge migration in wet poly-
mer electrolyte originates from multiple (possibly coupled)
mechanisms; i.e. ion transport through the swollen polymer
via diffusion of small EC/PC molecules, and via the solid
polymer network region.

In the present wet electrolyte membranes, lithium ions in-
fluence the polymer because the species are within the vicin-
ity of the polymer chains and can be affected by the swollen

Fig. 10. LiPF6 concentration dependence conductivity of (a) ‘solid’ and (b) ‘wet’ form of PVDF:LiPF6 complex electrolyte.

polymer network. This differs from the situation in gel-type
polymer electrolytes, which undergo little interaction with
the polymer due to their remote location from the polymer
chains[20]. The dissociation condition of the salt and the
carrier mobility are dominated by the property of the poly-
mer and solution. The overall ion conductivity is determined
by the dissociation of salt, and ion mobility is governed by
the polymer, the plasticizer dielectric constant, and the vis-
cosity. Further investigation is in progress to identify the
causes of the enhancement of the conduction mechanism in
the ‘wet’ form of the solid polymer electrolyte.
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5. Conclusions

The interaction between Li+ ions and fluorine in the
polymer effectively disrupts the crystallinity of PVDF. Of
significance is the continuous in ion conductivity with in-
creasing salt concentration. The conductivity is enhanced
to three orders by plasticization with the EC/PC solution,
when compared with dry SPE at 5 wt.% LiPF6 composition.
The conduction mechanism in wet SPE is associated with
swollen polymer network chains via EC/PC molecules and
also form a solid amorphous polymer region. The marked
distinction of the wet polymer electrolyte from gel-type
electrolytes is that lithium ions are already within the solid
region of the polymer.
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