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ABSTRACT: PVDF, poly(vinylidene fluoride)) mem-
branes were prepared and investigated by a scanning
electron microscope, a universal testing machine, and cap-
illary porometer for its potential use as a separator in lith-
ium ion batteries. The membranes were prepared by
phase inversion with different polymer types, concentra-
tions of solution, amounts of additive, and nonsolvent
ratios of water/ethanol. The morphology of membranes is
affected by the ratio of both the coagulation bath (water/
ethanol) and a low molecular weight additive (polymer/
solvent/additive). The results showed that significant var-
iations in the membrane were detected when adding an
additive to the casting solution or ethanol to the coagula-
tion bath. With an increased concentration of ethanol, the
upper structure was found to be transformed into a
sponge-like arrangement. In the case of Solef®1015 of the
same polymer concentration, despite the higher molecular
weight of 1015, a relatively small sized nucleus is formed,

resulting in a denser network and relatively uniform
membrane structure being formed. Mechanical testing
showed that the tensile strength of the PVDF membranes
increased when added to a 25 wt % ethanol coagulation
bath, whereas it is decreased when added to higher con-
centrations of ethanol in the bath or additives in the cast-
ing solution. In a bath condition of water/ethanol = 75/
25 wt % (Bath no. 2), the value of tensile strength is 7.11
and 7.52 MPa, for Solef®6010 20 wt % and Solef®1015 17
wt %, respectively. The thickness of the prepared mem-
brane is 21-34 um and the porosity is up to 50%. The elec-
trolyte absorption changes of the fabricated membranes at
different conditions are measured from 151 to 223 *= 15%.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 2653-2665,
2011
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INTRODUCTION

Recently, materials in the secondary battery have
been a focus of interest. The separator plays a very
important role in the battery. This membrane makes
it possible for lithium ions to move through pore
channels in a lithium ion battery and, at the same
time, its insertion between the two electrodes pre-
vents a short circuit that would be caused by any
contact between the anode and cathode.'? Separa-
tors are mainly manufactured from ion-exchange
membranes, or microporous sheet membranes, in
the form of a flat sheet prepared from polymeric
materials. They must be electrically good insulators,
and should have an aptitude for conducting ions by
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electrolyte or intrinsic ionic conduction. In particu-
lar, factors adversely influencing this transfer should
be minimized for the best possible electrochemical
energy efficiency of the batteries.” >

Conventional battery cells are composed of posi-
tive/separator /negative/separator, thus two layers
of separators are wound along with the electrodes.
To ensure good contact at the interface they must be
wound as tight as possible. Therefore, a strong sepa-
rator is necessary to prevent any contact between
electrodes. In addition, separator materials require a
wide variety of properties including the following®:
Electronic insulator, minimal electrolyte (ionic) resist-
ance, mechanical and dimensional stability, sufficient
physical strength to allow ease of handling, chemical
resistance to degradation by electrolyte, impurities,
and electrode reactants, effective in preventing
migration of particles or colloidal or soluble species
between the two electrodes, readily wetted by elec-
trolyte, uniformity of thickness, and other properties.
A typical battery cell uses a separator of 0.07-0.09 m?,
which is about 4-5% of total cell weight.”
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Most microporous separators are produced by
using a combination of polymeric materials. In gen-
eral, they have micropores more than 0.01 pm.
Microporous separators in low temperature applica-
tions of below 100°C, commonly use materials such
as nonwoven fibers, polymer films [e.g., polyethyl-
ene (PE), polypropylene (PP)], and natural materials.

A PVdF-based polymer film can also be used as a
separator and has attracted much attention because
of their high ionic conductivity at room temperature
and good thermodynamic stability advantages.'*'”
Currently, a microporous polymer film is produced
by phase inversion technology because this process
it a proven way obtain membranes of desired types
and to adjust pores in the film.'*' By using the
advantages of this method, prepared membranes
can absorb a large amount of liquid electrolyte (with
high porosity)."® However, the application of fabri-
cated films is limited due to a conflicting relation-
ship between the tensile strength and the ionic
conductivity. In other words, although ionic conduc-
tivity in the battery cell can be comparatively
improved by increasing the pore diameter and po-
rosity of the separator (polymer matrix), there is a
tendency to reduce the tensile strength of the poly-
mer film."” From this perspective, the research
results of PVDF-based separators have been sum-
marized in Table I, over the past 5 years.

In this work, PVDF-based membrane was pre-
pared by phase inversion with various processes
and conditions. It has the ability to be easily wetted
by organic solvents, good compatibility with liquid
electrolyte, and the ability to enable good electrode/
electrolyte contact, when compared to polyolefin-
based polyethylene.

PVDF-based Solef® 6010, 1015 which have differ-
ent molecular weights, were used for researching the
effect of its molecular weight on separators, and it
was prepared with various concentrations to
research the effect of polymer concentration on sepa-
rators. 2-methoxyethanol, which is hydrophilic addi-
tive, was added to a polymer solution to study its
effect on membrane morphology. The experiments
were performed with various ratios of two nonsol-
vents (water/ethanol) in a coagulation bath and the
resulting transformation was investigated. Also, the
electrolyte absorption (wettability) of PVDF mem-
brane was studied.

EXPERIMENTAL
Materials

Poly(vinylidene fluoride), of the commercial product
name Solef® 6010(weight-average molecular weight,
My = 320,000), and 1015(weight-average molecular
weight, My, = 573,000) was procured from the Sol-
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vay Korea, N-Methyl-2-Pyrrolidinone(NMP), and 2-
Methoxyethanol were purchased from Kanto chemi-
cals (Tokyo, Japan) and Samchun chemicals (Seoul,
Korea), respectively. Ethylene Carbonate (EC), and
Diethyl Carbonate (DEC) were purchased from
Sigma Aldrich (Korea) and used without purifica-
tion. Ethanol and Methanol were purchased from SK
chemicals (Seongnam-si, Korea). All solvents and
chemicals were reagent grade, and were used as
received. The commercial separator of Celgard®2400
was procured from Welcos and has the specifica-
tions shown in Table IL

Preparation of porous separators

Casting solutions were prepared by dissolving
PVDF in NMP at room temperature. Solef®6010 was
dissolved by different molecular weight. Casting sol-
utions of Solef®6010 17, 20 wt % and Solef®1015 8,
10, 12, and 17 wt % were prepared by stirring in 250
mL reactor. The similar viscous polymer solutions
were prepared with different molecular weights.
This is because viscosity is a very important factor
for casting. Solef®1015 solution has a higher viscos-
ity (almost 6 times) than Solef®6010 in a 17 wt %
polymer concentration.

To evaluate the effect of additives in polymers,
solutions were prepared by dissolving Solef®6010
and 2-methoxyethanol in NMP. The weight percent
of Solef®6010 in NMP was fixed at 20 wt %. And
the weight percent of 2-Methoxyethanol in casting
solutions were prepared with 5, 10, and 15 wt %. In
this instance, a condition of coagulation bath was
prepared with water and ethanol, having a fixed
weight ratio 75 : 25.

The homogeneous solutions were cast using a cast
knife (Sheen, England) to 100 pm clearance casting-
gap on the glass plates and then these were evapo-
rated for 30 s. After the evaporation time, these were
immersed in coagulation bath having various weight
ratios of water/ethanol. As shown in Table III, Coag-
ulation solvent, water/ethanol = x/y weight ratio to
experiment with the conditions applied.

Membranes were kept in the methanol bath for a
day, and dried in air. All these membranes were
prepared at 40 *= 5% relative humidity and room
temperature.

Characterization

Viscosity is a very importance factor in the process
of casting. The viscosity of casting solutions was
observed through a viscometer (DV-II + viscometer,
BROOKEFIELD). The Spindle number was LV-3 at
10 rpm.

The morphology of the surfaces and the cross sec-
tion of the membranes were observed through a
scanning electron microscope (JEOL JSM-5410LV),
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TABLE II
Technical Data (Typical Properties) for Celgard® 2400
Unit of Typical
Basic Film Properties Measure Value
Thickness pm 25
Porosity % 41
PP Pore Size (Avg. Diameter) pm 0.043
Puncture Strength Grams 450
Tensile Strength, MD MPa 139.2
Tensile Strength, TD MPa 13.7

after gold coating, to reduce the charge. The frac-
tured cross sections of the membranes were
achieved by breaking the samples with deep cooled
in liquid nitrogen.

The mechanical properties of the membranes were
observed using a universal testing machine (Mecme-
sin Coporation Mutitest 1-i). The maximum load cell
was set at 50N and the crosshead speed was set at
50 mm/min, for all samples in the ambient environ-
ment. Load and extension measurements were auto-
matically collected by a computer, which were used
to calculate true strain and stress values for each
sample, by considering the depth and width of the
samples by extension.

The mean flow pore diameter and the pore distri-
bution of prepared membranes were observed
through an Auto capillary porometer (CFP-1200-
AEL, PMI). The membranes were cut down to a suit-
able size and then immersed in POREWICK for 1 h.
Measuring data was automatically collected by a
computer.

The membranes were cut into a square in 25 x 25
mm?®. Each of them was accurately weighted in an
electronic balance with a resolution of 0.001 g. The
length and the width of the squared membranes
were accurately measured by a micrometer with a
resolution of 0.02 mm, and their thickness was ascer-
tained by using a thickness-micrometer with a reso-
lution of 0.001 mm. The apparent density (p) of the
membranes was calculated from the obtained mass
and the volume. Then, the porosity of the mem-
branes was determined using the following the
equation:

Porosity (%) = (py — p)/py x 100 1)
TABLE III
Various Compositions of Coagulation Baths
No. of the
Coagulation bath Water (wt %) Ethanol (wt %)
1 100 0
2 75 25
3 50 50
4 25 75
5 0 100
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where, py is the density of Solef®6010, 1015, that is,
1.78 g/ cm?®.

The electrolyte absorption of the membranes was
determined by comparison of the mass difference of
the membrane before and after incubation in
EC(ethylene carbonate) and DEC (diethyl carbonate)
1: 1 by volume, for 1 h. The mass (m) of the mem-
brane after incubation was measured after removal
from the liquid and blotting with a paper. On the
basis of the following equation, the electrolyte
absorption of the membrane was calculated®:

Electrolyte absorption (%) = (m — my)/my x 100 (2)

where, m, is the mass of the membrane before the
absorption process.

RESULTS AND DISCUSSION
Viscosity of polymer solution

Polymer viscosity is affected by its concentration
and temperature and the viscosity of a casting solu-
tion affects the casting process. In the case of low
viscosity, after casting, the casting thickness is thin-
ner, due to the flow of solution. In the case of high
viscosity, casting is difficult to achieve.

Solef®6010 of 17 and 20 wt % and Solef®1015 of
17 wt % solutions are prepared in NMP for mea-
surement of viscosity. The viscosity of Solef®1015 17
wt % is 1183.6 cp (centipoises). The solution viscos-
ity of Solef®6010 of 17, 20 wt %, are measured at
204.3 and 386.6 cp, respectively. As shown in Figure
1, Solef®1015 is up to 5.8 times higher in viscosity
than Solef®6010 of 17 wt % and up to 3 times higher
in viscosity than Solef®6010 of 20 wt %. It assumes
that Solef®6010 of 20 wt %, and 386.6 cp, is appro-
priate for separators. Solef®1015 solution is prepared
with different concentration 8, 10, and 12 wt % to
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Figure 1 The viscosity of the casting solution with poly-
mer type and concentration.
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Figure 2 Top-surface images of membranes prepared from Solef®6010 17 wt % solution by coagulation into mixtures of
water and ethanol. (a) Water, (b) Water : Ethanol = 75 : 25, (c) 50 : 50, (d) 25 : 75, and (e) ethanol.

search for appropriate viscosity similar to Sol-
ef®6010. After measurement, it is found that Sol-
ef®1015 of 12 wt % is 397.4 cp

Morphology of membranes

Topside surface structure of membranes with vari-
ous coagulation baths

At fixed casting conditions, membranes prepared by
the dry/wet phase inversion process, can be per-
formed by polymer concentration and coagulation
baths. In general, the dry/wet phase inversion pro-
cess requires that the solution contains at least one
volatile solvent for membrane formation. By the
evaporation of some of this volatile solvent, the sur-
face of the nascent casting solution will undergo a
dry phase separation prior to its immersion in the
coagulan’r.29 However, in this work, the most com-
mon volatile solvents for polymer solutions, include
NMP. And it is the purpose of porous membranes.
Figures 2 and 3 represent a membrane surface,
when coagulation baths were used in varying condi-
tions, using Solef®6010, 1015 17 wt % dope solution.
In the case of Solef®6010, using pure water did not
form pores on the surface in semblance, but increas-
ing the concentration of ethanol in the coagulation
bath causes observable changes in the surface while

the network structure forms. It is considered that
during the initial step the structure of the membrane
surface formed by nucleation mechanism and then,
in the formation stage, a growth mechanism
occurred by entanglement of small nucleus formed
by polymer chains. The network structure increases
in nodular structure with increasing concentration of
ethanol in the bath.

However, in the case of Solef®1015 of the same
polymer concentration, despite the higher molecular
weight of 1015, relatively small size of the nucleus is
formed, the membrane structure formed was dense
a network and relatively uniform. As a result, the
more compact structure can be expected to have
more strength.

Surface and cross section structure of Solef®6010
with various coagulation baths

The concentration of the dope solution was fixed at
Solef®6010 20 wt % in NMP for preparation of the
membrane. In Figures 4 and 5, surface and cross sec-
tion are analyzed, respectively. The structure of sur-
face is similar to the 17 wt %, however, the nodular
size is smaller than the 17 wt %, in Figure 4.

Cross section structures of membranes are shown
in Figure 5. Bath (a) membrane has small a sponge-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Top-surface images of membranes prepared from Solef®1015 17 wt % solution by coagulation into mixtures of
water and ethanol. (a) Water, (b) Water : Ethanol = 75 : 25, (c) 50 : 50, (d) 25 : 75, and (e) ethanol.

Figure 4 Top-surface images of membranes prepared from Solef®6010 20 wt % solution by coagulation into mixtures of
water and ethanol. (a) Water, (b) Water : Ethanol = 75 : 25, (c) 50 : 50, (d) 25 : 75, and (e) ethanol.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Cross section images of membranes prepared from Solef®6010 20 wt % solution by coagulation into mixtures
of water and ethanol. (a) Water, (b) Water : Ethanol = 75 : 25, (c) 50 : 50, (d) 25 : 75, and (e) ethanol.

like structure among large finger-like structures. In
addition, it is represented that the finger-like struc-
ture is formed in top-layer with increasing concen-
trations of ethanol in the coagulation bath and
sponge-like structure is formed in sublayer. With the
increasing concentration of ethanol, it is found that
the upper structure has been transformed into a
sponge-like structure. It can be explained through
critical solubility radius among the PVDE/NMP/
Water/Ethanol. The critical solubility radius can be
used to characterize the solvent/polymer interac-
tion.® The critical solubility radiuses are 16.8 and
5.6 (Jem 2)'/? for PVDF/water and PVDF/ethanol,
respectively. The greater the critical solubility radius
is the lower solubility. The solvent-nonsolvent mu-
tual diffusivity has a big impact on cross section
structure of membrane.'*”!

After casting, membranes immerse in a coagula-
tion bath and then nonsolvent penetrates the mem-
brane to the inside. In case of nonsolvent water, a
finger-like structure is formed because the water
penetrates the cross section structure due to high
diffusivity. Nonsolvent ethanol penetrates slowly
into the casting solution due to low diffusivity. And
diffusivity decreases with an increasing nonsolvent
ethanol. In addition, while the nonsolvent penetrates
to cross section and mixed solvent NMP, the diffu-

sivity is decreases, for this reason, Therefore, the
membrane sublayer can be formed by the delay-
demixing mechanism.'® Consequently, the sponge-
like structure is formed due to slow penetration rate
of nonsolvent.

Figure 5 shows that a sponge-like structure clearly
increases with increasing ethanol concentration.
Even though membranes of Solef®6010 17 wt %, Sol-
ef®1015 15 wt % was not measured by SEM, it is
considered that the membrane shows similar
tendency.

In Figure 5(c,d), it is confirmed that finger-like
structures of top layers in membrane have relatively
obscure morphology and, as well, the sponge-like
structure is not dense. This change of cross section
structure in membrane affects mechanical strength
(Noted on the mechanical properties).

Influence of a hydrophilic additive on membrane
morphology

The influence of a hydrophilic additive on mem-
brane morphology was investigated by using 2-
metoxyethanol. The blend compositions were chosen
at 5, 10, and 15 wt %. In this instance, a condition of
coagulation bath was prepared by water and ethanol
with a fixed weight ratio of 75 : 25. Figures 6 and 7

Journal of Applied Polymer Science DOI 10.1002/app



Figure 6 Top-surface images of membranes prepared from Solef®6010 20 wt % solution with adding different concentra-
tion 2-methoxyethanol. (a) 2-methoxyethanol 0%, (b) 5%, (c) 10%, and (d) 15%.

1aprm 28

Figure 7 Cross section images of membranes prepared from Solef®6010 20 wt % solution with adding different concen-
tration 2-methoxyethanol. (a) 2-methoxyethanol 0%, (b) 5%, (c) 10%, and (d) 15%.
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Figure 8 Top-surface and cross section images of membranes prepared from Solef®6010 and Celgard®2400. (a) Sol-
ef®6010 20 wt % bath No. 2, (b) Solef®6010 20 wt % with additive 15 wt % bath No. 2, (c) Celgard®2400.

represent the effect of hydrophilic additive with Sol-
ef®6010 20 wt % on the membrane. As shown in
Figure 6, the size of nodular formation is relatively
small due to increasing concentrations of additives
in the casting solutions and the surface structure is a
homogeneous network. In addition, formed nuclei
were reduced in size, becoming smaller with
increased concentration of additives. It is suggested
that, in the process of exchange of solvents and non-
solvent, the nonsolvent quickly penetrated the cast-
ing solution and liquid additives mixing rapidly
with the nonsolvent. As shown Figures 5 and 7, in
the case of using cononsolvent of water/ethanol, the
top-layer formed into the finger-like structures (mac-
rovoide) and the sublayer formed a sponge-like
structure. In the phase inversion process, Smolders
et al®* empirically concluded that macrovoids
formed in membrane prepared from ternary sys-
tems. In short, membranes without macrovoids are
formed in the case of delayed demixing, except
when the delay time is very short. However, macro-
voids are formed in cases of instantaneous demixing,
except when the polymer concentration and/or the
nonsolvent concentration in the solution exceed a
minimum value. However, the reason of the occur-
rence of macrovoids is complicated and exists as a
multiplicity factor. Although we do not know the

exact reciprocal diffusion (solvent and nonsolvent)
of the top layer from the first moment in the film, as
shown in Figures 5 and 7, we do know that the for-
mation of macrovoids appeared membrane by in-
stantaneous demixing mechanism."®

Comparison of commercial separator and fabricated
membrane Solef®6010

The top-side and cross section images of prepared
Solef®6010 20 wt % in bath No. 2, with additive 15
wt % and Celgard®2400 are shown in Figure 8. It is
clear from the images that the pores are uniformly
distributed. However, the pore size of Solef®6010
membrane is substantially larger than Celgard®2400.
The cross section image of Celgard®2400 has dense
porous structure.

Thickness and porosity of membrane

Typically, the separators used have a thickness of
base film 20-35 pm. Figure 9(a) shows the thickness
of membranes differs respectively, with polymer
concentration and types. However, the thickness is
more affected by the coagulation bath. The thickness
of membrane is reduced with increasing concentra-
tions of ethanol in the coagulation bath. The

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Thickness of membranes prepared from various
conditions: (a) the effect of various coagulation bath condi-
tions and (b) different weight percent of additive.

thickness of membrane in bath no. 5 (ethanol 100%),
having fully sponge-like structures, slightly
increases. In the case of using a pure water bath, the
film thickness is thickest due to formed finger-like
structures. This observation is determined with mi-
crometer measurements and is corroborated by
SEM, but with a slight difference in results. Thick-
ness of commercial membrane requires under 30
pm. In this work, the thickness of prepared mem-
brane is 21-34 pm. As shown in Figure 9(b), the
thickness is slightly reduced with increasing concen-
trations of 2-methoxyethanol and porosity shows a
decreasing tendency. Porosity decreases with
increasing the concentration of ethanol in the coagu-
lation bath and 2-methoxyethanol in a polymer solu-
tion as shown in Figure 10. It represents a macro-
scopic porosity decrease with increasing sponge-like
structure. The porosity of prepared membranes
range from 47.9 to 79.1% and is much higher than

Journal of Applied Polymer Science DOI 10.1002/app
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with commercial membrane ranges between 30 and
40%. In contrast, the mechanical strength is very
weak when compared with a membrane of a com-
mercial separator because of using the nonsolvent
induced phase inversion method.

Mechanical properties of membrane

In a general way, to increase the strength of a mem-
brane, heat treatment is used. However, in this
study, the tensile strength of the prepared mem-
branes was measured without the post treatment.
Figure 11(a) represents tensile strength of mem-
branes with polymer types and concentrations. The
membrane prepared from the coagulation bath con-
ditioned water : ethanol = 75 : 25 wt % (Bath no. 2)
was measured as the value of 7 MPa or more which
has higher tensile strength than in other conditions.
And the tensile strength is reduced due to increasing
ethanol in the coagulation bath. In bath condition

100
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90 | ole! - w7
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80 |
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70 b z %

L g
60 . g %
50 1 Y £
40 1

Porosity (%)

30 F
20

10

0 ) L
Water T5:528

50:50 254578, Ethanol

Coagulation Bath (Water: Ethanol)

(a)

100
90
80

70

"

i

L

60

1o

50

Porosity (%)

40 +
30+

20

0 wt.% Swi% 10 wt.% 15 wi.%

Weight percent of 2-methoxyethanol

(b)

Figure 10 Porosity of membranes prepared from various
conditions: (a) the effect of various coagulation bath condi-
tions and (b) different weight percent of additive.
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Figure 11 Tensile strength of membranes prepared from
various conditions: (a) the effect of various coagulation
bath conditions and (b) different weight percent of
additive.

no. 2, the value of tensile strength is 7.11 and 7.52
MPa for Solef®6010 20 wt % and Solef®1015 17 wt
%, respectively. However, the value of bath no.l
(water 100%) is 4.49, 3.38 MPa. It can be inferred as
follows. As seen in the morphology of cross section,
it is convincing that because the membrane thickness
is thinner, a relatively strong network in nodular
structure has formed. Meanwhile, the addition of 2-
methoxyethanol in polymer solution, as shown in
Figure 11(b), the tensile strength is significantly
decreased due to increasing concentrations of the
additive, but elongation increased gradually, as indi-
cated in Figure 12(b).

Pore size and pore distribution of membrane

As shown in Table IV, the pore size and distribution
of the membrane were changed due to conditions of
coagulation. The condition of coagulation is effective
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more than the molecular weight, or concentration, of
polymer for control of the membrane. Mean pore
size of Solef®6010 membrane in condition of no. 2
(water : ethanol = 75 : 25 wt %) coagulation bath is
nearly 100 nm and maximum pore size distribution
is higher than pure water bath. Mean pore size of
bath no. 4 and 5 is from 225 to 722 nm. On the
whole, the mean pore size increases with increasing
concentrations of ethanol in the coagulation bath. In
particular, in the case of Solef®1015 17 wt %,
changes in pore size can be seen to be a relatively
small reduction 139-276 nm, because the polymer
has a larger molecular weight. A similar tendency is
also observed with increasing concentrations of 2-
methoxyethanol. However, membranes prepared in
bath no. 3 could not be measured. It is supposed
that these membranes cannot stand the pressure in
instrument due to a defect of structure. It also
occurred also in membrane case of 2-methoxyethanol
15 wt %.

400
*  Solef®6010-17 wi.%
4 Solef ®6010-20 wi.%
300 b 5 % ©  Solef® 1015-17 wt.%
=
S X =
§ 200 F - = =
: i
S x ¥
53]
100 |
0 : . \ : .
Water 7525 50:50 25:75 Ethanol
Coagulation Bath (Water: Ethanol)
(a)
400
300 r
=~
& -
= —
= 200 F
5 =
5 - 5
5 L3
5]
100
0
0 wt.% Swit% 10 wt.% I5wi.%

Weight percent of 2-methoxyethanol
(b)
Figure 12 Elongation of membranes prepared from vari-

ous conditions: (a) the effect of various coagulation bath
conditions and (b) different weight percent of additive.
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TABLE 4
The Summary of Pore Size and Distribution of Membrane

Concentration- Mean pore Dia. At max pore Max. pore size
Polymer Bath No. Diameter (nm)  Size distribution (nm)  Distribution (No.)
PVDF 1015 17-1 139 139 699,692
17-2 125 125 152,532
17-3 Not Detected
17-4 178 177 49,128
17-5 276 275 21,879
PVDF 6010  17-1 121 121 42,304
17-2 106 106 1,107,132
17-3 Not Detected
17-4 369 367 7,961
17-5 722 715 4,817
20-1 111 113 16,297
20-2 107 110 77,841
20-3 Not Detected
20-4 225 225 354,065
20-5 567 567 116,359
*Additive 20-M.E-5-2 133 133 95,825
20-M.E-10-2 170 170 77,545
20-M.E-15-2 Not Detected

* Additive: 2-Methoxyethanol.

Discussions for applied separator

PVDF is widely used in the industrial production
for fabricating ultrafiltration and microfiltration
membranes because of excellent chemical resistance
and thermal stability. It has also received much
attention as primary material for the manufacture of
separators in lithium ion batteries.”®> Recently, Poly(-
vinylidene fluoride) and PVDF-HFP have been
extensively investigated for applications to the
rechargeable batteries.>* The increase the pore size
in the PVDF porous membrane contributed to
enhance the ionic conductivity. As a result, it is pos-
sible to increase the cell rate capability. In addition,
among the polymers, PVDF and PVDF-HFP have a
high dielectric constant (¢ = 8.4 F/m). By these char-
acteristics, the PVDF matrix should conduces to
greater ionization of the lithium salt to provide
charge carriers. Particularly, due to a strong elec-
tron-withdrawing functional group (-C-F) in PVDF,
polymer electrolytes are expected to be high stability
in the positive potentials.**>°

PVDF membranes of high porosity can be fabri-
cated by the phase inversion technique,® this pro-
cess is a well-known method to get the membrane of
a desired morphology through the controlled pro-
cess.® By selecting the appropriate manufacturing
process, PVDF membrane can be obtained as high
electrical conductivity of 107> S/cm at room temper-
ature, while maintaining good mechanical proper-
ties. And it has excellent wettability for a battery
electrolyte. Through this way, it can be produced
PVDF membranes, which can be absorb and retain
large amounts of liquid electrolyte.’**’

Journal of Applied Polymer Science DOI 10.1002/app

In this study, the electrolyte absorption changes of
the membranes at different conditions are measured
from 151 to 223 = 15%. The decreased porosity of
the PVDF membranes could be the main reason for
the drop of liquid absorption of the PVDF mem-
branes.” Ultimately, the mechanical strength of the
fabricated membranes is a lot weak than commercial
separators. Therefore, using a support layer or the
post heat treatment, the produced membrane could
be a promising membrane for used as an electrolyte
or separator in batteries.

CONCLUSIONS

A PVDF membrane was formed by nonsolvent
induced phase inversion, and was investigated with
concentration and molecular weight of PVDF, compo-
sition of coagulation bath and hydrophilic additive.
The morphology of membranes is affected by the ratio
of a coagulation bath and a low molecular weight
additive. With an increasing concentration of ethanol,
the upper structure was transformed into a sponge-
like structure. In the case Solef®1015 of the same poly-
mer concentration, despite the higher molecular
weight of 1015, a relatively small size of nucleus is
formed, resulting in a denser network and relatively
uniform membrane structure being formed. Mechani-
cal testing showed that the tensile strength of the
PVDF membranes increased when added to the 25 wt
% ethanol whereas it decreased when added to more
ethanol in the bath or additive in the casting solution.
A small amount of additive (in the casting solution
and the coagulation bath) could effectively improve
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the mechanical properties and morphology, whereas
the porosity and electrolyte absorption of the PVDF
membrane showed a small reduction.
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