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Abstract Ion-conducting thin film polymer electrolytes
based on poly(ethylene oxide) (PEO) complexes with
NaAlOSiO molecular sieves powders has been prepared
by solution casting technique. X-ray diffraction, scan-
ning electron microscopy, differential scanning calorim-
eter, and alternating current impedance techniques are
employed to investigate the effect of NaAlOSiO
molecular sieves on the crystallization mechanism of
PEO in composite polymer electrolyte. The experimen-
tal results show that NaAlOSiO powders have great
influence on the growth stage of PEO spherulites. PEO
crystallization decrease and the amorphous region that
the lithium-ion transport is expanded by adding appro-
priate NaAlOSiO, which leads to drastic enhancement
in the ionic conductivity of the (PEO)16LiClO4 electro-
lyte. The ionic conductivity of (PEO)16LiClO4-12 wt.%
NaAlOSiO achieves (2.370±0.082)×10−4 S · cm−1 at
room temperature (18 °C). Without NaAlOSiO, the ionic
conductivity has only (8.382±0.927)×10−6 S · cm−1,
enhancing 2 orders of magnitude. Compared with inor-

ganic oxide as filler, the addition of NaAlOSiO molecular
sieves powders can disperse homogeneously in the
electrolyte matrix without forming any crystal phase and
the growth stage of PEO spherulites can be hindered more
effectively.
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Introduction

Since Wright’s striking discovery that polymer complexes
consisting of poly(ethylene oxide) (PEO) and alkali metal
salts can exhibit ionic conductivity [1], many different
polymer electrolytes and their properties have attracted
considerable attention in the past few decades due to several
practical applications such as high energy density recharge-
able batteries, portable electronics, electric vehicles, and
backup power sources in helicopters as well as man-made
satellites [2–5]. PEO is often used as matrix material in order
that PEO not only has good chemical stability, light weight,
good plastic, easy to process, but also can form stable
complexes with inorganic salts. Unfortunately, high concen-
tration of crystalline phase presented in PEO/LiX (X=ClO4

−,
BF4

−, PO4
−, CF3SO3

−, etc.) electrolytes system results in a
low room temperature ionic conductivity of PEO-based
polymer electrolytes. Previous researches show that incorpo-
ration of inorganic nanoparticles, propylene carbonate,
ethylene carbonate, and polyethylene glycol into the PEO/
LiX electrolytes system can improve the ionic conductivity
effectively. ZnO [6], ZrO2 [7], SiO2 [8–10], MgO [11], CeO2

[12], Al2O3 [13], Sm2O3 [14], TiO2 [15], etc. as an inorganic
filler have been deeply studied. MCM-41 [16, 17], ZSM-5
[18–21], SBA-15 [22, 23], and other porous materials are
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also helpful to improve the ionic conductivity. In addition,
PEO-NaI [24], PEO-KOH [25], PEO-Mg(NO3)2 [26], PEO-
NaPO3 [27], and many other novel PEO-based polymer
electrolytes [28–44] have also been extensive investigated.
Indeed, in these past years, the limit of PEO crystalline
behavior has been overcome by introducing inorganic
oxides. But inorganic particles could not dissolve in an
organic solvent. Inhomogeneous mixed-phase systems lead
to a low ionic conductivity.

In this paper, we report a novel PEO-based composite
polymer electrolyte using NaAlOSiO (Na56[(AlO2)56(-
SiO2)136]) molecular sieves powders as the filler. As far
as we know, this research has not appeared in the other
literatures and the properties of such composite polymer
electrolyte have not been investigated so far. The
molecular weight range of PEO is 1×105~1×106,
depending on the chain length of polymer. Due to the
existence of C-O-C chemical bond, PEO matrix can form
a stable complex with certain inorganic salts. Different
molecular weight of PEO determines different physical
properties, including the solubility in organic solvents
and mechanical properties. If the molecular weight is too
big, the long molecular chain of PEO led to PEO
solubility in organic solvents decreasing, which is not
conducive to the integration of polymer and filler
materials. But if the molecular weight is too small,
mechanical properties are poor. In our work, molecular
weight Mw=500,000 g/mol of PEO as matrix materials
are used. We observed a very large improvement of ion
conductivity by addition of these NaAlOSiO molecular
sieves powders. The excellent performances of the ion
conductivity suggest that the novel (PEO)16LiClO4-
NaAlOSiO composite electrolyte can serve as a candidate
material for lithium polymer batteries and electrochemi-
cal display smart windows.

Experimental

PEO (Shanghai YuKing Chemtech Co., Ltd.) with an average
molecular weight of Mw=500,000 g/mol and inorganic salt
LiClO4 (Sinopharm Chemical Reagent Co., Ltd. in China)
were dried in a vacuum oven for 48 h at 50 °C and 120 °C,
respectively, prior to use. NaAlOSiO molecular sieves
powders (Nankai University Catalyst Company) were
employed as filler. Acetonitrile (Shanghai Chemical Reagent
Co., Ltd. in China) was refluxed at a suitable temperature
under nitrogen atmosphere prior to use.

The polymer electrolytes were prepared by mixing LiClO4

and PEO with different content of NaAlOSiO molecular
sieves powders in acetonitrile solution in proportions
corresponding to 16 M units of ethylene oxide (CH2CH2O)
per lithium-ion (PEO: LiClO4 16:1) at room temperature.

The obtained solution was poured onto a glass dish and the
films were dried under vacuum environment slowly in order
to get rid of the residue solvent. All the operations and
storage were carried out in the vacuum glove box (protective
gas is nitrogen). Finally, the electrolyte films of thickness
ranging from 100 to 150 μm were formed.

The structural and phase behavior of the conducting
polymer electrolyte (CPE) films were studied using X-ray
diffraction (XRD) technique. The XRD patterns were recorded
at room temperature using Xbd2008aX X-ray diffractometer
with Cu-Kα radiation (λ=1.54056 Å), and were performed at
36 KVand 20 mAwith a scanning rate of 4°/min. The surface
morphologies of the CPEs were investigated using scanning
electron microscopy (SEM; HITACHI S-3400N II). Differ-
ential scanning calorimeter (DSC) measurements were carried
out using a PerkinElmer Pyris-1 calorimeter in temperature
range from −70 °C to 100 °C with heating rate of 20 °C/min.
The alternating current (AC) impedance measurements of the
PEO films were performed using an electrochemical analysis
system (Solartron1260A wide frequency response and the
1287A electrochemical interface) in the frequency range of
0.1 Hz~1 MHz. The electrolyte was sandwiched between two
stainless steel (SS) blocking electrodes to form a symmetrical
SS|electrolyte|SS cell configuration before testing.

Results and discussion

XRD spectra

XRD technique is often performed to identify intercalated
structures through Bragg’s equation: l ¼ 2d sin q, where l
is the wavelength of the X-ray radiation used in the
diffraction experiment, d corresponds to the interlayer
spacing between diffraction lattice planes and θ is the
measured diffraction angle. The XRD spectra of the
(PEO)16LiClO4-x wt.% NaAlOSiO (x=0, 8, 15) composites
at room temperature are shown in Fig. 1. The two intensive

Fig. 1 X-ray diffraction patterns of (PEO)16LiClO4-x wt.% NaAlO-
SiO (x=0, 8, 15)
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characteristic diffraction peaks of the crystalline PEO
appear at 2θ=19° and 23°. After 8 wt.% NaAlOSiO
addition incorporated into the (PEO)16LiClO4 electrolyte
matrix, the diffraction peaks of the CPE film become
weaker, which indicates a rapid decrease of the PEO
crystallinity. With the addition of 15 wt.% NaAlOSiO to
the (PEO)16LiClO4 matrix, the intensities of the character-
istic peaks retained the same as that of the (PEO)16LiClO4-
8 wt.% NaAlOSiO composite. Since no distinct peaks of
NaY are observed in host polymer electrolyte, the ionic
status of Na+ and (AlOSiO)− can been seen. This may lead
to an additional conducting species, i.e., Na+ which may be
one reason for enhancement in ionic conductivity. A
comparison of XRD spectra shows that the NaAlOSiO
has a major influence on the crystallization process of
(PEO)16LiClO4 matrix. By introduction of NaAlOSiO, the
crystallinity degree of PEO matrix decreases. However, the
characteristic peaks remain unchangeable in the CPE films
when NaAlOSiO content more than 8 wt.%.

SEM micrographs

The surface morphology of the CPEs samples are presented
in Figs. 2 and 3, respectively. It can be seen from Fig. 2 that
pure PEO and (PEO)16LiClO4 show a typical crystal
morphology with spherical shape structure. The spherulites
crystal distribution is compact and ordered. Compared with
pure PEO, (PEO)16LiClO4 pattern’s spherulites crystal are
larger, but the number is fewer. After different amount of
NaAlOSiO particles were incorporated in the (PEO)16Li-
ClO4 electrolyte matrix, drastic changes of surface mor-
phology appear in Fig. 3. With the increase of NaAlOSiO
content (less than 12 wt.% NaAlOSiO), the surface
morphology of CPEs are changed drastically. A dramatic
improvement from branch shape to crosslinked network
was observed. Crystallization kinetics of PEO matrix is
related to the ordered helical structure formed by the
molecular self-assembly without any external factor. PEO
polymer exists the structure of elementary nucleus. The

Fig. 2 SEM images of the a
pure PEO and b (PEO)16LiClO4

Fig. 3 SEM images of the
(PEO)16LiClO4-x wt.% NaAlO-
SiO: a x=5, b x=8, c x=12,
d x=20
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more ordered of the molecular arrangement, the stronger
their crystallization ability. After incorporating NaAlOSiO
particles, the molecular chain scission occurs due to the
disorder of molecular chain. Thus, the crystalline of PEO
tends to become difficult, and the continuous amorphous
region is expanded. However, severe aggregated phases and
separated phase domains can be detected when NaAlOSiO
particle content reaches 20 wt.%. This is because much
more NaAlOSiO particles cannot be dispersed homoge-
neously in the (PEO)16LiClO4 matrix, which leads to
accumulation effect that hinder lithium-ion transport
(Fig. 3d). The reported effect by [45] of NaY molecular
sieve on the composite polymer electrolyte (PVDF-HFP as
matrix material) in lithium-ion batteries and the compact
structure without any pores was observed and was needed
to be addressed. The differences may be attributed to the
different structure of matrix material in polymer electrolyte.

Differential scanning calorimetry

The glass transition temperature (tg), melting temperature
(tm), change of melting enthalpy (ΔHm), and percentage of
crystalline (XC) of CPE samples are listed in Table 1. The
relative percentage of crystalline PEO, XC, can be calculated

with the equation XC = ΔHm/ΔH* [46], where ΔH*=213.7 J ·
g−1 is the melting enthalpy of a completely crystalline PEO
sample. With the addition of NaAlOSiO powders, the tg, tm,
and crystallization behavior of PEO are completely different.
The Lewis acid-based interaction between the ether O atoms
of PEO and Lewis acid sites on the surface of NaAlOSiO
results in decreasing of tg, tm, and XC. The crosslinked
network structure of NaAlOSiO powders may provide more
Lewis acid sites to interact with the ether O atoms as Lewis
base of PEO chains. The low glass transition temperature tg
is important for us to obtain a good flexibility of the polymer
chains which are related to the ion transport. The addition of
NaAlOSiO powders reduces the XC, also suggesting that the
amorphous phase is enhanced predominantly.

The relationship between crystalline of CPE and time is
shown in Fig. 4. The (PEO) 16LiClO4 samples have high
crystalline, and increase obviously with time, the crystalline
of (PEO) 16LiClO4 is 55.43% with the initial test day. After
80 days, it achieves 73.85%, increasing nearly 20%. By
introducing 5 wt.% NaAlOSiO filler, crystalline increase
rapidly within 3 days, but the degree of crystalline is almost
unchangeable from the third day to the 80th day. Mixed
with 12 wt.% NaAlOSiO filler, the curve is parallel with the
former, but has a lower degree of crystalline. When

Table 1 Thermodynamic
properties of composite polymer
electrolytes from DSC analysis
(initial test day)

aCrystallinity Xx are calculated
by XRD data

Sample Glass
point, tg/
°C

Melting
point, tm/
°C

Melting
enthalpy,
ΔHm/J · g

−1

Crystallinity,
Xc/%

Crystallinity
Xx/%

a

(PEO)16LiClO4 −36.72 55.71 118.45 55.43 64.76

(PEO)16LiClO4-5 wt.%
NaAlOSiO

−39.42 53.86 79.05 36.99 –

(PEO)16LiClO4-8 wt.%
NaAlOSiO

−41.76 52.33 74.93 35.06 38.17

(PEO)16LiClO4-12 wt.%
NaAlOSiO

−43.21 51.60 65. 80 30.79 –

(PEO)16LiClO4-15 wt.%
NaAlOSiO

−45.09 49.45 59.84 28.00 35.56

(PEO)16LiClO4-20 wt.%
NaAlOSiO

−49.53 47.07 63.43 29.68 –

Fig. 4 The relationship between crystallinity and time Fig. 5 The relationship between conductivity and time
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NaAlOSiO content is 20 wt.%, the crystalline of CPEs
decrease with little range. Figure 5 displays the time
evolution of ionic conductivity. The enhancement in ionic
conductivity based on the decrease in crystallinity with
addition of filler NaAlOSiO is supported. (PEO)16LiClO4-
12 wt.% NaAlOSiO shows initial ionic conductivity of
nearly two magnitudes higher than that of (PEO)16LiClO4,
and only a small decreasing of ionic conductivity within
80 days.

Impedance spectroscopy and ionic conductivity

Ionic conductivity of the CPE film is determined by AC
impedance spectroscopy. The conductivity value σ is
calculated from the equation s ¼ d= RbSð Þ, where d is the
thickness and S is the area of the sample, and Rb is the bulk
resistance, which is determined from the impedance spectra
or equivalent circuit. Figure 6 displays impedance spectra
of (PEO)16LiClO4-x wt.% NaAlOSiO. It can be seen from
Fig. 6c that intercept of the high frequency arc on the real
axis is seen to decrease. Thus, the ionic conductivity is to
increase with the temperature increases. A minimum value
of the bulk resistance Rb appears in addition to 12 wt.%

Fig. 6 Room temperature impedance plots for the (PEO)16LiClO4-x wt.% NaAlOSiO: a x=0, b x=5, c x=12, d x=15

Fig. 7 The ionic conductivity of CPEs at room temperature (18 °C)
with different NaAlOSiO content

Table 2 Ionic conductivity from different CPE systems at room
temperature

CPEs Ionic conductivity
(S · cm−1)

PEO-LiClO4-5 wt.% TiO2 (10 nm) [47] 1.40×10−4

PEO-LiClO4-25 wt.% Al2O3 [48] 1.0×10−6

PEO-LiClO4-10 wt.% Sm2O3 [14] 4.45×10−5

PEO-LIBETI-10 wt.% SiO2 [10] 1.5×10−5
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NaAlOSiO. The ionic conductivity at 18 °C with different
content of addition NaAlOSiO is shown in Fig. 7. With the
NaAlOSiO content increases, the ionic conductivity is
increasing accordingly. The ionic conductivity achieve
maximum value (2.370±0.082)×10−4 S · cm−1 with the
addition of 12 wt.% NaAlOSiO, enhancing two orders of
magnitude compared with (PEO)16LiClO4 system. It is very
close to the standards of application. Compared with other
inorganic nanoparticles as inert filler, the addition of
NaAlOSiO increases the ionic conductivity of the (PEO)16-
LiClO4 more noticeably and remarkably as shown in Table 2.
This may be the reason that the appropriate amount of
NaAlOSiO powders can provide more Lewis acid sites to
interact with the ether O atoms of PEO chains, which lead to
the better conductivity compared to some inorganic particles.
Without NaAlOSiO, the ionic conductivity has only (8.382±
0.927)×10−6 S · cm−1. However, when NaAlOSiO content
exceeds 12 wt.%, the ionic conductivity begin to decline.
This is because the excessive NaAlOSiO powders were
accumulated, which hindered lithium-ion transport.

Conclusion

In summary, a novel all solid-state composite polymer
electrolyte (PEO)16LiClO4-x wt.% NaAlOSiO (x=0, 5, 8,
12, 15, 20, 35) has been prepared by solution casting
technique for the first time. XRD, SEM, DSC technology,
and AC impedance method were employed to investigate the
effect of NaAlOSiO addition on the (PEO)16LiClO4 electro-
lyte matrix. Experimental results showed that NaAlOSiO has
great influence on the growth stage of PEO spherulites.
Through adding appropriate NaAlOSiO, the molecular chain
scission occurs due to the disorder of molecular chain. Thus,
PEO crystallization decrease and the amorphous region of
the lithium-ion transport are expanded. However, severe
aggregated phases and separated phase domains can be
detected when NaAlOSiO pargicles content reaches 20 wt.%.
The high ionic conductivity (2.370±0.082)×10−4 S · cm−1

achieve at room temperature with the addition of 12 wt.%
NaAlOSiO was observed. Compared with the sample
without NaAlOSiO molecular sieves powders, there is an
increase of two orders of magnitude.
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