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A novel composite microporous polymer electrolyte based on poly(vinylidene fluoride), PVDF, poly(ethylene glycol), PEG, and
Li-exchanged vermiculite(Li-VMT)was prepared by a simple phase inversion technique. The prepared membrane was subjected to
XRD, SEM, impedance spectroscopy. The incorporation of Li-exchanged vermiculite greatly enhanced the ionic conductivity and
solvent uptake as compared to the membrane without Li-exchanged vermiculite. The Li-exchanged vermiculite plays a active role in
ion transport since relatively large platelets serve as the anion and allowed for exceptionally large Li transference numbers.
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1 Introduction

The science of polymer electrolytes is a highly specialized
interdisciplinary field which encompasses the disciplines of
electrochemistry, polymer science, organic chemistry, and
inorganic chemistry. The field has attracted ever-increasing
interest, both in academia and industry, for the past two
decades due to the potentially promising applications
in all solid-state rechargeable lithium or lithium-ion
batteries. Many microporous polymer electrolytes
comprising polymer matrices, plasticizing organic solvents
and alkali metal salts have been intensively studied for
applications in rechargeable lithium batteries and other
electrochemical devices (1). Microporous polymer elec-
trolytes in the form of very thin films act simultaneously
as transport for lithium ions, separator, and binder
between the negative (anode) and positive (cathode)
electrodes. Although gel polymer electrolytes with high
ionic conductivity can usually be achieved by adding
large amounts of organic solvents, they do not have
sufficient mechanical ruggedness to withstand winding
and stacking during manufacturing, or the stress that

*Address correspondence to: Yun-Pu Wang, Institute of
Polymer, Key Laboratory of Polymer Materials of Gansu
Province, Northwest Normal University, Lanzhou 730070, China.
E-mail: gaoxh121@163.com

arises from morphological deformation of the electrode
during repeated charge—discharge (2-4). Various ap-
proaches to increasing the mechanical strength have
been proposed recently. Inorganic fillers, such as fume
silica, zeolite, clay, Al,Osor glass fiber have been added
to strengthen the dimensional stability of gel polymer
electrolytes (5-7). Missing, however, is a detailed analysis
of the contribution to ionic conductivity of different
fillers.

A related approach to improve the performance of poly-
mer electrolyte by enhancing the Li transference number
uses Li-exchanged vermiculite in PEO capable of solvating
Li cations (8-10). In this regard, PEG molecules interca-
late within the galleries of the clay platelets and solvate
the Li cations. The large clay platelets therefore serve
as anions, but have low mobility because of their size.
As such, high Li transference numbers can be expected.
Since the Li-exchanged vermiculite used in this systems
directly affected ion transport, we refer to them as active
fillers.

In the present paper, we report the preparation and
characterization of microporous PVDF-PEG polymer
electrolytes with active filler (Li-VMT). The prepared
membrane was subjected to XRD, SEM, impedance
spectroscopy. Li-exchanged vermiculite constitutes an
active filler that benefits Li transference number.
The solvent uptake and ionic conductivity were also
discussed.
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2 Experimental

2.1 Materials

PVDF (Mw = 900,000) was obtained from Shanghai 3F
New Material Co., LTD and dried in a vacuum oven at
100°C for 48 h before use. PEG (Mw = 10,000) and LiCl
were purchased from Shanghai Pudong Chemical Com-
pany. The ES-002 electrolyte solution (EC: DMC: EMC
/1:1:1/ v/v/v 1 M LiPF) was purchased from Shang-
hai Tuer Industry Development Co., LTD. Conductivity
of this electrolyte is 9.9 mS cm~!. The vermiculite used in
this work was grade number 3, purchased from Aldrich
and treated at 120°C for 6 h prior to use. Other chemicals
were obtained from commercial suppliers and used without
further purification.

2.2 Preparation of Li-Exchanged Vermiculite

Li-exchanged vermiculite (Li-VMT) was made by cation
exchange in 1 M aqueous LiCl solution and by using
enough solution to provide a 10-fold excess of cation needed
for complete exchange. The exchange suspensions were
stirred for 2 h at room temperature and then were cen-
trifuged, and the process was repeated twice. The samples
were then washed with distilled water (suspended in wa-
ter and centrifuged) until the product was chloride-free as
tested using 10~'M AgNOj solution.

2.3 Preparation of Composite Microporous Membranes

The PVDF-PEG/Li-VMT composite microporous mem-
branes were prepared by a solution cast method. All per-
centages for the additives were normalized with respect to
the weight of the polymer. Typically, a procedure involved
1 wt% Li-VMT loading was prepared as following. First,
Li-VMT (0.02 g) powder was introduced into 10 ml of
DMF solution with stirring for 12 h at RT. PVDF (1 g) and
PEG (1 g) powders were added to DMF solution (20 ml)
in another glass bottle with stirring for 12 h at 80°C. Sec-
ond, the clay solution was mixed with the polymer solution
with shear supplied via sonication for 24 h at 60°C. The
resulted viscous slurry was cast onto a glass substrate using
a doctor blade and slowly dried at 100°C, until a uniform
and freestanding membranes was obtained. This procedure
yielded mechanically stable, free standing films of thickness
ranging from 100 to 300 um. TG analysis confirmed that
both solvent and non-solvent evaporated completely dur-
ing the above preparation process. The same procedure was
also employed for the preparation of PVDF-PEG/0 wt%
Li-VMT polymer electrolyte.

2.4 Characterization

Wide angle X-ray diffraction (WXRD) with a Rigaku
D/max-2400 diffractometer (CuKa radiation = 0.15 nm,
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generator voltage = 40 kV, current = 60 mA) was used in
this work. The microstructure of these hybrid nanocom-
posites was imaged using Hitachi H-600 equipment, TEM
samples of nanoparticles were prepared by casting one drop
of a dilute colloid solution onto a carbon-coated copper
grid.

Pore distribution and pore structure in the surface
and bulk of PVDF-PEG/Li-VMT composite microporous
membranes were studied by scanning electron microscopy
(SEM) using a Field Emission Scanning Electron Micro-
scope (JSM-6701F) with gold sputtered coated films. To
observe the cross-section of the samples, the membranes
were broken in liquid nitrogen.

The liquid electrolyte uptake of composite microporous
membranes was measured in a simple glove box. The elec-
trolyte membrane was cut into a disk with a diameter of
1 cm. After the mass (wy) of the membrane disk was mea-
sured, it was soaked in ES-002 electrolyte solution for a pe-
riod of time to obtain the wetted polymer electrolyte. After
the remaining solution at the surface of the wetted poly-
mer electrolyte membrane was absorbed with filter paper,
the membrane was weighed (w,). In this study, the ES-002
solution uptake was calculated by the following Equation 1:

Weight uptake (%) = 100 x (wy — wg)/Wo (1

Where w; and wq are the weight of the wet and dry mem-
brane, respectlveTy.

The ionic conductivity of the polymer electrolyte was
determined by AC impedance spectroscopy at room tem-
perature. The samples were sandwiched between stainless
steel blocking electrodes. The impedance measurements
were carried out on an Automatic Component Ana-
lyzer(TH2818) with a frequency range of 20-300 KHz. The
ionic conductivity (o) was then calculated from the elec-
trolyte resistance (Rp) obtained from the intercept of the
Nyquist plot with the real axis, the membrane thickness (1),
and the electrode area (A) according to the equation:

o = 1/ARy.

3 Results and Discussions

3.1 SEM and XRD Analysis

Vermiculite (VMT), a mica-type silicate, possesses a lay-
ered structure. Each layer consists of octahedrally coor-
dinated cations (typically Mg, Al, and Fe) sandwiched by
tetrahedrally coordinated cations (typically Si and Al). The
isomorphous substitution of Si** by A13* leads to a net neg-
ative surface charge that is compensated by an interlayer of
exchangeable hydrated cations (Ca®t, Mg>*, Cu®*, Nat,
and H"). Figure 1 shows the SEM image of VMT. The
structure of as-received VMT exhibits a more ordered char-
acter. It can be seen that the flakes are remarkably compact
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Fig. 1. SEM image of as-received Vermiculite.

and gaps between them are smaller and not torn on the
edges.

Due to the fine particle, the low crystallizability, and the
complicated chemical components of clays, detailed infor-
mation about the interlayer structure and the atomic local
environment in organoclay is rarely available from experi-
mental measurements. So far, X-ray diffraction (XRD) is
the most widely used technique to determine the struc-
ture of organoclays (11). The structure and apparent in-
terlayer spacing (d spacing) of the VMT and Li-VMT
have been detected. Figure 2 shows the XRD patterns
for the as-received VMT, Li-VMT and PVDF-PEG/Li-
VMT nanocomposites. As-received VMT yields charac-
teristic diffraction peaks at 20 = 3.2°, 7.0°, and 8.4°. The
diffraction peaks at 260 = 7.0° (dyp; = 1.254 nm) represents
the interlayer spacing of VMT, while the broad peak at
26 = 3.2° is also dyo; of the VMT intercalated by other im-
purities, such as the water. The diffraction peak at 26 = 8.4°
probably resulted from the impurities within VMT. Under
ambient conditions of relative humidity, the basal spacing
of VMT and Li-VMT are 1.254 and 1.135 nm, respectively.
This change tendency is agreed with previous report as
compared to montmorillonite (12).
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Fig. 2. XRD patterns of: (a) as-received vermiculite; (b) Li-VMT;
(c) PVDF-PEG/1 wt% Li-VMT.
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Generally speaking, there are two terms used to describe
the prepared polymer/clay nanocomposite: intercalated
and delaminated nanocomposite. In the intercalated struc-
tures case, the VMT clays sustain the self-assembled, well
order multi-layer structures. The extended polymer chains
are inserted into the gallery space between parallel indi-
vidual silicates layers. In the delaminated structures case,
the interlayer spacing can be on the order of the radius
of gyration of the polymer. The individual silicate layers
are no longer close enough to interact with the adjacent
layers’ gallery cations when the delaminated (or exfoliated)
structures could be obtained. Therefore, the silicate layers
may be considered to disperse in the organic polymer. Upon
further intercalation of PVDF and PEG, there is no diffrac-
tion peak observed in the WAXD trace (Figure 2c). This
indicated that most of the Li-VMT sheets were dispersed
uniformly in the polymer matrix in nanoscale. Exfoliated
polymer/clay nanocomposites are especially desirable for
improved properties because of their large aspect ratio, the
homogeneous dispersion of clay, and the large interfacial
area (and consequently, strong interaction) between poly-
mer chains and clay nanolayers.

3.2 TEM Analysis

XRD analysis alone is not enough to interpret the ex-
tent of the exfoliation. Thus, TEM studies are necessary
to verify the extent of exfoliation achieved. As presented in
Figure 3, the stacks of VMT sheets were dispersed within
the PVDF-PEG matrix irregularly. It can be seen that some
of VMT layers were intercalated and dispersed perpendicu-
larly to the sample surface within the PVDF-PEG matrix,
while some VMT sheets were parallel to the surface of
the nanocomposites slice. Intercalated layers of Li-VMT
were dispersed homogeneously in the PVDF-PEG matrix,
however, a small amount of unexfoliated Li-VMT layers
existed as clusters as shown in Figure 3. In this sense, the
PVDF-PEG /Li-VMT nanocomposites is considered to be
a mixed delaminated/intercalated system. The existence of

Fig. 3. TEM photographs of PVDF-PEG/1 wt% Li-VMT.
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Fig. 4. SEM images of polymer membrane and the gels after immersion in the mixed electrolyte: (a) bottom surface; (b) top surface;

(c) cross-section; (d) gel of polymer membrane.

the obstacle peaks in the XRD patterns of the nanocom-
posite (trace ¢ of Figure 2) was believed to be attributed
these unexfoliated clusters.

3.3 The Morphology of the PYDF-PEG/1wt% Li-VMT
Polymer Membrane

It has been reported that morphology of the film cast from
solution is influenced by polymer—solvent complex forma-
tion, solution preparation temperature, solvating power,
solvent evaporation temperature, and solvent evaporation
rate (13-15). Polymer—solvent complex formation affects
the polymer conformation; if the solvent molecules dis-
rupt the dipole and van der Waals interactions that hold
the polymer chains together, polymer chains become more
disentangled. Therefore, increased polymer—solvent com-
plexation gives a rough surface. The pore structure is usu-
ally controlled by the phase inversion process and is dis-
cussed in terms of the liquid-liquid phase separation such
as nucleation-growth and spinodal decomposition (16—18).

It is well known that during the coating process, there is
always one surface of the membrane facing the air, while
the other one faces the substrate. Thus, these two surfaces
may differ in morphology to some extent. Usually, the sur-
face facing the air looks rough whereas the surface facing
the substrate appears smoother as shown in Figure 4 (a).
Figure 4 (b) presents SEM images of the top surface of
PVDF-PEG/Li-VMT membranes. It can be seen that the
formed membrane exhibits an asymmetric morphology.

Those cellular pores are largely independent and are em-
bedded in a continuous polymer matrix. Figure 4 (c) shows
the cross-section SEM micrographs of polymer films. It
is worth noting that the honeycomb structure is different
from the fingerlike structure, in which channels of differ-
ent sizes are separated by layers of discrete polymer glob-
ules (19). Figure 4 (d) shows the surface morphology of
the polymer membrane after immersion. It is worth to
note that many small pores disappear as compared to
Figure 4 (b). This result may contribute to the swelling of
polymer.

In this experiment, the solvent DMF has a C=0 func-
tional group, which is the main factor for polymer—solvent
interaction via the interaction of the C=0 dipole with the
CH,CF»dipole or by limited hydrogen bonding. In addi-
tion, rapid solvent evaporation in thin blend films, which
can cause significant trapped chain entanglement, leads to
a rather homogeneous distribution. It has been reported
that the dispersed clay layers act as the nucleation agents
in PVDF matrix. A great number of nuclei generated from
the nucleation agent simultaneously grow in a limited space
and lead to the formation of small spherulites. In addi-
tion, the large number of nuclei centers will also cause
more crystalline defects and destroy the spherulitic struc-
ture. There is a strong interaction between clay and PVDF.
The nanometer-size clay layers not only act as nucleating
agents and confine the movement of molecular chains and
segments but also cause the change of crystalline structure.
The results can be attributed to strong interaction at the
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interface of PVDF and clay, which confines the movement
of molecular chains and segments, resulting in the imper-
fection of crystals (20).

3.4 Weight Uptake

The PVDF-PEG/Li-VMT nanocomposites exhibit very
good film formation and dimensional stability. Most
importantly, the membrane containing the exfoliated
Li-VMT shows excellent wettability with the electrolyte
solution, owning to the high surface area of the silicates
layers and good affinity of PVDF to the organic electrolyte
solution. The solvent uptake of polymer membrane con-
taining the exfoliated Li-VMT increases largely compar-
ing with those without the filler in the same time scale.
Figure 5 presents the solvent uptake percentage of the dif-
ferent films as the function of time, which is used to adsorb
the solvent. The percentage can be calculated according to
Equation 1. The results illustrate the percentage increases
to nearly 35 wt% in 4 h for the membranes containing
the exfoliated Li-VMT. At first part the curve is linear
as illustrated in Figure 5, which has the characteristic of
Fickian diffusion (21). As the swelling ratios increasing,
the diffusion becomes anomalous, and the curve shape be-
comes sigmoidal. The result suggests that Li-VMT facili-
tates solvent uptake. The solvent uptake percentage of these
polymer membranes was fixed by control of the immersing
time.

Considering the SEM images (Figure 4 (d)) and weight
uptake (Figure 5), we may think that the gel formation
process is composed of two distinct steps. First, the solu-
tion would mainly enter into the cavities which are present
in the porous host polymer because this process provides
the lowest energy barrier for the solution flow from out-
side [initial state]. In the next step, the temporarily trapped
solution in the cavities penetrates into the polymer chains
to produce saturation. Finally, the gel, the fully swollen
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Fig. 5. The relationship of weight uptake percentage vs. time for
the polymer membranes with (a) 1 wt% Li-VMT and, (b) without
Li-VMT.
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Fig. 6. Typical ac-impedance spectra for PVDF-PEG/ 1wt% Li-
VMT.

polymer reaches an equilibrium condition which provides
the maximum conductivity [equilibrium state].

3.5 Conductivity

The ionic conductivity (o) was then calculated from the
electrolyte resistance (R,) obtained from the intercept of
the Nyquist plot with the real axis, the membrane thick-
ness (1), and the electrode area (A) according to the equa-
tiono = 1/ARy. Impedance data are presented in the form
of imaginary, Z' (capacitive) against real, Z' (resistive).
Figure 6 displays the typical impedance plots (Z/, vs. Z"),
it can be seen that the entire semicircular portion in
the complex impedance representation measured at room
impedance plots was disappeared, led to a conclusion that
the total conductivity is mainly the result of ion conduc-
tion. This phenomena is quite reasonable since the facile
mobility in liquid and gel-type electrolyte systems, when
compared with solid polymer electrolytes, indicates that
ions possess dielectric relaxation times and hence, the in-
consequential capacitive effect of the bulk electrolyte in the
spectrum (22).

In this experiment, the maximum conductivity
(4.2 mS-cm~!) was obtained after 20 h immersing in the
mixed electrolyte at room temperature.

The affinity between lithium salts and PVDF-based poly-
mer is very poor, so polar solvent (or plasticizer) should be
added in gel polymer electrolytes systems (23). EC, EMC
and DMC were used in this work based upon their boiling
point, viscosity, and dielectric constant. The corresponding
liquid electrolyte has an ionic conductivity at around 9.9 mS
cm~! at RT. The nanocomposite polymer electrolytes with
exfoliated Li-VMT show relatively high ionic conductiv-
ity as compared to the polymer electrolyte without Li-
VMT. Carrier migration in the porous structure can be re-
stricted because of the convoluted transport pathways that
comprise interconnected pores. The restricted condition in
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Fig. 7. Arrhenius plots of: (a) PVDF-PEG/1 wt% Li-VMT;
(b) PVDF-PEG/0 wt% Li-VMT polymer electrolyte.

migration is affected by pore size, porosity, pore linking
condition, and chemical effect of the porous medium on
the carriers (24). Detailed carrier diffusivity mechanism in
porous membrane is beyond the scope of current work.
The images provided in Figure 3 confirm that most of the
Li-VMT platelets are intercalated, rather than exfoliated.
The extent to which the platelets are intercalated or exfoli-
ated is expected to play a distinct role in the conductivity of
these nanocomposites. A completely exfoliated morphol-
ogy is expected to yield the highest conductivity since more
Li cations would be mobile and available for conduction.
Conversely, a system in which the Li cations are trapped
between intercalated platelets would not be nearly as con-
ductive. In this case, the electronegative silicate platelets
in the nanocomposite with high dielectric constant could
help to dissolve electrolyte salt, and then increase the ion
conduction.

Figure 7 shows an Arrhenius plot of PVDF-PEG poly-
mer electrolyte. It is quite obvious from the figure that the
ionic conductivity of polymer electrolyte increases with in-
crease in temperature. Nevertheless, the ionic conduction
mainly depends on the entrapped liquid phase in a fully
interconnected pore structure and the gel phase. The fact
that the conductivity perfectly follows a VTF behavior im-
plies that the motion of the charged species, anions and
cations, is controlled by the viscous properties of the mixed
electrolyte. These curves appear linear, so the apparent ac-
tivation energy for the ions transport (£a) are obtained
using the Arrhenius model o = o exp(— Ea/RT), where
R, T, o and o are gas constant, temperature, the ionic
conductivity of PVDF-PEG polymer electrolyte and the
pre-exponential factor, respectively. The activation energy
values Ea are 21.71 and 19.1 kJ/mol for the polymer elec-
trolyte membranes with 0% and 1% Li-vermiculite, respec-
tively. The results suggest that the exfoliated Li-VMT have
significant effect on the ion transportation activation en-
ergy, which is related to the ionic conductivity.

Wang et al.
4 Conclusions

This work reported a polymer electrolyte based on
poly(vinylidene fluoride), poly(ethylene glycol), and
Li-exchanged vermiculite. The polymer electrolyte mem-
brane exhibits good film formation, solvent maintain-
ing capability. After gelling with liquid electrolyte solu-
tion (for example, EC: DMC:EMC/1:1:1/ v/v/v 1 M
LiPFg), the PVDF-PEG/1wt% Li-VMT polymer elec-
trolyte shows higher ionic conductivity as compared to
PVDF-PEG/0 wt% Li-VMT polymer electrolyte. The
incorporation of Li-exchanged vermiculite greatly en-
hanced the ionic conductivity and solvent uptake as com-
pared to the membrane without Li-exchanged vermiculite.
The Li-exchanged vermiculite plays a active role in ion
transport since relatively large platelets serve as the an-
ion and allowed for exceptionally large Li transference
numbers.
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