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Abstract

The microporous polyvinylidene fluoride (PVDF) membranes were prepared by
the solvent evaporation method using 50 wt.% of different pore-forming additives:
poly(1-ethyl-3-vinylimidazolium tetrafluoroborate) (PIL-BF,), polyethylene glycol
3000 (PEG-3K) and 40000 (PEG-40K), dibutyl phthalate (DBP). The influence of
used additive on morphology, porosity, degree of crystallinity, tensile properties,
electrolyte uptake and ionic conductivity of the membranes were investigated. The
maximum electrolyte uptake of 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMImBF,) was 184 wt.% for the membrane prepared with PEG-40K, however,
the membrane was fragile and unsuitable for practical use. The remaining
membranes showed approximately the same porosity (45-48%) and electrolyte
uptakes (169-175%). At the same time, the membranes significantly differed
in mechanical properties and ionic conductivity. The membrane prepared with
PIL-BF,, unlike others, has a sponge-like structure and demonstrated high
mechanical properties, namely tensile strength is 17.7 MPa and fracture strain
is 132.5%. Bucky gel actuators were fabricated using membranes prepared with
different additives. The blocking force of the actuators based on membranes with
different additives decreased in the sequence of PIL-BF,, DBP and PEG. The
actuator based on the membrane prepared with PIL-BF, demonstrates a blocking
force of 5.7 mN and a deformation of 1.35 % at 3 V DC.

1. Introduction

membranes for the most common applications
can be produced by non-solvent induced phase

Polyvinylidene fluoride (PVDF) and its co-
monomers are of the most studied and common
polymers for membrane manufacturing. The spe-
cial properties of PVDF include high radiation,
chemical and thermal stability, and superior me-
chanical performance [1-5]. Applications of PVDF
membrane technologies in diverse purification pro-
cesses [6] such as water treatment [7, 8], gas sep-
aration [9], and environmental protection [10] are
known. PVDF membranes have been implemented
as an ion separators in electronic devices, including
supercapacitors [11], sensors [12], actuators [13,
14], and lithium-ion batteries [6, 15-17]. PVDF
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separation (NIPS) process and thermally induced
phase separation (TIPS) [18]. Different PVDF
membrane morphologies can be obtained by phase
inversion of a polymer solution in a liquid bath
with aliphatic alcohols or with water containing
inorganic salt additives as a nonsolvent [15, 16].
In dry-cast preparation technique, process condi-
tions such as temperature, drying rate, polymer
concentration and chemical nature of nonsolvent
define the final morphology of the membranes.
Membrane microporous structure can be achieved
by using polymeric pore-forming additive instead
of nonsolvent. High-boiling common plasticizers
such as dibutyl phthalate (DPB) [19] and tributyl
citrate [20] or polymers such as polyethylene gly-
col (PEG) [21] and polyvinylpyrrolidone [22], and
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others [23, 24] were utilized as pore formers. After
the casting process, the additives are extracted by
organic solvents from the membrane to form a po-
rous structure. For electrochemical applications, a
polymer gel electrolyte (PGE) is prepared by dry
PVDF membrane saturation in the electrolyte. The
pore size and its distribution, a fraction of open
porosity, the interconnectivity of the pore domain,
and the nature of the polymer matrix determine
the uptake of electrolyte and the ion conductivi-
ty of the electrolyte membrane. PGEs have been
developed to replace liquid electrolytes. Though
they possess suitable mechanical properties and
eliminate leakage problem, yet relatively low ion-
ic conductivity limits their usage. The high ionic
conductivity, thermal and chemical stability, a
wide electrochemical window are the unique prop-
erties of ionic liquids (ILs), making them a good
alternative to aqueous or solid electrolytes to pre-
pare PGEs. Polymer gel electrolytes based on IL
demonstrate room temperature conductivity above
102 S/cm, which is enough for practical use [25].
The simplest way to produce PVDF membrane for
electroactive polymer actuators is the conventional
dry-casting process [26]. However, the manufac-
turing of membranes from a mixture of polymer
and IL, large ionic clusters are formed, and part of
the IL may be in closed pores [27]. Therefore, it is
more convenient to control the structure and prop-
erties of the membrane by introducing an additive
during its manufacture. Previously we demonstrat-
ed the effectiveness of using poly(1-ethyl-3-vi-
nylimidazolium tetrafluoroborate) (PIL-BF,) as
a pore-forming additive for the manufacture of a
durable and highly porous PVDF membrane [28].
This study is focused on the comparison of differ-
ent additives as a pore-former on the structure, me-
chanical and electrochemical properties of PVDF
membranes, and the influence of the membrane
properties on bucky-gel actuators performance.

2. Materials and Methods
2.1. General information

NMR spectra were recorded on a Bruker
Avance III Ultrashield spectrometer at 600 MHz
("H) and 151 MHz (**C). All NMR samples were
prepared in deuterated dimethylsulfoxide contain-
ing a trace amount of tetramethylsilane as a sig-
nal reference substance. Single wall carbon nano-
tubes (SWCNT) were purchased from the OCSiAl
(Russia). PVDF was purchased from the Kon-

stantinov Kirovo-Chepetsk Chemical Combine
(Russia) as Fluoroplast-2. 1-Methylimidazole,
I-vinylimidazole, butyl bromide, ethyl bromide,
sodium tetrafluoroborate and 2,2'-azobis(2-ethyl-
propionitrile) were purchased from commercial
sources (Acros, Aldrich) and were used without
further purification.

2.2. Membrane Preparation

In a round bottom 50 ml flask PVDF (1.0 g) and
additive (1.0 g) were dissolved in 10 ml of N,N-di-
methylformamide (DMF) at 100 °C. Dissolved air
was removed from the casting solutions by ultra-
sonication for 30 min. Degassed solutions were
cast on Petri dishes (@ 9 cm) and put into preheat-
ed to 100 °C forced ventilation oven for 3 h. Then
dry polymer films were removed from Petri dishes
and weighted. The films were extracted by acetoni-
trile to remove pore-forming additives several time
to achieve PVDF membranes.

2.3. Synthesis
tetrafluoroborate

of I-ethyl-3-vinylimidazolium

To a 500 ml flask containing 1-vinylimidazole
(28.23 g, 300 mmol), sodium tetrafluoroborate
(33.0 g, 300 mmol) was added dropwise 27 ml (360
mmol) of bromoethane at 0 °C. The mixture was
put into oil bath and stirred for 12 h at 40 °C. Then
150 ml of acetonitrile was added, and the mixture
refluxed for 3 h. After cooling to room tempera-
ture, the precipitate was filtered and the filtrate was
concentrated under reduced pressure. The residue
was dissolved in dichloromethane and washed
three times with deionized water. The solution was
dried over sodium sulfate, filtered and concentrat-
ed. Drying the residue under high vacuum at 50 °C
for 3 h gave the pure product. Yield 51.0 g (87 %).
'"H NMR (600 MHz, dmso-d6): 1.41 (t J=7.34 Hz,
3H), 3.83 (s, 3H), 4.18 (q, J=7.31 Hz, 2H) 5.41
(dd, J=8.80, 2.38 Hz, 1H), 5.94 (dd, J=15.68, 2.38
Hz, 1H), 7.26 (dd, J=15,63, 8,76 Hz, 1H), 7.91 (4,
J=1,65 Hz, 1H), 8.17 (t, J=1.70 Hz, 1H), 9.45 (s,
1 H)

BC NMR (151 MHz, dmso-d6): 15.49, 36.12,
44.58, 109.04, 119.56, 123.69, 129.31, 135.73.

2.4. Synthesis of poly(1-ethyl-3-vinylimidazolium
tetrafluoroborate), (PIL-BF,)

To a 250 ml flask containing stir bar, 1-eth-
yl-3-vinylimidazolium tetrafluoroborate (43.4,
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210 mmol) and 100 ml of ethanol 0.68 g (4 mmol)
of 2,2'-azobis(2-ethylpropionitrile) (AIBN) was
added. The flask was put into pre-heated to 80 °C
oil bath and connected to the argon line. The mix-
ture was stirred at the same temperature for 16 h.
After cooling the mixture was decanted, the residue
was dissolved by acetonitrile (50 ml). The solution
was poured into a beaker with 400 ml of tetrahy-
drofuran. The precipitated product was filtered,
washed with THF and dried under a high vacuum
for 12 h at 80 °C. Yield 36.7 g (85%).

"H NMR (600 MHz, dmso-d6): 1.31-1.41 (m, 3H),
2.01-2.65 (m, 2H), 3.76-3.82 (m, 2H), 4.08-4.16
(m, 1H), 6.96 — 7.90 (m, 2H), 9.07-9.43 (m, 1 H)

2.5. Membrane characterization

The PVDF membranes were soaked in 1-eth-
yl-3-methylimidazolium tetrafluoroborate
(EMImBF,) at 100 °C for 1 h. The excess of elec-
trolyte on the surface was collected by filter pa-
per absorption. The procedure was repeated three
times to achieve constant uptake value. The elec-
trolyte uptake is calculated by

W (Wt.%) = (my/m, —1)x100%,

where m; is the weight of dry membrane, m; is
the weight of the saturated membrane. The ionic
conductivity of PGEs was calculated from elec-
trochemical impedance spectroscopy data over
the frequency range from 0.1 Hz to 5 MHz us-
ing a P-45X potentiostat/galvanostat equipped
with FRA-24M module (Electrochemical Instru-
ments). The samples were sandwiched between
symmetrical cells containing two steel electrodes
with an area of A (0.785 cm? for Novacontrol and
0.281 cm? for FRA-24M) at the constant potential
of 5 mV to measure membrane impedance, Z ().
The thickness of each sample was measured with
a micrometer in five different points and the av-
erage value L (cm) was estimated for calculation.
The conductivity (o, S/cm) was determined by the
equation:

6 =L/ZxA)

The membranes surfaces and cross-sections
were analyzed by scanning electron microscope
(SEM) in an TESCAN Vega 3 at 30 kV. Prior
to analysis sample surfaces were gold-coated to
achieve better image contrast. The membranes
were fractured in liquid nitrogen for cross-section

morphology observation. The differential scan-
ning data were performed in TA Instruments Q20
V24.11 at a heating rate of 10 °C min™ under N,
atmosphere. The degree of crystallinity X, was de-
termined by

X, (%) = AH,/AH,* x 100%,

where AH,,* = 104.5 J/g [29], is the enthalpy of
fusion for total crystalline PVDF, AH,, is experi-
mentally obtained value of the thermal effect from
DSC data. The mechanical properties of the mem-
branes were measured with the Universal Testing
Machine (Instron 5985). A specimen was cut into
small pieces (50x0.9 mm). All specimens were
tested at room temperature. Two different ap-
proaches were used to determine the porosity of
membranes. In the first case, the porosity (P.) was
calculated from the density of the membrane by
the equation:

P. = (1-pw/py)*100%,

where p,, is membrane density and p, is the density
of pure PVDF (p, = 1.77 g/cm®). The density of the
membrane was calculated from its weight and its
geometric dimensions. In the second case, to de-
termine the porosity of the membrane was impreg-
nated with n-butanol. Membrane samples were
weighed (m,) and placed in n-butanol for 12 h at
100 °C. Then the membranes were removed from
the solvent and weighed in a saturated state (m).
The porosity (P,) was calculated by the following
equation:

P, = [(my-my)/py]/(my/p, + (me-my)/pp)*x100%,

where p, and p, are n-butanol (0.81 g/cm’) and
PVDF (1.77 g/cm?®) densities.

2.6. Preparation of Actuators

Bucky gel electrodes were prepared by the pre-
viously reported procedure [28]. The thickness of
the obtained electrode film was 20-25 um. Sam-
ples of the rectangular shape were cut from the
membranes and electrodes. The polymer mem-
branes were sandwiched between two bucky-gel
electrodes via hot pressing. Each actuator was
pressed separately. Three-layer films were activat-
ed by soaking in IL to constant mass. Finally, the
actuators were cut to 20x10 mm for blocking force
and 50x10 mm for tip displacement measurements.
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Fig. 1. SEM micrographs of cross-sections of PVDF membranes prepared with different DBP content: (a) 40 wt.%;

(b) 50 wt.%:; (c) 60 wt.%.

3. Results and discussion

3.1. Effect of formation conditions on membrane
properties

PVDF is a semi-crystalline polymer, which
is soluble only in some high boiling polar sol-
vents such as N, N-dimethylacetamide, DMF, and
N-methyl-2-pyrrolidone, and triethyl phosphate.
All membranes in this work were prepared by
dry-cast process from solutions in DMF, a good
solvent for both PVDF and additives. Drying tem-
perature and the rate of solvent evaporation both
affect the degree of crystallinity of the polymer
membrane [30]. It has recently been shown that the
minimum degree of crystallinity can be achieved
at a drying temperature of 80 °C using PIL-BF,
as a pore-forming additive [28]. At the first stage
of investigation, we prepared PVDF films at
80 °C with 40, 50 and 60 wt.% of dibutyl phthalate
(DBP) content. Figure 1 shows the micrographs of
the cross-section of the membranes after extraction
of the additive. Unlike membranes prepared with
PIL-BF, in this case the membranes had a spheru-
lite structure. Not only chemical nature but also

the concentration of additive affects phase sepa-
ration and solidification of PVDF, namely rates of
vitrification or crystallization processes. As can be
seen in Fig. 1 the radius of spherulites decreases
with increasing concentration of the additive.

Generally, additives such as non-solvents or
pore-forming polymers are more soluble than
PVDEF. Upon solvent evaporation a homogeneous
polymeric solution is separated into two phases.
Initially, the phase, which consists of PVDF, forms
a solid membrane structure, and the other phase
occupies the remaining space. At the extraction
step, additive removed from PVDF matrix leaving
pores. In the case of the sample with 40 wt.% of
DBP extraction of additive was incomplete. Anal-
ogous results were achieved for PIL-BF, [28]. Part
of pore-forming additive was probably encapsu-
lated in the PVDF matrix and remained in the
membrane. On the other hand, a membrane with
60 wt.% DBP lost 63 wt.% during extraction,
which indicates that part of the PVDF was en-
capsulated in the additive. Therefore, for further
study membranes with 50 wt.% of additives were
prepared and tested.
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3.2. Effect of different additives on membrane
properties

A series of PVDF membranes was prepared
to compare the effect of commonly used addi-
tives with PIL-BF, on membrane properties.
Polyethylene glycols with average masses 3000
and 40000 (PEG-3K and PEG-40K respectively),
DBP and PIL-BF, were used as pore-forming
additives. All membranes were cast at the same
conditions (50 wt.% of additives at 80 °C). After
extraction of additives, the membranes were an-
alyzed by DSC and FTIR methods. The data are
represented in Table 1.

Although the membranes are characterized by
similar melting points, they differ significantly in
both the degree of crystallinity and the composi-
tion of the crystalline phases. The membrane ob-
tained with PIL-BF, shows the lowest degree of
crystallinity. The crystalline phase composition of
PVDF could be determined by FTIR spectra [31].
Analysis of the FTIR spectra of the membranes
showed the presence of y-polymorph in all cas-
es. Characteristic bands of a-phase at 766, 795,
855 cm! are not presented on all FTIR spectra of
the membranes. The § and y-phases show a similar
number of bands [32], both polymorphs character-
ized by the band at 840 cm™', however, it is stronger
for the B-phase and for the y-phase it appears as
a shoulder of the band at 833 c¢cm™. More distin-
guishable absorption bands of - and y-phases are
at 1279 and 1234 cm! respectably.

The structure of the membranes was investi-
gated by SEM analysis. The morphology of the

membranes varies significantly depending on the
selected pore-forming additive (see Fig. 2). Cross
section SEM micrographs reveal evenly distribu-
tion of porosity throughout the membranes. The
membranes prepared with PEGs and DBP have in-
terconnected spherulite structure and the radius of
the spherical fragments depends on the additive.
On the contrary, the membrane obtained with PIL-
BF, has a sponge-like structure. This difference in
the structure probably explains the significant dif-
ference in the degree of crystallinity of the mem-
branes. In the casting mold, one surface is always
in contact with air, and the other is in contact with
the substrate, which may lead to the difference in
morphology of the surfaces. During evaporation
of the solvent on the surface of the substrate, the
concentration of the polymer can occur, leading to
a surface gelling into a dense skin upon coagula-
tion. The SEM images do not reveal a significant
difference between surfaces in cases of PEGs and
DBP, while in the case of PIL-BF,, the lower sur-
face looks denser.

Even though the pore-forming additives have
different densities and were added in equal masses,
the porosity values of all the membranes are almost
the same (see Table 2). All membranes were acti-
vated by soaking in IL to measure ionic conductiv-
ity. It should be noted that the membrane obtained
using PEG-40K showed the maximum electrolyte
uptake. Besides, the membrane was too fragile. It
was disintegrated when placed between the elec-
trodes, so the ionic conductivity was not measured.
The results of the measurement of the rest of the
membranes are presented in Table 2.

Table 1
DSC data, degree of crystallinity and crystalline phase composition of PVDF
Additive Ty, °C AH,, J/g Crystallinity® Crystalline phases®
PEG-3K 165 61.97 59% y phase
PEG-40K 167 60.64 58% Y phase
DBP 161 67.95 65% B+ y phases, mostly y
PIL-BF4 165 40.37 39% B+ v phases, mostly

*Crystallinity calculated from enthalpy from DSC data; ® Crystalline phase were determined by FTIR.

Table 2
Porosities, electrolyte uptakes and ionic conductivities of PVDF membrane
Additive P, Py, Electrolyte uptake, wt.%  Uptake by volume, % o, mScm’! T
PEG-3K 45 45 89 55 1.16 2.6
PEG-40K 46 47 96 56 - -
DBP 46 46 75 51 1.43 2.1
PIL-BF4 48 51 117 62 1.36 2.2
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Fig. 2. SEM micrographs of cross-sections (top), lower (middle) and upper surfaces (bottom) of PVDF membranes
prepared with different additives: (a) PIL-BF,; (b) PEG-3K; (c) PEG-40K and (d) DBP.

All membranes were soaked in EMImBF, to
define electrolyte uptake and ionic conductivi-
ties. After electrolyte impregnation, the size of
all membranes remained practically unchanged.
However, electrolyte uptakes calculated by vol-
ume exceed the porosity values in all cases (Table
2). This difference arises because the amorphous
PVDF phase is capable of absorbing electrolyte.
The maximum difference in volume uptake and
porosity was observed for a membrane with a
minimum degree of crystallinity, and vice versa, a
membrane with a minimum degree of crystallinity
had closer volume uptake and porosity. There is
no increase in ionic conductivity with an increase
in electrolyte absorption, which may also indicate
that part of the IL is trapped by the amorphous
PVDF phase. Despite those effective porosities
of all membranes are close, it is pore intercon-
nectivity and membrane morphology that defines
the final ion conductivity. To assess the shortest
distance from one surface to another through a
porous structure, tortuosity (T) can be calculated
[22, 33]. For PGE not containing ionomers, tortu-
osity is calculated by the equation [17]:

T'=,c,/6xP,

where o, and o are the conductivities of neat
EMImBF, (13.6 mScm™) and the membrane, re-
spectively, P is effective membrane porosity.

The mechanical properties of the membranes
were determined by stretching. Stress-strain curves
of dry and saturated in EMImBF, membranes are
shown in Fig. 3. Dry PVDF membrane prepared
with PIL-BF, was the strongest membrane yield-
ing the greatest modulus. Generally, the membrane
demonstrates high mechanical properties. Tensile
strength of the membrane two-fold higher than for
other membranes. Tensile modulus is comparable
even with anisotropic electrospun aligned PVDF
fibrous membranes [34].

The values of the mechanical properties of dry
and saturated in IL membranes are provided in
Table 3. The elastic modulus of wet membranes
dropped significantly with respect to the dry mem-
branes. In the case of membranes prepared from
PEG and DBP, the decrease in the modulus is much
greater. The degree of crystallinity in these mem-
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Fig. 3. Strain-stress curves of dry and saturated PVDF membranes.

branes is higher, and the degree of impregnation in
all membranes is about the same. The reason for
this effect is probably related to the morphology
of the membranes. The spherulites are connected
mostly by the amorphous phase, which can absorb
the electrolyte, which leads to a decrease in the
modulus of the membrane.

3.3. Bucky-gel actuators fabrication and perfor-
mance

Bucky gel actuators were made based on all
membranes for the electromechanical tests. The
actuators were fabricated via hot-pressing accord-
ing to slightly modified literature procedure [35].
According to the theory of bending of a three-lay-
er bucky-gel actuator [26, 35], the rigidity of the
electrolyte layer has a slight effect on the deforma-
tion of the actuator, and generated force depends
only on the Young’s modulus of electrodes. The
mechanical properties of used electrodes are pre-
sented in Table 3. The thickness of the actuator,
and especially the thickness of the electrodes, sig-
nificantly affect both maximum tip displacement
and the blocking force. Therefore, actuators of the
same size (20x10x0.30 mm) were fabricated for
testing. The blocking force was measured using

analytical balances similar to the method described
elsewhere [36]. Time dependence of blocking forc-
es for the actuators are shown in the Fig. 4. All
measurements were carried out at a constant volt-
age of 3 V.

It can be seen in the Fig. 4, the rate of occur-
rence of the blocking force correlates with the ion-
ic conductivity of the membranes. Although all the
actuators were made with the same electrodes, the
maximum blocking force for them varies consider-
ably. This is probably since in the process of press-
ing a dense layer is formed at the interface between
the membrane and the electrode. When voltage is
applied, an electrical double layer forms near the
electrode interface in the membrane, and not in-
side the porous electrode. Therefore, in our case, a
membrane with a larger elastic modulus generates
a larger force. Further studies were carried out with
a membrane prepared using PIL-BF,. To measure
the maximum tip displacement, an actuator with
geometrical dimensions 50x10 mm was fabricated.
The maximum deformation of 1.35% is achieved
in 120 sec at a voltage of 3 V (see Fig 4). It is
worth noting that after reaching the maximum dis-
placement, the effect of back relaxation was prac-
tically not observed. Actuators with different ILs
were manufactured and tested at different voltages.

Table 3
Mechanical properties of PVDF membranes prepared with different pore-forming additives
Electrolyte PEG-3K DBP PIL-BF, Electrode
Electrolyte Modulus, MPa 263.2 (31.7)° 426.3 (74.4) 538.3 (138.3) 756.9 (489.5)
Tensile strength, MPa 6.4 (4.1) 8.8 (6.3) 17.7 (12.4) 27.4 (17.7)
Fracture strain, % 7.0 (41.5) 9.0 (56.8) 132.5 (190.0) 14.0 (13.6)
Thickness, um 105 (130) 104 (116) 105 (130) 25 (25)

*The values of the mechanical properties of saturated membranes and electrode are shown in brackets.
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Fig. 4. Diagram of time dependence of blocking forces (on the left) and image of bending of the actuator based on

membrane prepared with PIL-BF, (on the right).

The results are summarized in Table 4. Time re-
quired to achieve the maximum blocking force
is shown in brackets. The actuators demonstrates
electromechanical properties comparable to mod-
ern works on bucky-gel actuators [37, 38].

Table 4
Maximum blocking force values of the actuators

U,V  EMImBF, BMImBF, EMImTFSI

2V 42mN(460s) 5.1mN(690s) 3.1 mN (580 s)
3V 58mN (240s) 7.1 mN (540s) 4.2 mN (480 s)
4V 68mN(180s) 8.5mN (390s) 4.9mN (6105s)

4. Conclusions

Microporous PVDF membranes were prepared
via dry-cast technique from DMF solution using
different pore-forming additives, namely PIL-
BF,, DBP, PEG-3K and PEG-40K. According to
SEM analysis all membranes have pores open to
both surfaces and porosity is evenly distributed
throughout the membranes. The chemical nature of
the additive has been shown to have a significant
effect on the morphology, physical, mechanical
and electrochemical properties of the membranes.
The membranes prepared with PEGs and DBP
have interconnected spherulite structure which
lead to high degree of crystallinity. Oppositely, the
membrane prepared with PIL-BF, has a sponge-
like structure with low PVDF crystallinity and as
a result this membrane demonstrates the highest
electrolyte uptake of 117 wt.%. The membrane
prepared with PIL-BF, also demonstrates a high
mechanical properties, namely tensile modulus is

538 MPa and fracture strain is 133%. The actuators
with bucky-gel electrodes based on the membranes
prepared with different additives were fabricated.
The maximum blocking force values generated at
3 V DC by actuators prepared with PIL-BF,, DBP
and PEG-3K were 5.8, 4.9 and 3.9 mN respectively.
The actuator fabricated with PIL-BF, exhibited a
competitive blocking force compared with recently
reported actuators. Thus, we have shown that the
structure and mechanical properties of membranes
have no less impact on the performance of actua-
tors than electrodes.
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