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Abstract To develop high performance mixed matrix gel
polymer electrolyte, the synergistic effect of blending
PVDF (PEO/PVDF weigh ratio of 85:15) and adding nano-
TiO, (0.5-2 wt.%) to traditional monomer poly (ethylene
oxide) was investigated. Thermogravimetric analysis indi-
cated that poly (ethylene oxide)/poly (vinylidene fluoride)
blend had an excellent thermal performance. X-ray diffraction
analysis revealed that poly (ethylene oxide)/poly (vinylidene
fluoride) blend leads to lower crystallinity and the amorphi-
city of corresponding gel polymer electrolyte increases with
increasing nano-TiO, concentration. The maximum ionic
conductivity (2.12x107% and 6.37x 107 S/cm) of poly
(ethylene oxide)/-(TiO,)y s and poly (ethylene oxide)/poly
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(vinylidene fluoride)/-(TiO;)o5 gel polymer electrolyte at
room temperature (25 °C) were obtained, respectively. The
prepared poly (ethylene oxide)/poly (vinylidene fluoride)-
TiO, gel polymer electrolyte demonstrated about 2.6 and
1.8-fold increment in the fracture strength as compared to
that of poly (ethylene oxide) gel polymer electrolyte and
poly (ethylene oxide)-TiO, gel polymer electrolyte. The
average transmittance of poly (ethylene oxide)/poly (viny-
lidene fluoride)-TiO, gel polymer electrolyte was about
90 % in the visible region. With good electrical, mechanical
and optical performance, it is very suitable for being applied
in electrochromic glass.
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1 Introduction

Gel polymer electrolytes (GPEs) are considered as an
important class of electrolyte materials for the construction of
a new generation of electrochemical devices because they
have distinct advantages over liquid electrolytes due to their
low reactivity with electrodes, reduced risk of leakage,
flexibility and improved integrity. GPEs have been widely
explored for their favorable mechanical properties, ease of
fabrication and handling in thin films, modularity and relia-
bility in various electrochemical devices and their ability to
form effective electrode-electrolyte contact [1-5]. For the
GPEs, however, it is difficult to exhibit high ionic con-
ductivity and good mechanical properties simultaneously for
the polymer matrix formed by one monomer, i.e., poly
(ethylene oxide) (PEO), poly (vinylidene fluoride)

(PMMA) [8, 9]. In which, PEO has good solubility for the
lithium salt and PEO plays an important role in the devel-
opment of gel polymer-based electrolytes for its low cost,
environmental stability, safety, facile synthesis [10], and high
electrochemical stability in comparison with other polyethers
or co-polymers. However, low ionic conductivity and poor
mechanical property of PEO-based GPEs limit their potential
practical applications in devices at ambient temperature.
Various methods have been performed to enhance the
ionic conductivity and mechanical properties of PEO-based
GPEs [11]. One of the methods used for increasing the ionic
conductivity is to suppress the crystallization of PEO chains,
leading to an increase in the chain mobility [12]. The crys-
tallization of PEO can be suppressed by using a polymer
blend [13], nanocomposites [14], crosslinking [15], and/or
copolymerization [16, 17]. Blending of different polymers
provides easy preparation and feasible control of the physical
properties within the miscibility compositional region [18]. It
also exhibits properties that are superior to the properties of
individual component of the blend [19-21]. PVDF is widely
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used as a membrane material since it exhibits excellent che-
mical resistance, good physical, thermal stability [22], high
dielectric constant (¢ = 8.4) and strong electron-withdrawing
functional groups (-C-F). Fan et al. [23] reported that the
blend of PEO and PVDF could hinder the crystallinity of
PEO, and achieve a good combination of high ionic con-
ductivity and good mechanical strength. Muthuvinayagam
et al. [24] revealed PVDF/PVA-based polymer electrolytes
obtained high ionic conductivity and other properties.

Another feasible approach has been used to improve the
ambient temperature conductivity while retaining the
mechanical properties and the stability of GPE by the
addition of nano-scale ceramic filler such as Al,Os [25],
Si0, [26], TiO, [27] and BaTiO5 [28]. Liang et al. [29]
studied the effect of Al,O3 on the electrical and mechanical
performance of PEO/PMMA-based polymer electrolyte
membrane, which showed the ionic conductivity and fracture
stress of the membrane were improved to 9.37 x 1077 S/cm
and 3.26 MPa, respectively. Ni'mah et al. [30] prepared the
polymer electrolytes based on polyethylene oxide (PEO)
with NaClO, salt and nano-sized TiO, fillers. The result
showed the TiO,-blend electrolyte had higher amorphicity
and ionic conductivity.

The blend and the addition of fillers improve several
properties of GPE, such composite electrolytes have been
almost explored for Li-ion batteries and supercapacitor, but
rarely in the field of electrochromic glass. Few studies have
reported positive effects on parameters such as thermal sta-
bility, mechanical properties and optical performance. In the
present study, PEO is blended with PVDF polymer at PEO/
PVDF weigh ratio of 85:15 with the aim to decrease the
crystallinity of PEO matrix and improve the mechanical
property. Nano-TiO, supports the ionic mobility due to its
substrate characteristics, such as shape and surface nature,
which effectively disturbs the order packing tendency of the
polymer chains [31]. Besides that, nano-TiO, particles could
effectively absorb the ultraviolet ray in visible light that is
harmful to human body. Nano-TiO, is further incorporated
into PEO/PVDF system in order to enhance the ionic con-
ductivity and mechanical property of corresponding GPE.
Materials characterization in terms of thermal stability,
degree of crystallinity, morphology, electrical performance,
mechanical property and transmittance of PEO/PVDEF-
(TiO,)x (x=0-2.0wt.%) GPE prepared by the solution
casting method were systematically investigated in details.

2 Experimental
2.1 Materials

PEO (Mw=1x10° and PVDF (America Solvay 6020)
which were dried at 60 °C under vacuum for 24h were
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purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lithium perchlorate (LiClOy, 99.99 %), which was dried in
vacuum at 70 °C for 24 h, was fabricated by the Shanghai
Aladdin Biological Technology Company (Shanghai,
China). Titanium dioxide nanoparticles (commercial P25)
were obtained from Degussa Co (Germany). N,N-dime-
thylacetamide (DMAC, 99.5 %) was acquired from Tianjin
Kemiou Chemical Reagent (Tianjin, China). All chemicals
were used as received without further purification.

2.2 Preparation of PEO/PVDF-TiO, GPE films

Preparation of GPE used the solution casting technique.
PEO and PVDF, whose weight ratio was kept at 85:15,
were dissolved as matrix in DMAC with a different weight
ratio TiO, (x =0.5-2 wt.%, x is the percentage of PEO and
PVDF total quality) in a magnetic stirrer for 15 min. Then,
10 wt.% LiClO4 of PEO/PVDF total weight was added to
the above solution. After stirring for 5h at 50 °C, the
obtained homogenous mixture was cast onto a Teflon plate
and DMAC was evaporated slowly in the dry oven at 40 °C
for 3—4 h, then GPE film was obtained. The obtained film
was dried in vacuum for 24 h at 60 °C. The thickness of the
film was about 30 pm. The films of the other GPE were
prepared in the same way. Fig. 1

2.3 Characterization

Thermal stability of GPE matrixes was investigated using
(SDT Q600 TGA/DTA apparatus (TA, USA) at a heating
rate of 12°C min” from 20 to 600 °C under argon atmo-
sphere. The sample weights were maintained in the range of
89 mg. D8 advance X-ray diffractometer (Bruker axes,
USA) was applied to investigate the amorphousness at a
scan rate of 5°/min, in the 20 range from 5° to 40° and the
crystallinity of the samples was calculated by Jade software.
The morphologies and the thickness of the films were
investigated using a field-emission scanning electron
microscopy which was studied by S4800 model (Hitachi,
Japan). The electrochemical impedance spectra of GPE was
measured at room temperature (25 °C) by electrochemical
work station (Zahner Zennium) in the frequency range from
0.1 to 100 KHz and the signal amplitude was 10 mv. GPE
film was made into a button battery to test the bulk resis-
tance. The ionic conductivity of the films o was calculated
by the equation:

d
- 1
where d and S are the thickness of the films and the area of
the films respectively and R, is the bulk resistance. The
equivalent circuit was fitted by the ZView software and the
resistance of the electrolyte (R,) was determined from the
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Fig. 1 Preparation process
of PEO/PVDF-TiO, GPE films
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intercept of the real impedance. Transmittance spectra of the
samples were recorded on a Lambda 35 UV-Vis spectro-
photometer (PerkinElmer) at room temperature in the
wavelength range of 220-800 nm. LLY-O6A model, a
single fiber electronic tensile strength tester (Laizhou,
China), had been used to measure the mechanical strength
of GPE films with clip speed of 5 mm/min and gauge length
of 10 mm. All the tested samples were done in 20 replicates.

3 Results and discussion
3.1 Thermal properties

The thermal stability of GPE matrixes was characterized
by thermogravimetric analyzer (TGA) and the results are
presented in Fig. 2, which shows the initial 2-3 % weight
loss at 220 °C that is mainly due to the evaporation of
moisture absorbed by the samples during the process of
sample. TGA curves of PEO and PVDF show that the
decomposition temperature is about 375 and 460 °C,
respectively. There is still 5 and 32 wt.% material left at
600 °C, respectively. Besides, TGA shows that PEO/PVDF
blend has intermediate thermal stability of PEO and PVDF
polymer. Only one weightlessness peak indicates that
PEO and PVDF have a good compatibility and PVDF can
be distributed uniformly in PEO. The decomposition
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100 ="t e
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o
=
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Fig. 2 TGA graphs of different GPE matrixes

temperature of PEO/PVDF blend is about 390 °C and there
is about 19 wt.% of the material left, which illustrates the
good thermal stability.

3.2 X-ray diffraction (XRD)
Fig. 3 shows the crystallinity changes in the different

electrolyte films characterized by means of X-ray diffrac-
tion. The values of crystallinity are summarized in Table 1.
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Fig. 3 XRD patterns for different samples (a) Bare PEO and PEO/PVDF blend, (b) PEO/PVDEF- (TiO,)(¢-2.0) GPE films

Table 1 Percentage of crystallinity of different samples

Code Sample Crystallinity (%) R Code Sample Crystallinity (%) R
PEO 73.22 <7 4 PEO/PVDF/LiClO4~(TiO3)o 5 46.78 <7
PEO/PVDF 62.03 5 PEO/PVDF/LiClO4~(TiO5); o 43.81
PEO/PVDF/LiClO, 59.90 6 PEO/PVDF/LiClO4~(TiO,); 5 38.96

7 PEO/PVDF/LiCl04~(TiO5), o 35.69

XRD pattern of bare PEO shows two high intensity
diffraction peaks at 19° and 23°, which are assigned to
set of planes (120) and (112) [32], respectively. From
Fig. 3a and Table 1, blending PVDF into PEO results in
decreasing crystallinity (from 73.22 to 62.03 %). Moreover,
it is observed that after introducing nano-TiO, to PEO/
PVDF GPE, the degree of crystallinity of PEO/PVDF
GPE is reduced further from 59.90 to 35.69 %. This could
be due to the disruption of the semi-crystalline structure of
the film by nano-TiO,. Low crystallinity of a polymer film
favors the chain movement and increases the ionic con-
ductivity of the corresponding polymer electrolyte subse-
quently [33].

3.3 Morphology characterization

The compatibility between the polymer matrix and the
inorganic dopant has great influence on the properties
(mechanical and ion conductivity) of the polymer blend
electrolytes [34]. SEM images for different GPE films are
displayed in Fig. 4. Fig. 4a shows the typical spherulitic
texture of the bare PEO, demonstrating its semi-crystalline
nature [32]. It can be seen from Fig. 4b that there is no
apparent interface between two polymers, which indicates
that PEO and PVDF have a good compatibility. There
is uniform and smooth surface in PEO/PVDF/LiCIO4
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film (Fig. 4c). This is because lithium salt could change the
surface appearance of PEO/PVDF blend film. From the
cross section image of PEO/PVDF/LiClOy film, inserted in
Fig. 3c, we can see that the thickness of GPE film (top) is
about 30 um. Fig. 4d shows that nano-TiO, particles are
distributed on PEO/PVDF GPE film.

3.4 Conductivity studies

Fig. 5 illustrates the impedance spectra for PEO and PEO/
PVDF GPE with different nano-TiO, contents at room
temperature (25 °C). The inset in Fig. 5 is the equivalent
circuit of GPE films. Fig. 5b gives the smaller values of
bulk resistance which is obtained from the intercept on the
real axis of the Nyquist plot of PEO/PVDF-TiO, GPE
compared to PEO-TiO, GPE. This is mainly the result of
lower crystallinity proved in Fig. 3a that contributes to fast
Li-ion motion in the polymer network, hence improves the
ion conductivity. Fig. 6 shows the ionic conductivity of
PEO and PEO/PVDF GPE films with different nano-TiO,
contents. From the graph, when PVDF is blended into PEO-
TiO,, the ionic conductivity obviously increases. In parti-
cular, the ionic conductivity of PEO/PVDF-TiO, GPE films
gains the highest ionic conductivity (6.37 x 107°S/cm)
when the amount of nano-TiO, content increases to
0.5wt.%. An excess of nano-TiO, particles could reduce
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Fig. 5 Impedance spectra of (a) PEO-(TiO;)-2.0) GPE films, (b) PEO/PVDF-(TiO,)—.0) GPE films

the ionic conductivity, which is considered due to an
increase by in ion-ion interaction that blocks the motion of
Li* ions and reduces the conductivity pathway [35]. In
addition, we also compare our experimental data of the
highest ionic conductivity values of PEO/PVDF-TiO, GPE

films with other reported GPE film as shown in Table 2
[29, 32, 36, 37]. It should be noted that the values and
comparisons reported for the ionic conductivity have only a
relative meaning because of different testing conditions,
type of materials and methods.
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3.5 Mechanical strength

To quantify the structural stability of GPE films, the
mechanical properties measurements based on tensile stress-
strain characteristics are carried out in Fig. 7. As can be seen
from Fig. 7, the stress of PEO-TiO, and PEO/PVDEF-TiO,
GPE films firstly increase and then decrease with the

7.0

V7] PEO-based
[ | PEO/PVDF-based

Tonic Conductivity (10" S/cm)

o
)

0.0 0.5 1.0 15 2.0
TiO, content (wt.%)

0.0

Fig. 6 Ionic conductivity of PEO-(TiO,)-20, and PEO/PVDF-
(TiOZ)(()_z'()) GPE films

increasing of nano-TiO, particles. Compared with PEO-
TiO, GPE films, PEO/PVDF-TiO, GPE films clearly dis-
play better mechanical strength (see Fig. 8), which means
blending PVDF and adding TiO, to PEO have a synergistic
effect on the performance of bare PEO. The prepared PEO/
PVDEF-TiO, demonstrates about 2.6 and 1.8-fold increment
in the fracture strength as compared to that of PEO GPE and
PEO-TiO, GPE, which may be contributed to the C—F bond
and hydrogen ion that form the most stable and sturdy
construction.

3.6 Optical properties

Due to the kind of electrolyte film for electrochromic
glass, the transmittance exhibited is quite vital. In visible
region, the average transmittances of PEO/PVDF with
Owt., 0.5wt., 1.0wt, 1.5wt. and 2.0wt.% TiO, are
about 96.19, 93.66, 92.70, 90.58 and 89.84 %, respectively,
(see Fig. 9), suggesting that increasing nano-TiO, content
has a negative effect on the transmittance. However, it is
clear that PEO/PVDF-(TiO;)0 5.0y GPE films in the visible
range still have high transmittance which proves the
practical applications of GPE films on the electrochromic
glass.

Table 2 The comparison the

work with previous reports Sample Synthetic methods Temperature (°C) Conductivity (S/cm) References
PEO/LiCF;S0; ball milling and hot 25 1.00x107° [36]
pressing
PEO/LiCIO4/Bentonite  hydraulic press 25 3.89% 1078 [37]
PEO/LITDI/TiO, solution casting 25 2.11x107° [32]
PEO/PMMA/LiTESV/ solution casting 25 9.39%x 1077 [29]
A1203
PEO/PVDF/LiClO,/ solution casting 25 6.98x 107° This study
TiO,
24 4.8
(@ (b)
1.8
= =
& &
S e
2 12 2
@ @
5) — no filler ] no filler
—— 0.5 wt.%-TiO, @ —— 0.5 Wt.%-TiO,
0.6 — 1.0 Wt.%-TiO, 12 — 1.0 wt.%-TiO,
— 15 wt.%-TiO, — 1.5 wt.%-TiO,
— 2.0 wt.%-TiOy — 2.0 wt.%-TiO,
0_0 1 1 00 1 1 1
0 45 90 135 180 0 65 130 195 260

Strain (%)

Strain (%)

Fig. 7 Strain-stress curves of (a) PEO-(TiO;)-2.0) GPE films, (b) PEO/PVDF-(TiO,) .0y GPE films
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Fig. 9 Transmittance spectra of PEO/PVDF-(TiO,) .0y GPE films
4 Conclusions

Gel polymer electrolyte (GPE) based on PEO/PVDF blend
with different weight percent of nano-TiO, fillers had been
prepared by solution casting method. PEO/PVDF was stable
up to 390 °C before decomposition. PVDF and nano-TiO,
could decrease the crystallinity of bare PEO and PEO/
PVDF GPE films, respectively. Moreover, the blend of
PVDF into PEO-TiO, GPE films enhanced the ionic con-
ductivity and mechanical strength. The maximum value of
ionic conductivity of PEO/PVDF-TiO, GPE was 6.37 x
107® S/cm at room temperature (25 °C) when the amount of
nano-TiO, content was 0.5 wt.%. The blending PVDF and
adding TiO, had a synergistic effect on the performance of
bare PEO. The prepared PEO/PVDF-TiO, GPE demon-
strated about 2.6 and 1.8-fold increment in the fracture
strength as compared to that of PEO GPE and PEO-TiO,
GPE. The average transmittance of PEO/PVDF-TiO, GPE

film in visible region was about 90 %, which met the actual
demand of electrochromic glass.
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