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Abstract

Nanoscale TiO, particle filled poly(vinylidenefluoride-co-hexafluoropropylene) film is characterized by investigating some properties
such as surface morphology, thermal and crystalline properties, swelling behavior after absorbing electrolyte solution, chemical and
electrochemical stabilities, ionic conductivity, and compatibility with lithium electrode. Decent self-supporting polymer electrolyte film
can be obtained at the range of <50 wt% TiO,. Different optimal TiO, contents showing maximum liquid uptake may exist by adopting other
electrolyte solution. Room temperature ionic conductivity of the polymer electrolyte placed surely on the region of >10"* S/cm, and thus the
film is very applicable to rechargeable lithium batteries. An emphasis is also be paid on that much lower interfacial resistance between the
polymer electrolyte and lithium metal electrode can be obtained by the solid-solvent role of nanoscale TiO;, filler. © 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Polymer electrolytes based on poly(vinylidenefluoride)
(PVdF), in either immobilized liquid electrolyte (gel-type)
or hybrid polymer membrane (porous-type), have been
studied extensively and intensively to be capable of showing
high ionic conductivity at room temperature and good
mechanical property [1,2]. Of these, poly(vinylidene-
fluoride-co-hexafluoropropylene) (P(VAF-HFP)) has been
attracted as a highly promising material for the polymer
electrolyte [3—14] of rechargeable lithium battery because
of its high solubility and the lower crystallinity and glass
transition temperature than PVdF. It was evenly confirmed
that the P(VdF-HFP) used as a main substance of polymer
electrolyte in the most commonly commercialized process
of making plastic lithium-ion batteries (PLION™) by
Telcordia Technologies (formerly Bellcore) [15,16].

On the other hand, it has also been known that the addi-
tion of inorganic fillers such as alumina (Al,Os) and silica
(Si0,) to the polymer electrolyte led to the enhancement of
physical strength as well as the increase in the absorption
level of electrolyte solution. Recent studies of polymer elec-
trolyte have a tendency toward the addition of nanoscale
titania (TiO,) particles to improve physical and electro-
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chemical properties [17-20]; especially, to achieve an
excellent compatibility with lithium electrode in poly(ethyl-
ene oxide)—lithium ionic salt systems. The nanoscale TiO,
in the polymer electrolyte system was confirmed to play
some useful roles in forming particle networks into polymer
bulk (particle dispersion), inhibiting the crystallization and
reorganization of polymer chains (solid plasticizer), and
interacting with lithium ionic species (solid solvent).
These features eventually resulted in the improvements of
polymer electrolyte properties such as mechanical strength,
ionic conductivity, electrochemical stability, cation trans-
ference number, lowering of interfacial resistance, and so on.

Combining both the concepts of polymer matrix and filler
(i.e. P(VAF-HFP) and TiO,) explained earlier, we prepare
the porous P(VAF-HFP) films by varying the amount of
TiO, nanoparticles and report the physical property changes
of the films. We also show the changes in electrochemical
properties of the polymer films before and after absorbing
the lithium ionic salt-based electrolyte solution. Particularly
explored through this paper is the evidence for the increase
in ionic conductivity by TiO, addition and also discussed is
an applicability to rechargeable lithium batteries.

2. Experimental

The P(VAF-HFP) used was a commercially available
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fluoro-copolymer, KynarFlex® 2801 (EIf Atochem N.A.
Co.) which shares 12 mol% of hexafluoropropylene. The
TiO, used was an anatase-type titanium oxide powder
(PC-101, Titan Industry Co., Japan) which had high specific
surface area of 340 m%g and average particle size of 20 nm.
Supplier said the surfaces of PC-101 nanoparticles were
passed through some hydrophilic treatment, and we worked
on with the TiO, under ultralow-humidity condition (within
a dry room). Prior to make the mixture, all the powder
samples were dried in a vacuum oven at 150 °C for 12 h.
The polymer films were prepared by dispersing the TiO,
powder (0-2g) by ultrasonication in 30 g of acetone
solvent, adding slowly the P(VdF-HPF) powder (3-5 g),
and milling the mixture. Here, the TiO, content was
adjusted as 0, 5, 10, 20, 30, 40, and 50 wt% in the basis of
the polymer film consisting of P(VdF-HFP) and TiO,. The
dispersion was carried out by a ultrasonicator (VibraCell™,
Sonics and Materials Inc.) at the output amplitude of 35 W
for 30 min, and the subsequent milling by a highly rotating
ball-mill for 24 h at room temperature. The viscous slurry
was cast on a clean glass plate using a doctor blade appa-
ratus (with a gap of 400 wm) in a dry atmosphere (moisture
content less than 0.1 ppm), and dried in a vacuum oven at
70°C for 12h. The self-supporting films were easily
obtained with the thickness of 36—50 wm for all composi-
tions of TiO, content. Here, we should say that the polymer
films with >50 wt% TiO, exhibited a poor mechanical
strength and a powder-like property (easily being crisp
when dried), so that it failed to obtain a self-supporting
film. The other films with lower content of TiO, than
50 wt% were easily obtained and processed to measure
the properties.

Surface morphology of dried films was observed by a
scanning electron microscope (Hitachi S800). For the
films prepared, thermal properties were measured by a
differential scanning calorimeter using a du Pont 2100
Thermal Analyst with a 910 Cell Base and crystalline pro-
perties by a Rigaku X-ray diffractometer using Cu Ko
radiation with the wavelength of A = 0.15406 nm. Chemi-
cal instability and crystalline phase change of polymer
component, which might occur by the TiO, addition, were
also investigated by a Fourier-transform infrared spectro-
meter (Bomem MB-100) with the wavelength resolution
of 4cm™ .

Pieces of film were then swollen for at least 24 h by
absorbing the electrolyte solutions to give the polymer
electrolyte films. Two electrolyte solutions were used in
the present study: 1 M LiClO, dissolved in the 2:1 v/v
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1 M LiCIOf/EC-DMC) and 1 M LiPF in the 1:1
v/v mixture of EC and diethyl carbonate (DEC) (1 M
LiPF/EC-DEC). Prior to measure the liquid weight
absorbed by the film, light-patting with a filter paper was
done several times to remove the surface liquid. Thickness
of swollen film after absorbing the liquid was within the
range 42—60 pm.

Cyclic voltammetry test of the polymer electrolyte film
was carried out on stainless steel electrode in a three-
electrode cell (2cm X2 cm) in which lithium served as
both the counter and the reference electrodes. A MacPile-
II potentiostat/galvanostat system was used under the condi-
tions of the scan rate of 10 mV/s and the potential range of
0-5 V vs. Li*/Li. Tonic conductivity of the polymer electro-
lytes was determined from complex impedance spectra
measured using a frequency response analyzer (Solartron
HF 1225 Gain-Phase Analyzer) in the frequency range of
0.1 Hz to 100kHz. A conductivity cell (2cm X2 cm)
comprising two stainless steel electrodes on each side of
the polymer electrolyte film was used. Temperature depen-
dence data of ionic conductivity were also obtained over the
range of 0—80 °C. The interfacial stability between lithium
and polymer electrolyte was examined by monitoring the
impedance of a2 cm X 2 cm (Li/polymer electrolyte/Li) cell
stored at room temperature as a function of time.

3. Results and discussion
3.1. Surface morphology

Fig. 1 shows the scanning electron microscope images of
polymer film surfaces with different contents of TiO,. As the
TiO, content increases the film surface becomes rugged and
the aggregates of fillers and polymer are partially observed.
For the highly filled polymer films more than 30 wt% TiO,,
the nanoparticles are well dispersed and micro-pores distrib-
uted in part in the entire region of surface though some
aggregates are still existed. This is from the imperfect
dispersion of TiO, nanoparticles even severe condition
such as ultrasonication and the subsequent ball-milling is
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Fig. 1. Scanning electron microscope surface images ( X 10,000) of poly-
mer films with different TiO, contents: (a) 0.0, (b) 5, (¢) 10, (d) 30, (e) 40,
and (f) 50 wt%. The 20 wt% sample is not shown because the trend of
surface roughness is just on the middle between 10 and 30 wt% samples.
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applied. That is to say, this is effectively from the affinity
difference between the surface group of TiO, and the
solvent molecule. Another emphasis should be put on the
surface morphology affected by the interactions [21]
between filler surface functionals and solvent/polymer
molecules. Nevertheless, the present samples showing suffi-
ciently rough surfaces with micro-sized aggregates and
nanosized particles, which may be used as a porous-type
polymer electrolyte [22] because of their own nature to
absorb electrolyte solution (the liquid uptakes will be
explained later when introducing Fig. 5).

3.2. Thermal and crystalline properties

Thermal behaviors of P(VdF-HFP) films filled with
different content of TiO, are expected to exhibit the similar
trend with those of the sole P(VdF-HFP) film, but only peak
shifts at melting and/or crystallization temperature may be
considered. As shown in Fig. 2, the melting temperatures on
the heating run are almost same as 143—144 °C, irrespective
of the TiO, content, but the heat of fusion decreases with the
TiO, addition, which means the reduction of crystallinity of
P(VdAF-HFP). It is also noteworthy that heats of fusion for
the samples having TiO, more than 30 wt% are almost
same, which deviates greatly from that for P(VdF-HFP).
This may be due to the fact that the crystal (o, B, v, etc.)
phases forming from polymer chain rearrangement are
suppressed by the increased TiO, content when its content
starts to exceed 30 wt%. Such changes in crystal state with
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Fig. 2. Differential scanning calorimetric thermograms of the P(VdF-
HFP)-TiO, films: results from heating run (rate 10 °C/min). The upper
inset is from the cooling run (rate —1 °C/min). Arrows covering over the
thermogram curves indicate ‘increasing TiO, content’ (5, 10, 20, 30, 40,
50 wt% in sequence).

increasing TiO, content have been re-examined from the
result of Fourier-transform infrared spectroscopy (Fig. 4),
which will be discussed later.

On the other hand, the effect of increasing TiO, content in
the P(VAF-HFP)-TiO, films can be certainly confirmed by
the cooling run results: as we previously investigated the
thermal behaviors of the P(VdF-HFP)-SiO, systems [22],
on cooling from the melt state the TiO, particles may play
roles in nucleating agent and in accelerating the crystal
growth. The crystallization point, however, shifts toward
lower temperature with the increase in TiO, content: for
instance, 126.6 °C for 5 wt% and 121.8 °C for 50 wt%
TiO, sample. Difference in the crystallization temperatures
is probably due to the inhibition of polymer crystal forma-
tion by the TiO, particle: that is, when the nanosized TiO,
content becomes so large that the particles are densely
distributed dominating the film, the TiO, no longer plays
the role of accelerating the crystal growth by the narrowly
neighboring particles. The more TiO, is included in the
polymer film, the lower probability to crystallize at higher
temperatures is given.

The transition of dominant crystal phases, with increasing
TiO, content, from polymer chain arrangement into
inorganic filler structure can be clearly observed by wide-
angle X-ray diffraction patterns, as shown in Fig. 3. At low
TiO, content, the films show some characteristic peaks (at
20 = 17, 19, and 38°) of PVAF a-phase crystals [23,24]
corresponding to big spherulites grown dominantly. Small
spherulites such as +y-phase crystals may also be existed
from the fact that the peak at 26 = 19° is corresponding to
a mixture of (110) plane of a-phase and (021) of y-phase
[24]. Some data from infrared spectroscopy will be helpful
in lighting up the existence of +y-phase crystals (Fig. 4).
However, the peaks at 20 = 26 and 36°, corresponding to
(101) and (004) planes of anatase TiO, nanoparticles [25],
respectively, are obviously pronounced with increasing
TiO, content. Particularly, for the sample of 50 wt% TiO,,
all peaks given by the polymer chain crystals are almost
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Fig. 3. Wide-angle X-ray diffraction spectra of the P(VdF-HFP)-TiO,
films. As a reference, powder sample was only used for the TiO, 100 wt%.
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Fig. 4. Fourier-transform infrared spectra of the P(VdF-HFP)-TiO, films
over the band ranges of (a) 4000-1500 and (b) 1500-400 cm L As a
reference, powder sample was only used for the TiO, 100 wt%.

disappeared remaining a just small trace of (110) or (021)
peak of PVdF a- or y-phase. Thus, the crystallinity reflected
by the polymer chain crystal only decreases greatly with the
increase in the TiO, content.

These crystalline properties and the related identification
of chemical species in P(VdF-HFP)-TiO, films can also be
confirmed by Fourier-transform infrared spectra in Fig. 4.
The strong vibrational bands at 531, 766, and 976 cm ™! are
characteristic of the a-phase PVdF crystals, and the bands at
484 and 840 cm ™' correspond to y- and B-phase PVdF crys-
tals, respectively [23,26,27]. From Fig. 4(b), it is apparently
seen that all these polymer crystal bands disappear with the
increase in TiO, content. Only small portion of a-phase
crystals, corresponding to the band at 976 cm ™', remains.
Comparing with the X-ray diffraction data, the remaining
polymer crystals at high TiO, content can thus be identified

as a-phase, not vy, and also its (110) plane is most dis-
tinguishable but other planes are somewhat broken or out
of shape.

On the other hand, comparing with the infrared spectrum
of anatase TiO, powder, all the P(VdF-HFP)-TiO, films do
not show any Ti—O band, whereas the broad band of 800—
450 cm ™! corresponds to the stretching mode vibration of
Ti—O [28] and the band peak at 512 cm ™! the characteristic
of Ti—O anatase crystalline phase [29]. However, the
hydrous nature produced after the surface treatment of
TiO, is reflected to the P(VAF-HFP)-TiO, films showing
the bending mode of adsorbed water at 1640 cm”! [30].
The water molecules originated from TiO, powder can be
checked by the OH stretching vibration band for TiO, at
3417 cm ™' [29].

3.3. Liquid absorption and ionic conductivity

The liquid uptake (%) of polymer film has been deter-
mined by a weight increase rate as (W, — W) X 100/W,
where W, and W, are the weights of polymer films before
and after absorbing the electrolyte solution, respectively. As
expected, the P(VAF-HFP)-TiO, film absorbs different
amounts of liquid with respect to the absorbing time, the
kind and content of inorganic filler, and even the kind of
electrolyte solution. For the case of absorbing the solution of
1 M LiCIO4/EC-DMC, the polymer films absorb rapidly
more than half the saturated amounts within 10 min, and
then mostly saturated after about 20 h (Fig. 5(a)). The
sample having 20 wt% TiO, shows a maximum liquid
uptake of ~77%, which is higher than the case of polymer
films with fumed silica particles [22]. When using 1 M
LiPF¢/EC-DEC as an electrolyte solution, the liquid uptake
is faster than the former case and saturates within 6 h
(Fig. 5(b)). Conditions of including 10 wt% TiO, and 6 h
are sufficient to obtain the maximum liquid uptake, though
its absolute value is similar to the former case.

Conductivities of the polymer electrolytes were calcu-
lated from the bulk resistances determined from complex
impedance spectra. As shown in Fig. 6, the ionic conductiv-
ities of polymer electrolytes containing TiO, nanoparticles
exhibit 1-2 order of magnitude higher than those of
polymer electrolyte containing fumed silica particles [22].
Moreover, 1 M LiPF{/EC-DEC in the polymer-TiO,
matrix shows apparently higher ionic conductivity than
1 M LiCIO/EC-DMC over all the specified temperature
range and the TiO, content range tested. Highest conductiv-
ities are obtained for 20-30 wt% TiO, sample in case of
1 M LiCIO/EC-DMC, and for 10-20 wt% TiO, sample
in case of 1 M LiPF¢/EC-DEC. Here, it should be noted
that these optimum TiO, contents showing highest con-
ductivities are very consistent with those of exhibiting
maximum liquid uptakes for each electrolyte solution.
Nevertheless, it is very meaningful that room temperature
ionic conductivities of the P(VAF-HFP)-TiO, are almost
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Fig. 5. Liquid uptakes of the P(VdF-HFP)-TiO, films, determined by the
difference in weights of polymer films before and after absorbing the elec-
trolyte solutions of (a) 1 M LiCIO/EC-DMC (2:1 vol) and (b) 1 M
LiPF¢/EC-DEC (1:1 vol).

higher than 107 S/cm which is adequate to apply to the
polymer electrolyte for rechargeable lithium batteries.

Besides, the temperature dependence of ionic conductiv-
ity for the polymer electrolyte shows slightly different
behaviors with respect to the electrolyte solution used.
The polymer electrolyte using 1M LiCIO/EC-DMC
obeys an empirical Vogel-Tammann—Fulcher (VTF) rule
[31] rather than Arrhenius-type behavior whereas the
system of using 1 M LiPF¢/EC-DEC does the opposite
trend. In principle, the Arrhenius-type behavior means that
the conductive environment of lithium cation in the polymer
electrolyte is liquid-like and unchanged in the tested
temperature region [32]. Whereas, the VTF rule mainly
considers the deviation from the Arrhenius behavior,
which may be explained by the partial crystallinity or the
different relative fractions of crystalline and amorphous
regions within the polymer electrolyte system [33].

From the earlier results, the basis for higher liquid absorp-
tion and enhanced ionic conductivity may explained as
follows. The nanosized TiO, particles seem to facilitate
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Fig. 6. Temperature dependences of ionic conductivity for the polymer
electrolytes as functions of TiO, content when using the liquid solutions
of (a) 1 M LiClIO4/EC-DMC (2:1 vol) and (b) 1 M LiPF¢/EC-DEC (1:1
vol).

localized influences, on associating polymer component,
that retards the crystallization of the rigid vinylidenefluoride
unit and that simultaneously preserves the amorphous
structure of flexible hexafluoropropylene spacer unit. Thus
micro- or nano-pores may be produced near the TiO,
particles by the difference of interaction intensity with
each units of polymer component. As a result, the TiO,
particle shrinks the polymer matrix to produce hetero-
geneous pore distribution. In addition, the hydrophillicity
of TiO, surface groups may be responsible for the higher
liquid absorption and the resistivity to liquid leakage out of
the polymer electrolyte.

3.4. Electrochemical stability and interfacial resistance

Fig. 7 compares cyclic voltammograms of the polymer
electrolyte systems of using different electrolyte solutions.
For the system of using 1 M LiCIO,/EC-DMC (Fig. 7(a)),
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Fig. 7. Cyclic voltammograms of the polymer electrolytes on the working
electrode of stainless steel: the electrolyte solutions used are (a) 1 M
LiCIO/EC-DMC (2:1 vol) and (b) 1 M LiPF¢/EC-DEC (1:1 vol).

the cathodic stability is moderately good without any
electrochemical oxidation until the potential reaches
4.2 V. The polymer electrolyte with 5 wt% TiO, shows a
higher pre-oxidation wave at 4.5 V, while others are slightly
or hardly oxidized until 5.0 V. Compared to the gel-type
P(VAF-HFP) electrolytes [34] without adding any filler,
these oxidation potential windows are very narrow but
they still have a possibility to be used for lithium recharge-
able batteries whose operating voltage is in the range of
0-4.2 V. On the other hand, another effect of nanoscale
TiO, addition can also be observed by the cyclic voltammo-
grams in the low potential range, in which the interaction
between the polymer electrolyte and lithium electrode must
be considered as the plating (corresponding to anodic peak)
and stripping (to cathodic peak) of lithium. As shown in
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Fig. 8. (a) Impedance spectra of the polymer electrolyte, which is contain-
ing 5 wt% of TiO, and 1 M LiPF¢/EC—DEC (1:1 vol), on lithium electrodes
as a function of time. (b) Time evolutions of interfacial resistances between
the polymer electrolytes and lithium electrode.

Fig. 7(a), the stripping responses are decreased with increas-
ing the TiO, content. The decrease in lithium stripping peak
as current response may be thought as a result of interaction
between nanoparticle surfaces and lithium cation, i.e. some-
what close association of Li™ with TiO, surfaces [35], and
then surely it leads to the stabilized interface occurring the
weak current response between polymer electrolyte and
lithium electrode. Also, it seems to be agreed well with
the fact that TiO, nanoparticles in the polymer electrolyte
matrix may play as well a role of enhancing the interfacial
stability with lithium metal electrode or lithium cycling
efficiency [17-19,35,36].

In contrast, the system of using 1 M LiPF¢/EC-DEC
shows very small cathodic (<<0.003) and anodic
(<0.01 mA/cmz) responses than the former case. The
electrochemical stability in the potential range of 0-5V
can be much more reinforced by adopting the 1M
LiPF¢/EC-DEC as an electrolyte solution to the P(VdF-
HFP)-TiO, polymer electrolyte system.
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Fig. 8 presents the evolutions of impedance spectra and
the resulted interfacial resistances of the polymer electrolyte
when using 1 M LiPF¢/EC—DEC in a non-blocking cell with
two lithium metal sheets. In the typical impedance spectra
for the polymer electrolyte system as shown in Fig. 8(a), one
semicircle grows with time and after certain period the
growth becomes diminished, which means that a passivation
layer is generated, developed by the interactions between
polymer electrolyte components and lithium surface, and
finally stabilized by the nanoscale TiO, particles. The inter-
facial resistance may be determined from diameter of the
semicircle. As a result, the polymer electrolyte with 10 wt%
TiO, is proved to be the best (~10 () cm? at 200 h) in the
long-term stability with the lithium electrode. The estimated
interfacial resistance is about 40 times lower than the case of
using fumed silica particles [22].

4. Concluding remarks

The results reported here show that the P(VdF-HFP)-
based polymer electrolyte can improve much more its
physical and electrochemical properties by the addition of
nanoscale TiO, particles. Particularly, some points may be
taken as conclusions: (i) dispersion of nanoscale TiO, parti-
cles in the mixture is so difficult to require severe mixing
conditions, (ii) free-standing polymer films are very hard to
obtain if TiO, content exceeds ~50 wt%, (iii) optimal TiO,
contents for the maximum uptakes of electrolyte solution
are found to be ~20 wt% when using 1 M LiCIO,/EC—
DMC (2:1 vol) and ~30 wt% when using 1 M LiPF¢/EC—
DEC (1:1 vol), (iv) the related electrochemical properties
such as ionic conductivity, electrochemical stability,
compatibility with lithium electrode, etc. show higher
improvements in the range of the optimal TiO, content,
and finally (v) the lowering of interfacial resistance is highly
attributed to the solid-solvent role of nanoscale TiO, filler
even though the present system is a porous-type polymer
electrolyte.
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