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Introduction

Recently, polymer electrolytes are widely explored as key 
materials for the development of various electrochemical 
devices, such as rechargeable lithium or lithium ion bat-
teries, super capacitors, and fuel cells [1–3]. Among many 
kinds of polymer electrolytes reported, fibrous polymer 
electrolytes fabricated by electrospinning polymers, such 
as poly(vinylidene fluoride) (PVDF) [4, 5], poly(vinylidene 
fluoride-co-hexafluoropropylene) (P(VdF-HFP)) [6, 7], and 
polyacrylonitrile (PAN) [8, 9] have received a great atten-
tion because of their high porosity and ionic conductivity at 
room temperature. On account of its appealing properties, 
such as high thermal stability, strong chemical resistance, 
and high dielectric constant (ε ≈ 8.4), PVDF has been in 
the spotlight as polymer matrices for electrospun fibrous 
polymer electrolytes [10]. PVDF-based electrospun mem-
branes possess high flatness and evenness as well as good 
mechanical strength. Meanwhile, the membranes can load 
large amounts of liquid electrolyte because of the large spe-
cific surface area and the high affinity to the liquid electro-
lyte. As a result, the polymer electrolytes based on PVDF 
electrospun membranes could achieve high ionic conduc-
tivity and excellent electrochemical stability.

Although PVDF-based electrospun membranes exhibit 
many excellent performances, their wide applications are 
hindered by the restrained mechanical properties to achieve 

Abstract  The purpose of this study is to overcome the 
poor dimensional stability of poly(vinylidene fluoride) 
(PVDF)-based electrospun membranes for polymer elec-
trolytes, a new type of composite fibrous membranes based 
on PVDF/poly(2-acrylamido-2-methylpropanesulfonic acid 
lithium) (PAMPSLi) blend systems with different blend 
ratios were fabricated by electrospinning method. Mor-
phology of the composite fibrous membranes was evalu-
ated by scanning electron microscopy. Average diameters 
of the membranes were less than 250 nm, which were far 
less than that of pure PVDF fibrous membrane (400 nm). 
Fourier transform infrared spectroscopy and Raman scat-
tering were used to characterize the interactions of two pol-
ymers. Wide-angle X-ray diffraction and differential scan-
ning calorimetry techniques were applied to investigate the 
crystal structure of composite fibrous membranes. Owning 
to the good miscibility between PVDF and PAMPSLi, no 
phase-separated microstructure was observed in compos-
ite fibrous membranes. The membranes possessed a good 
wettability by liquid electrolytes and exhibited an excellent 
dimensional stability even at high loading of electrolytes. 
The polymer electrolyte showed the ionic conductivity of 
3.45 × 10−3 S/cm at room temperature and electrochemi-
cal stability up to 5.4 V for the blend ratio of 5/1. PVDF/
PAMPSLi (5/1)-based polymer electrolyte was observed 
much more suitable than polymer electrolytes with other 
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high ionic conductivity [11]. After soaking in the liquid 
electrolyte, the membranes swirl without keeping their 
original shape, which brings difficulty for assembling lith-
ium-ion batteries. The roughly inverse relationship between 
the shape stability and conductivity makes it difficult to 
optimize both mechanical property and ionic conductivity. 
Many methods have been explored to improve the mechan-
ical property of the polymer electrolytes while keeping 
high ionic conductivity at the same time. Lee et  al. [12] 
reported that thermal treatment under high pressure made 
the mechanical properties of electrospun PVDF polymer 
electrolytes better. However, this occurred at the expense 
of higher crystallinity, which decreased the liquid electro-
lyte-absorbing capacity of the membranes. Yee et  al. [13] 
improved the mechanical properties by supercritical car-
bon dioxide (SCCO2) treatment. This method has made no 
significant impact on the crystalline structure of the elec-
trospun PVDF membranes, but the amounts of the liquid 
electrolyte held in the treated membranes were smaller than 
those in the untreated one. Fang et al. [14] prepared a com-
posite separator consisting of PVDF and montmorillonite 
(MMT), the membrane had good mechanical properties 
and high ionic conductivity.

It is well known that polymer blending is a flexible and 
effective approach to obtain novel materials with com-
plementary advantages of each individual polymer [15]. 
Based on good solvent resistance in liquid electrolyte [16], 
PAMPSLi was chosen to endow the blend system with a 
good mechanical strength. Furthermore, amide and sul-
fonate groups within AMPS unit make the polymer highly 
polar and help the dissociation of lithium salts and further 
improve the ionic conductivity of the system [17, 18]. In 
this work, an attempt was made to develop a new type of 
composite fibrous membranes based on PVDF/poly(2-
acrylamido-2-methylpropanesulfonic acid lithium) (PAMP-
SLi) blend system through electrospinning method. The 
composite fibrous membranes are expected to improve the 
mechanical properties while retaining a high ionic conduc-
tivity. The structures and properties of the membranes were 
examined systematically and the electrochemical properties 
of their related polymer electrolytes were investigated.

Experimental

Materials

PVDF (KYNAR 761, ARKEMA, France) was purchased 
from Cmdic Xiamen Imp. & Exp. Co., Ltd. 2-Acrylamido-
2-methylpropanesulfonic acid (AMPS) (99%) was sup-
plied by Henan Huixian ZX Chemical Engineering Co., 
Ltd (China). Lithium carbonate (Li2CO3), N,N-dimethyl-
formamide (DMF) and azobisisobutyronitrile (AIBN) were 

analytical reagents grade (China) and used without further 
purification. Liquid electrolyte [1  mol/L LiPF6 in a 1:1 
(wt/wt) mixture of ethylene carbonate (EC) and dimethyl 
carbonate (DMC)] was supplied by Zhangjiagang Guotai-
Huarong New Chemical Materials Co., Ltd (China).

Synthesis of PAMPSLi and blending with PVDF

PAMPSLi was firstly prepared by free radical polymeriza-
tion of the monomer 2-acrylamido-2-methylpropanesul-
fonic acid lithium (AMPSLi) with AIBN as the initiator. 
Detailed procedures are described as follows. The mono-
mer AMPSLi was prepared by the reaction of AMPS with 
Li2CO3 in a DMF solution at ambient temperature. AMPS 
of 0.03 mol was dissolved in 25.6 g of DMF solvent in a 
50 mL beaker at ambient temperature. Li2CO3 of 0.015 mol 
was added slowly into the beaker and stirred until no bub-
ble was formed. The solution was transferred into a three 
mouth bottle. The initiator AIBN (1% of AMPS weight) 
was added into the bottle and dissolved completely. The 
polymerization was carried out at 75  °C for 5  h after the 
solution was purged with nitrogen for 10  min. The sol-
vents were mainly removed by vacuum distillation, and 
the residue was poured into a large excess of cold acetone 
to precipitate the polymer. The polymer (PAMPSLi) was 
dried in an oven at 80 °C until the weight was unchanged. 
A certain amount of PAMPSLi was dissolved in DMF to 
obtain a 20 wt% PAMPSLi solution. Adequate amounts of 
PVDF powder were dissolved in DMF solution under stir-
ring at 60 °C for 3 h to form a 20 wt% solution. The PVDF 
solution and the PAMPSLi solution with different PVDF/
PAMPSLi ratios of 1/0, 10/1, 5/1, 2/1 and 1/1 (wt/wt) were 
mixed thoroughly at room temperature to form the com-
posite electrospinning solutions with the concentration of 
20 wt%.

Preparation of PVDF/PAMPSLi composite fibrous 
polymer electrolytes

The composite electrospinning solutions were held in a 
5-mL syringe and delivered into a stainless steel needle by 
a syringe pump (RWDLife Science RWD202, China) with 
a flow rate of 0.003  mL/min. The needle was connected 
to an electrode with a high voltage supply, and a ground 
aluminum foil was placed at 20 cm distance from the nee-
dle tip to collect the fibrous membranes. The positive volt-
age applied to the needle was 14  kV. The environmental 
temperature was kept at 20 ±  2  °C, and the environmen-
tal humidity was kept at 15 ±  1%. After electrospinning, 
the membranes were dried in an oven at 80 °C for 72 h to 
remove the remaining solvent. The PVDF/PAMPSLi com-
posite fibrous polymer electrolytes were obtained by soak-
ing the electrospun membranes into a liquid electrolyte 
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of 1  M LiPF6 in 1:1 EC:DMC (wt/wt) for 12  h in a dry 
glove box. The methodology adopted for the fabrication of 
PVDF/PAMPSLi composite fibrous polymer electrolytes is 
presented in Fig. 1.

Characterization and measurements

Scanning electron microscopy (SEM) images were 
obtained using an FEI Quanta 200 FEG scanning electron 
microscope (USA) after the samples were sputtered with 
a thin layer of Pt. Fourier transform infrared (FTIR) spec-
tra of electrospun membranes were obtained on a Nicolet 
AVATAR 360 system (USA). Dried solids were pressed 
with KBr and the discs were scanned in the range of 
4000–400 cm−1 with a resolution of 2 cm−1. The Raman 
scattering measurements were performed on a JY-HR800 
Raman system (France) with a confocal microscopy. The 
solid-state diode laser (633 nm) was used as an excitation 
source, and the spectral resolution was set to 1 cm−1. The 
wide-angle X-ray diffraction (WXRD) was carried on a 
Rigaku D/MAX-RB X-ray diffractometer (Japan) recorded 
using Cu Kα radiation at 40 kV and 50 mA. The sample 
was scanned in the range 5–80° with a step width of 0.02°. 
The crystallinity of the electrospun membranes were 
measured on a Netzsch STA 449C differential scanning 
calorimeter (DSC, Germany) with a heating rate of 10 °C/
min under argon atmosphere. The wettability of the mem-
branes was investigated by liquid electrolyte contact angle 
measurement. The testing was measured using a 2 μL liq-
uid electrolyte droplet on the surface of the membranes 
under ambient conditions with a Powereach JC2000C 
Optical Contact Angle Meter (China). The images were 

captured in continuous shooting mode with interval of 
20 ps−1. The uptake of the liquid electrolyte was measured 
by soaking the electrospun membranes in the liquid elec-
trolyte and weighing at regular intervals after removing the 
excess liquid electrolyte by wiping with tissue paper. The 
liquid electrolyte uptake was calculated using the follow-
ing equation:

where ε as the uptake of the liquid electrolyte; M0, the 
mass of the membrane, and M as the mass of the mem-
brane after being soaked in liquid electrolyte. The mechan-
ical property and shape stability of electrospun mem-
branes after loading the liquid electrolyte were evaluated 
by observing their shape change. The membranes were 
first cut into 45  mm ×  20  mm (length and width), and 
then immersed into the electrolytes for 10 min. The ionic 
conductivities and electrochemical stability of polymer 
electrolytes were measured using electrochemical station 
(CHI 650D, USA). The ionic conductivities were meas-
ured by AC impedance method in the frequency range 
of 0.01–1  MHz. The samples were sandwiched between 
two stainless steel (SS) plates as blocking electrodes and 
were kept at each measuring temperature for 30  min to 
ensure thermal equilibration of the sample at given tem-
perature before measurement. Electrochemical stability 
was determined using linear sweep voltammetry (LSV) 
with stainless steel (SS) as a working electrode and lith-
ium as a reference electrode/counter electrode at the scan 
rate of 1 mV/s over the potential range of 2–6 V at room 
temperature.

(1)ε (%) =

(

M −M0

M0

)

× 100,

Fig. 1   Schematic represen-
tation for the fabrication of 
PVDF/PAMPSLi composite 
fibrous polymer electrolytes
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Results and discussion

Characterization of composite fibrous membranes 
based on PVDF/PAMPSLi

Morphology

Figure 2 presents the SEM images of the PVDF/PAMPSLi-
based composite fibrous membranes with different blend 
ratios and the corresponding fiber diameter distributions. It 
is clear to note from the images that all of the membranes 
are made up of fibers without beads, and the fibers are of 
circular shape in cross-section. The interlaying fibers gen-
erate lots of fully interconnected pores, which make them 
suitable for application as the host matrices for polymer 
electrolytes. As shown in the Fig. 2a, when the blend ratio 
of PVDF/PAMPSLi is 1/0, the fibrous membrane has a 
nearly straightened and tubular structure with an average 
diameter of about 400 nm. Other composite fibrous mem-
branes shown in Fig. 2b–e have much lower average fiber 
diameters (less than 250  nm) and more entanglements 
between these ultrafine fibers, which generates more micro-
cavities in the membranes. The fiber diameters are found 
to decrease with the changing the blend ratios from 1/0 to 
5/1. But it increases again when the blend ratios change to 
2/1. The membrane with the blend ratio of 5/1 possesses 
the smallest fibers (the average diameter of 0.145  μm) 
and the narrowest fiber diameter distributions (as shown 
in Fig. 2c′). It is generally known that the factors such as 
the distance between the nozzle of the syringe and the col-
lector, applied voltage, the concentration of the polymer 
solution, and the dielectric constant of the solvent are the 
major parameters that influence the morphology of elec-
trospun fibers. Herein, all the factors in the above list are 
maintained constant during electrospinning, and hence they 
cannot be the reason for subsequent morphological differ-
ences. So we envisage the following reasons. The incor-
poration of PAMPSLi increases the charge density of the 
electrospinning solution due to the partial dissociation of 
AMPSLi units. This contributes to increase in the electric 
field forces acted on the electrospinning solution. Elec-
trospun jets are therefore easily formed (in comparison to 
PVDF solution with a lesser charge density) at the nozzle 
of the syringe for PVDF/PAMPSLi solution, which causes 
the formation of fibers with lower diameter. At the same 
time, this can be attributed to a higher initial velocity and 
a bigger accelerator on the jets with the increase of PAMP-
SLi fractions. Thus, the time for drawing and splitting the 
jet is shorten, which hinders the reduction in fiber diameter. 
When the fraction of PAMPSLi is not very high, the elon-
gation effect of the electric field forces on the decrease of 
the fiber diameter is dominant. The fiber diameters of the 
composite fibrous membranes decrease with the increase 

of the PAMPSLi fractions. While the PAMPSLi fractions 
increase up to a certain value, the elongation effect of the 
electric field forces on shortening of the drawing time is 
dominant. The fibers do not have enough time to become 
thinner before they are solidified on the collector. Conse-
quently, the obtained fibers have a bigger fiber diameter. 
Thus, adopting the method of increasing PAMPSLi frac-
tions in the blend polymers for decreasing the fiber diam-
eters has both positive and negative effects.

Furthermore, the fibers do not have the phase-separated 
microstructure even for a high content of PAMPSLi. The 
good miscibility of PVDF and PAMPSLi may be due 
to their special chemical structures. PAMPSLi contains 
amide groups (–CO–NH–) and sulfonate groups (–SO3). 
PVDF contains the strong electron-withdrawing functional 
group (–C–F) in the backbone. Hydrogen bonds and other 
molecular level interactions may be formed in the compos-
ite fibers, which are helpful to enhance the miscibility of 
two polymers. Moreover, the electrospinning conditions, 
such as high voltage and rapid evaporation of the solvent, 
also could avoid phase separation and induce phase mixing 
between PVDF and PAMPSLi. Consequently, electrospun 
matrices without any microphase separation were obtained.

FTIR and Raman spectroscopy study

FTIR spectra of composite fibrous membranes and PAMP-
SLi are shown in Fig.  3. The spectrum of pure PVDF 
fibrous membrane (Fig. 3a) shows the characteristic bands 
at 1402, 1279, 882, 842, 510, and 472  cm−1. The band 
at 472  cm−1 is assigned to CF2 wagging vibration [19], 
band at 510  cm−1 to CF2 bending vibration [20], band at 
842 cm−1 to CH2 rocking [21], band at 882 cm−1 to CF2 
symmetric stretching vibration [22], band at 1279  cm−1 
to CF2 asymmetric stretching vibration [23], and band 
at 1402  cm−1 is assigned to CH2 wagging vibration [24]. 
There are obvious changes in the FTIR spectra after PAMP-
SLi is blended into the polymer matrix. First, two new 
absorption bands appear at 1655 and 1549 cm−1, which are 
assigned to C=O stretching vibration and the N–H defor-
mation vibration of amide group in PAMPSLi, respectively. 
Second, these two bands become broader after blending 
than the bands in pure PAMPSLi (Fig. 3f). Furthermore, a 
shift for symmetric stretching vibration of the SO3 group 
of PAMPSLi from 1037 to 1053 cm−1 was also observed. 
Meanwhile, the CH2 wagging vibration band at 1402 cm−1 
progressively widens, and the intensity of the character-
istic bands at 510 and 471 cm−1 for PVDF decreases sig-
nificantly with the increase in PAMPSLi content. These 
changes can be interpreted in terms of the existence of 
the possible specific molecular level interactions between 
the two polymers, such as the hydrogen bond between 
the strong electron-withdrawing functional group (C–F) 
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Fig. 2   FESEM images (a–e) 
and the corresponding fiber 
diameter distributions (a′–e′) of 
composite fibrous membranes 
based on PVDF/PAMPSLi with 
different blend ratios of PVDF/
PAMPSLi = 1/0 (a, a′), 10/1 (b, 
b′), 5/1 (c, c′), 2/1 (d, d′), and 
1/1 (e, e′)



184	 Iran Polym J (2017) 26:179–191

1 3

of PVDF and the imino group (–NH) in the side chain of 
PAMPSLi, the hydrogen bond between the oxygen in the 
C=O group of PAMPSLi and the hydrogen in the methyl-
ene group of PVDF, the interaction of the C=O group of 
PAMPSLi and CF2 group of PVDF, and the interaction of 
the SO3 group of PAMPSLi and CF2 group of PVDF. Simi-
lar molecular level interactions were also reported for the 
blend system of PVDF/poly(vinyl pyrrolidone) (PVP) [25]. 
These molecular level interactions can only be taken as a 
probable suggestion for phase mixing between PVDF and 
PAMPSLi. Schematic model of the interactions is shown in 
Fig. 4.

Raman data can provide more spectroscopic information 
than that of IR analysis alone [26]. So to further investi-
gate the structure of fibrous membranes and the interac-
tions between PVDF and PAMPSLi, Raman scattering 

measurements of pure PVDF fibrous membrane and the 
composite fibrous membrane with the blend ratio of 2/1 
were performed. It is well known that the PVDF chains 
mainly crystallize into five crystalline forms (α, β, γ, δ and 
ε) depending on different processing conditions [27]. From 
the results, shown in Fig.  5, the dominated characteristic 
bands in the Raman spectrum of pure PVDF fibrous mem-
brane (Fig. 5a) are identified to the characteristic bands of 
β-phase of PVDF. The band at 260 cm−1 is assigned to CF2 
twisting vibration, 512  cm−1 to the CF2 scissoring vibra-
tion, 840 cm−1 to a mixed mode of CH2 rocking and CF2 
asymmetric stretching vibration, 881  cm−1 to a mixed 
mode of CC asymmetric stretching vibration and CF2 sym-
metric stretching vibration, and 1279  cm−1 to a mixed 
mode of CF2 asymmetric stretching vibration and CC sym-
metric stretching vibration [28]. Among these bands, the 
band at 840 cm−1 provides the most remarkable informa-
tion with the high intensity confirming the high percent-
age of β-phase in membrane [29]. So the spectrum reveals 
that the membrane mainly contains the β-phase crystal 
structure of PVDF. Other bands at 1073, 1431, 2977, and 
3014 cm−1 are assigned to the mixed mode of CC asym-
metric stretching and CF2 wagging and CH2 wagging 
vibration, the mixed mode of CH2 scissoring and CH2 wag-
ging vibration, CH2 symmetric stretching vibration and 
CH2 asymmetric stretching vibration, respectively. For the 
PVDF/PAMPSLi (2/1) composite fibrous membrane, sev-
eral new bands appeared at 778, 1047, and 2940 cm−1 are 
identified for the NH stretching vibration in PAMPSLi, the 
–SO3 symmetric stretching vibration, and the CH2 sym-
metric stretching vibration, respectively [30]. Although the 
β-phase crystal structure of PVDF still predominates, the 
intensity of the corresponding bands decreases (especially 
for that at 840 cm−1), which indicates that the crystallinity 

Fig. 3   FTIR spectra at different wavenumber regions: a 4000–
400 cm−1; b (B) 1800–1490 cm−1; b (C) 1490–930 cm−1; b (D) 930–
750 cm−1; and b (E) 750–400 cm−1 for composite fibrous membranes 

based on PVDF/PAMPSLi with blend ratios PVDF/PAMPSLi = 1/0 
(a), 10/1 (b), 5/1 (c), 2/1 (d), 1/1 (e), and PAMPSLi (f)

Fig. 4   Schematic model of hydrogen bonds and other possible 
molecular level interactions between PVDF and PAMPSLi
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of PVDF declines. Furthermore, the band at 840 cm−1 for 
pure PVDF electrospun membrane shifts to 843 cm−1 for 
the composite fibrous membrane, and the band at 881 cm−1 
shifts to 888 cm−1. The further shift confirms the existence 
of hydrogen bonds and other molecular level interactions 
between PVDF and PAMPSLi.

Crystalline structure and thermal properties

The results of XRD patterns are shown in Fig. 6. The strong 
diffraction peak observed at 2θ of 20.7° for all the electro-
spun membranes corresponds to 110 and 200 reflections of 
β-phase and indicates the dominance of β-phase in the elec-
trospun membranes [31]. The intensity of the diffraction 
peak declines sharply with the increase of PAMPSLi con-
tent. During electrospinning, polymer solution experiences 
two forces: one is shear force when it flows through a nee-
dle. The other one is columbic force when the jet is elon-
gated and accelerated by the high electric field applied. The 
combination of the two forces induces disentanglement and 
parallel packing of polymer chains, and facilitates the ori-
entation of the chains along the fibrous axis. Hence, large 
numbers of β-phases are formed. Enhancing the PAMPSLi 
fraction in the blending polymers results in the increase of 
hydrogen bonds and molecular level interactions between 
PVDF and PAMPSLi, which hinder the motion of polymer 
segments and the orientation of the chains along the fibrous 
axis. So the intensity of the diffraction peak with the mem-
brane composition decreases.

DSC measurements were used to investigate the vari-
ation of crystallinity of the composite fibrous mem-
branes with the blending ratio, and the results are shown 
in Fig. 7. It is observed that all curves have almost similar 

endothermic peaks. The endothermic peaks extend from 
150 to 185 °C with a peak at 170 °C, corresponding to the 
β-phase fusion in PVDF [32]. The melting enthalpy (∆Hf) 
of the composite fibrous membranes can be calculated 
from the integral area of the baseline and each melting 
curve. The reduction of melting enthalpy is evident with 
the increase of the PAMPSLi fraction. The value of melt-
ing enthalpy obtained from their respective DSC curves can 
determine the crystallinity (Xc) of PVDF by the following 
formula:

(2)χc (%) = △ Hf /(△ H∗

f φ)× 100,

Fig. 5   Raman spectra at different wavenumber regions a 200–3800  cm−1; b (B) 650–990  cm−1; b (C) 990–1650  cm−1; and b (D) 2720–
3220 cm−1 for composite fibrous membranes based on PVDF/PAMPSLi with blend ratios PVDF/PAMPSLi = 1/0 (a) and 2/1 (b)

Fig. 6   WAXD patterns of composite fibrous membranes based on 
PVDF/PAMPSLi with different blend ratios, PVDF/PAMPSLi = 1/0 
(a), 10/1 (b), 5/1 (c), 2/1 (d), and 1/1 (e)
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where ∆Hf
* is the crystalline melting enthalpy of perfectly 

crystalline PVDF (104.7  J  g−1) [33]. ∆Hf is the melting 
enthalpy of the electrospun membranes. Φ is the weight 
fraction of PVDF. The crystallinity values, calculated using 
Eq. (2), are illustrated in Fig. 7b. Consistent with the results 
from XRD measurements, it is clear that the crystalline 
degree of PVDF is reduced by the introduction of PAMPSLi. 
Compared with 50.9% for pure PVDF fibrous membrane, the 
crystallinity is reduced to as low as 21.8% for the membranes 
with 1:1 PVDF:PAMPSLi blend. Such drop in crystallinity 
should be beneficial to the uptake of liquid electrolyte due to 
the soaking effect in the amorphous PVDF domain. Moreo-
ver, membrane with low crystallinity can supply a beneficial 
condition for conductivity enhancement. Thus, the results 
suggest the excellent ionic conductivity of the PVDF/PAMP-
SLi composite fibrous polymer electrolytes.

Wettability and electrolyte uptake

Membranes with good wettability can retain the electro-
lyte in the cavity of their porous structure effectively and 
facilitate an electrolyte to diffuse smoothly into the cell 
assembly, so the wettability of the membranes by the elec-
trolyte is an important parameter [34]. In this work, the 
wettability of the electrospun membranes was quantita-
tively evaluated by measuring the development in contact 
angles of the liquid electrolyte with time. For comparison, 
the contact angles of the PE separator (commercial poly-
olefin-based separator, Celguard 2400) were also investi-
gated. The images of contact angles are shown in Fig. 8a, 
and the variations of the electrolyte contact angles versus 
time are summarized in Fig. 8b. The moment that the liq-
uid electrolyte is dripped on the membrane is defined as the 
initial time. As shown in Fig. 8a(a), after being dripped on 
the PE separator, the drop keeps the shape of a circular arc. 
The contact angle maintains at the level of 44° during a 4 s 
observation, and the magnitude of the drop base diameter 
does not change with time. This poor wettability results 
from the large difference of the polarity between the non-
polar polyolefin separator and the highly polar liquid elec-
trolyte, which will result in an increase in cell resistance. In 
comparison to the PE separator, all the composite fibrous 
membranes with different PAMPSLi fractions are quickly 
wetted by the liquid electrolyte. As shown in Fig. 8a(b–g), 
after being dripped on the electrospun membranes, the 
drops spread quickly on the surface of membranes, and 
penetrate into the interior of the membranes within 4 s. The 
contact angles decrease continuously from about 20° to 0°, 
and the magnitudes of the drop base diameters increase 
rapidly with time. The excellent electrolyte wettability of 
electrospun membranes is attributed to the fully intercon-
nected unique pore structure produced by electrospinning 
and the affinity between the polymer matrix and the liquid 
electrolyte, both of which may facilitate capillary intrusion 
of the liquid electrolyte into the pores [35].

Fibrous polymer electrolytes were prepared by acti-
vating the electrospun membranes with the liquid elec-
trolyte of 1  M LiPF6 in EC/DMC (wt/wt). Figure  9 
presents the electrolyte uptake behavior of the compos-
ite fibrous membranes with different blend ratios. The 
unique three-dimensional network structure of electro-
spun membranes enables the easy penetration of liq-
uid into the inner cavities through the interconnected 
pores, and hence the uptake process becomes stabilized 
within a short time. All the membranes reported here 
exhibit the electrolyte uptakes higher than 300%. The 
uptake is increased up to the blend ratio of 5/1; beyond 
this threshold a decrease is observed. In detail, when 
the blend ratios of PVDF/PAMPSLi are in the range of 
1/0–5/1, the electrolyte uptake is observed to increase 

Fig. 7   a DSC thermograms of composite fibrous membranes based 
on PVDF/PAMPSLi with different blend ratios, PVDF/PAMP-
SLi = 1/0 (a), 10/1 (b), 5/1 (c), 2/1 (d), and 1/1 (e); and b crystallin-
ity data of composite fibrous membranes
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steadily with the PAMPSLi fractions. The uptake obtains 
the maximum value (up to 430%) with the blend ratio 
of 5/1. The absorption of large quantities of liquid elec-
trolyte results from a high specific surface area of the 
membranes and its high amorphous content. The uptake 
begins to decrease with further increases in blend ratios. 
While the blend ratio is 1/1, the uptake declines to 
360%. This decrease indicates that the favorable prop-
erties imparted by PAMPSLi towards electrolyte uptake 
are masked at a higher content. Previous works on the 
PVDF–solvent interaction [36] reported that the hydro-
gen of methylene group in PVDF and the oxygen in the 
carbonyl group of the carbonate acted as a Lewis acid 
and a Lewis base, respectively. This specific interaction 
is weakened by the hydrogen bonds and other molecular 
level interactions between PVDF and PAMPSLi when 
the PAMPSLi fractions are further enhanced. So the 
electrolyte uptake decreases.

Fig. 8   Optical photos: a the 
evolution of contact angles; 
and b of the liquid electrolyte 
with time on PE separator (a) 
and on the composite fibrous 
membranes based on PVDF/
PAMPSLi with different blend 
ratios, PVDF/PAMPSLi = 1/0 
(b), 10/1 (c), 5/1 (d), 2/1 (e), 
and 1/1 (f)

Fig. 9   Electrolyte uptake of composite fibrous membranes based on 
PVDF/PAMPSLi with different blend ratios [liquid electrolyte: 1 M 
LiPF6 in EC/DMC (wt/wt)], PVDF/PAMPSLi = 1/0 (a), 10/1 (b), 5/1 
(c), 2/1 (d), and 1/1 (e)
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Characteristics of composite fibrous polymer 
electrolytes

Dimensional stability

The dimensional stability is an essential property for pol-
ymer electrolytes in terms of the processibility for practi-
cal device fabrication. To investigate the effect of different 
blend ratios on the dimensional stability of fibrous polymer 
electrolytes based on PVDF/PAMPSLi, the changes in the 
shape of the composite fibrous membranes after being acti-
vated with the liquid electrolyte are shown in Fig.  10. It 
can be seen that the pure PVDF fibrous membranes stick 
together and form a gelled mess, which results in a diffi-
cult assembling process of the cells. When the blend ratio 
of PVDF/PAMPSLi is 10/1, the membrane cannot retain 
its initial shape, and the problem of poor dimensional sta-
bility still exists. While the blend ratios are in the range of 
5/1–1/1, the membranes well retain their shape and exhibit 
sufficient mechanical strength and self-standing properties. 
When the pure PVDF electrospun membrane is immersed 
into the liquid electrolyte, a large amount of liquid elec-
trolyte is absorbed into the membrane through capillary 
action. This results in the strained mechanical properties of 
the membrane. Consequently, the membrane loses its shape 
stability. Fortunately, with the PVDF as a main polymer 

matrix, blending along with PAMPSLi can contribute to 
the mechanical property for polymer electrolytes. It is con-
sidered that the increase of the PAMPSLi fractions can 
prevent the shape deformation because of its relative poor 
affinity with electrolyte. Moreover, the hydrogen bonds and 
other possible molecular level interactions between PVDF 
and PAMPSLi reduce the interactions between PVDF and 
the liquid electrolyte, which may be another reason for the 
improvement of the shape stability.

Ionic conductivity

Figure  11 shows the temperature dependence of ionic 
conductivity for the PVDF/PAMPSLi-based fibrous pol-
ymer electrolytes with different blend ratios of PVDF/
PAMPSLi. It is found that the ionic conductivities for 
all polymer electrolytes are higher than 10−3  S/cm in 
the range of 20–70 °C. The presence of PAMPSLi has a 
pronounced influence on the conductivities of the poly-
mer electrolytes over the entire temperature range. Fig-
ure 11 shows how the ionic conductivity reaches a max-
imum with blend ratio of PVDF/PAMPSLi, after which 
it reduces dramatically. In detail, the ionic conductivi-
ties at 20 °C are 2.44 × 10−3, 2.69 × 10−3, 3.45 × 10−3, 
3.49 ×  10−3, and 2.70 ×  10−3  S/cm, respectively, for 
the fibrous polymer electrolytes with blend ratios of 

Fig. 10   Dimensional stability 
of fibrous polymer electrolytes 
based on PVDF/PAMPSLi with 
different blend ratios, PVDF/
PAMPSLi = 1/0 (a), 10/1 (b), 
5/1 (c), 2/1 (d), and 1/1 (e)



189Iran Polym J (2017) 26:179–191	

1 3

1/0, 10/1, 5/1, 2/1, and 1/1. The maximum ionic con-
ductivity reaches around the blend ratios of 5/1 and 2/1; 
they are thought to be the ideal blend ratios in terms of 
ionic conductivity for this system. Then a decrease in 
ionic conductivity is seen in the sample with the blend 
ratio of 1/1. The variation in ionic conductivity may be 
due to the differences in the structures and the molec-
ular level interactions of polymer electrolytes. There 
are generally three phases in fibrous polymer electro-
lytes, like a solid polymer fiber phase, a partially swol-
len amorphous fiber phase, and a liquid electrolyte 
phase encapsulated in the pores of the membrane [37]. 
Among three phases, the liquid electrolyte phase and 
the swollen polymer phase are the fast and slow con-
duction paths for ionic conduction, respectively. Herein, 
the presence of PAMPSLi decreases the fiber diam-
eter, and increases the surface area and the amorphous 
PVDF domain of the membranes with low PAMPSLi 
fraction. This helps the fibrous membranes entrap more 
liquid electrolyte as shown in Fig. 9, and thus the poly-
mer electrolyte with the blend ratio of 5/1 exhibits high 
ionic conductivity. Although the composite polymer 
electrolyte with the blend ratio of 2/1 possesses a lower 
electrolyte uptake than the polymer electrolyte with the 
blend ratio of 5/1, it still exhibits a high ionic conduc-
tivity because of the high polarity of PAMPSLi which 
is beneficial to the dissociation of lithium salt. In case 
of the sample with the blend ratio of 1/1, the hydrogen 
bonds and other possible molecular level interactions 
between PVDF and PAMPSLi reduce the interactions 
between PVDF and electrolyte. Therefore, the uptake 
of the membrane deceases dramatically, which directly 
leads to reduced ionic conductivity.

Electrochemical stability

Electrochemical stabilities of PVDF/PAMPSLi polymer 
electrolytes were investigated by LSV method. Figure  12 
shows the LSV curves of the polymer electrolytes with dif-
ferent blend ratios. It is known that the increase of current 
flow in the high voltage results from the decomposition 
process associated with electrolyte. In addition, the corre-
sponding onset voltage is an upper limit of the electrolyte 
stability range. As can be seen from Fig.  12, the current 
through all polymer electrolytes is very small when the cell 
voltage is lower than 5 V, which indicates that no signifi-
cant decomposition in components takes place below 5.0 V 
of the polymer electrolytes. This demonstrates that the pol-
ymer electrolytes are very suitable for application in lith-
ium-ion batteries. The polymer electrolyte based on pure 
PVDF fibrous membrane (PVDF/PAMPSLi = 1/0) exhib-
its an anodic stability at 5.1 V. With the incorporation of 
PAMPSLi into the polymer matrix, the electrochemical sta-
bility is found to increase up to 5.4 V with the blend ratios 
of 10/1 and 5/1. Then it decreases to 5.1 V again when the 
blend ratios increase to 2/1 and 1/1. From Fig. 12, we can 
see clearly that the polymer electrolyte with the blend ratio 
of 5/1 shows the best electrochemical stability.

For fibrous polymer electrolytes, the ionic conduction 
occurs mainly through the entrapped liquid electrolyte in 
the pore structure. The electrochemical stability is influ-
enced by the fully interconnected pores, specific surface 
area and the average fiber diameters. Combining the results 
shown in Fig.  2, it can be concluded that the anodic sta-
bility of the polymer electrolytes increases with decreasing 
average fiber diameters. On the other hand, the carbonate-
based liquid electrolyte can partially swell the fibers. The 

Fig. 11   Temperature dependence of ionic conductivity of fibrous 
polymer electrolytes based on PVDF/PAMPSLi with different blend 
ratios, PVDF/PAMPSLi = 1/0 (a), 10/1 (b), 5/1 (c), 2/1 (d), and 1/1 
(e)

Fig. 12   Anodic stability by LSV of fibrous polymer electrolytes 
based on PVDF/PAMPSLi with different blend ratios, PVDF/PAMP-
SLi = 1/0 (a), 10/1 (b), 5/1 (c), 2/1 (d), and 1/1 (e) (Li/polymer elec-
trolyte/SS cells, 1 mVs−1, 2–6 V)
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complex compounds formed in the swollen phase, such 
as associated VdF-Li+ groups and the associated VdF–
Li+–OC groups can enhance the electrochemical stability 
of polymer electrolytes as well as the dipole–dipole inter-
action between the CO group of the carbonate molecules 
and the PVDF [36]. Thus, the swollen phase contributes 
significantly in enhancing the stability of the polymer elec-
trolyte. Combining the results of the DSC measurements, 
the increase of the PAMPSLi fractions enhances the swol-
len phase of the fibrous polymer electrolytes, and thereby 
results in high electrochemical stability. In the case of the 
further enhancement of the PAMPSLi fractions, the inter-
actions between PVDF and the liquid electrolyte are weak-
ened by the interactions between PVDF and PAMPSLi. 
Therefore, the decrease in the electrochemical stability is 
observed.

Conclusion

A series of composite fibrous membranes based on PVDF/
PAMPSLi blending system were fabricated by electrospin-
ning 20 wt% polymer solution with different blend ratios. 
The composite fibrous membranes exhibited smaller fiber 
diameter and lower crystallinity than the pure PVDF mem-
brane. Meanwhile, they possessed excellent wettability and 
electrolyte uptake. When the blend ratio was 5/1, the com-
posite fibrous polymer electrolyte not only exhibited much 
better dimensional stability, but also possessed high ionic 
conductivity and electrochemical stability. Incorporation of 
PAMPSLi has been verified to be an effective method in 
improving the properties of PVDF-based fibrous polymer 
electrolytes.
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