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Polyvinylidenedifluoride (PVdF) and polyethyleneoxide (PEO) are blended and electrospun in order to obtain membranes suitable
as Li-ion battery separators. The separators are characterized, and their properties investigated and compared with those of PVdF
and commercial separators. The PVdF-PEO based separators ensure increased conductivities, greater electrolyte uptake and higher
porosities than commercial polyolefines, all factors that improve cell performance. They are also safer than PVdF separators thanks
to lower shutdown temperature, even if their mechanical properties are not yet comparable with those of the latter.
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Li-ion batteries are one of the most mature and most wide spread
energy storage systems on the market. They supply almost every lap-
top, smartphone and tablet and are among the most widely used storage
systems in hybrid and electric vehicles. Today Li-ion technology is
approaching its limits of energy density (200–250 Wh/kg)1,2 thanks to
new and advanced high-voltage and high-capacity electrode materials.
Hence, most electrochemical research seeks to improve cycle life and
safety.2–9 However, in order to meet the new conditions required by
high voltage electrodes and to enhance the other aforementioned fea-
tures, the development of so-called inactive materials is mandatory. A
key inactive material is the separator. It prevents physical and electrical
contact between electrodes while allowing ions to flow through it. It
must have a high chemical and electrochemical stability vis-á-vis the
electrode and electrolyte materials and should be mechanically strong
enough to withstand the high stress during battery assembly. The sep-
arator must also be sufficiently porous to absorb a large quantity of
liquid electrolyte, thus assuring high ionic conductivity. On the other
hand, the separator inevitably increases the electrical resistance of the
cell, thereby significantly worsening the battery performance. Indeed,
it must be very thin and porous in order to achieve high energy and
power densities while ensuring sufficient mechanical robustness.10–13

The perfect separator has yet to be invented, its development depend-
ing on trade-offs among the aforementioned properties in order to
obtain the specific features for the desired application. Safety too is an
important concern. A necessary feature of separators is the shutdown
function, i.e. the ability to shut the battery down when overheating
occurs due, for example, to a short circuit, overcharging or exposure to
external heat sources, in order to prevent thermal runaway.14,15 Nearly
all separators today used in liquid electrolyte batteries are based on
microporous polyolefin membranes given their good mechanical prop-
erties, thinness and low cost. Much research effort of late has been
devoted to the development of innovative, highly porous separators
based on non-woven mats. One well known method of mat prepa-
ration is electrospinning technology.13,16,17 Electrospinning is a low
cost technology with respect to other techniques used to manufacture
nanofibers, e.g. extrusion, drawing, phase separation. It is also com-
monly used to fabricate highly porous nanostructures or nanofibrous
non-woven membranes characterized by high open porosity and high
surface area which lead to massive electrolyte uptake and, hence, to
excellent ionic conductivity.
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Several polymers have been electrospun and used as separators.18

Polyvinylidenedifluoride (PVdF) and its copolymers are probably the
most widely studied.18–25 PVdF is characterized by excellent electro-
chemical stability, and its high dielectric constant (ε = 8.4) permits
better dissolution of lithium salts and, thus, a larger amount of charge
carriers. One PVdF drawback is a high melting point that does not
execute the shutdown function.22,26 We submit a novel strategy to
overcome this limitation by blending PVdF with a polymer of lower
melting-point such as polyethyleneoxide (PEO), which can also co-
ordinate and transport Li+ through local relaxation and segmental
motion of its chains and improve ionic conductivity. To the best of our
knowledge, only two papers have investigated the effect of PEO on
ionic conductivity and the electrochemical properties of PVdF-based
polymer gel electrolytes. Both report better performance characteris-
tics of PVdF/PEO membranes with respect to PVdF membrane.27,28

In the present work blends of PVdF and PEO are electrospun in order
to yield separator membranes for Li-ion batteries. The separators are
fully characterized, and their properties investigated and compared
with those of PVdF and of a polyolefine commercial separator.

Experimental

Materials.—Ultra-high-molecular-weight polyvinylidenedifluo-
ride (PVdF, Solef 6020, MW 690,000 g mol−1) was provided by Solvay
Specialty Polymers. Polyethylene oxide (PEO) of low (Mv 100,000 g
mol−1) and high (Mv 1,000,000 g mol−1) molecular weight and N,N-
Dimethylformamide (DMF) were purchased from Sigma-Aldrich and
used as received. A commercial Celgard2400 separator (Celgard) was
used for comparative analyses. A solution of 1 M LiPF6 in ethylene
carbonate (EC):dimethyl carbonate (DMC) (1:1 w/w) (LP30 Selecti-
Lyte, Merck KGaA, 20 ppm H2O) was used for electrolyte uptake and
electrochemical tests.

Electrospun membrane preparation.—Two blends of PVdF:PEO
with a 90:10 w/w composition were prepared using PEO with low
and high molecular weight, hereinafter called B100 and B1000, re-
spectively. A careful screening of working conditions has been made
in order to obtain mats composed of fibers without beads and with
good mechanical properties. Each system was optimized individu-
ally, slightly changing the total polymer concentration in order to
achieve the best fiber morphology. We used a concentration of 15%
w/v for B100 solution to obtain beads-free fibers. The electrospin-
ning of B1000 solution at the same concentration was impossible
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because the blend behaved like a solid, jelly-like material. Hence,
B1000 concentration was lowered to 10% w/v. PVdF and PEO were
first dissolved in DMF at optimized total polymer concentrations of
15% and 10% w/v for B100 and B1000, respectively. A mild heating
(∼10 min at 40◦C) was set to help the dissolution process during
overnight stirring with a magnetic hot plate stirrer. The electrospin-
ning apparatus was composed of a syringe pump (KDScientific), a
glass syringe, a stainless-steel, blunt-ended needle (inner diameter =
0.5 mm) connected to a high voltage power supply (Spellman, SL 50
P 10/CE/230) and a grounded cylindrical rotating collector (length
= 12 cm, diameter = 5 cm, rotation angular speed = 50 rpm). The
polymer solution was dispensed from the needle, fixed to a support
rod and placed 22 cm apart from the collector.29 The electrospinning
process was carried out in a glove box at room temperature (RT) and
relative humidity of 40–45% with a solution flow-rate of 0.4 mL/h
and 20 kV applied voltage. Membranes with thickness in the range of
40–100 μm were obtained. A PVdF membrane was also prepared for
comparison by dissolving the polymer in DMF at a concentration of
16% w/v. Electrospinning parameters were the same used for B100
and B1000 except for the flow rate that was 0.3 mL/h.

Circular electrospun polymer separators (EPSs) of 0.785 cm2 ge-
ometric area were then cut from the membranes by a puncher. Some
separators were pressed with a hydraulic E-Z Press (ICL) at 500 psi
for 15 min at RT in order to improve dimensional stability, especially
after electrolyte uptake. The pressed EPSs are indicated as PVdFp,
B100p and B1000p.

All the EPSs were dried at 80◦C under vacuum for 4 h in a Büchi
B-585 Kugelrohr in order to remove any trace of residual solvent and
humidity and transferred in an argon filled MBraun Labmaster SP dry
box (< 0.1 ppm H20, < 0.1 ppm O2) for use.

Characterization.—Fiber morphology was investigated using a
Philips 515 Scanning electron microscope (SEM) at an accelerating
voltage of 15 kV; the samples were sputter-coated with gold before
SEM analysis. Wide-angle X-ray diffraction measurements (WAXD)
were performed at RT with a PANalytical X’Pert PRO diffractometer
equipped with an XCelerator detector. X-ray diffraction data were
collected in the 2θ range of 5◦–60◦ using CuK radiation (λ = 0.15418
nm) as X-ray source. Thermogravimetric analysis (TGA) was carried
out using a TA Instruments TGA2950 analyzer from RT to 600◦C
with a heating rate of 10◦C/min in nitrogen atmosphere. Differential
scanning calorimetry (DSC) measurements were performed using a
TA Instruments Q100 equipped with the Liquid Nitrogen Cooling
System (LNCS) accessory. DSC measurements were carried out in
helium atmosphere from −100◦C to 250◦C with a heating scan rate of
20◦C/min. From the DSC thermograms, the glass transition tempera-
ture (Tg) was taken at half-height of the glass transition heat capacity
step, and the melting temperature (Tm) was taken at peak maximum
of the melting endotherm. Tensile tests were carried out with an In-
stron 4465 machine, applying a cross-head speed of 2 mm/min. Tests
were performed on a specimen 50 mm long and 5 mm wide, with
a gauge length of 20 mm. Ten specimens per mat were tested and
the results processed through Weibull probability distribution, which
provides the 63.2th percentile (α) with the confidence intervals at 90%
probability. Stress-at-break (σb), elongation-at-break (εb) and Young’s
elastic modulus were then obtained. The electrolyte uptake of the EPSs
was evaluated by soaking them in LP30 for 2 h inside the dry box and
then removing excess electrolyte with filter paper. The uptake was
calculated by Equation 1

U (%) = (Ww − Wd )/Wd × 100 [1]

where Ww and Wd are the wet and dry membrane weights,
respectively.

Resistivity of the electrolyte-soaked membranes was measured by
electrochemical impedance spectroscopy (EIS) using a Solartron SI
1255 frequency response analyzer coupled with an EG&G Model
273A PAR potentiostat/galvanostat. For EIS analysis, a T-shaped
Teflon cell (BOLA by Bohlender GmBH) was assembled with the
soaked EPS interposed between stainless steel (SS) blocking elec-

trodes (0.785 cm2) in symmetrical configuration SS/EPS/SS. The cell
was placed in a Memmert IPP 200 incubator at 30◦C and the mea-
surements were performed after one hour in order to let the system
stabilize. EIS measurements were carried out by applying an AC per-
turbation of 5 mV with a variable frequency from 100 kHz to 1 Hz,
collecting 10 points per decade. MacMullin numbers were calculated
from resistivity values by Equation 2

Nm = ρs

ρe
[2]

where ρs is the resistivity of the soaked separator and ρe the resistivity
of the electrolyte after Schmidt et al.30

EIS measurements with blocking electrodes were also exploited
to evaluate the shutdown properties of the EPS during an abnormal
temperature rise. The cell was placed in a Memmert UNB 100 oven
and the temperature raised from 30◦C to 200◦C; the EIS analyses were
performed every 30◦C up to 60◦C and then every 10◦C up to 200◦C.

EIS spectra of symmetric Li//Li cells with different separators
soaked with LP30 were also carried out at 30◦C in open circuit con-
dition from 100 kHz to 100 mHz (5 mV AC, 10 point/decade) to
investigate the chemical reactivity of the Li/electrolyte interface over
time.

The water content of membranes was evaluated with a Metrohm
831 KF coulometer. The membranes were dried for 2, 4 and 20 hours
and placed in LP30 solutions for few minutes. Hence, the water content
of the solutions with the membrane inside was measured.

Cell assembly.—For the electrochemical tests in half-cell configu-
ration, the soaked EPS was put in a BOLA cell together with a positive
electrode based on LiFePO4, and a negative electrode of lithium metal
(in excess); lithium metal was also used as reference electrode. The
positive electrode material was 90 wt% LiFePO4 (Advanced Lithium
Electrochemistry Co. Ltd.), 5 wt% Super P (Erachem) as conductive
carbon and 5 wt% PVdF Kynar HSV 900 (Arkema) as binder. The
LiFePO4 electrodes were prepared by dry mixing the three powders
and then adding the N-methyl pyrrolidone. The slurry was spread
with a mini-coating machine (MC 20, Hohsen Corp.) on KOH-etched
aluminum foil as current collector. After drying at 80◦C overnight,
circular electrodes of 0.636 cm2 geometric area were cut by puncher,
pressed with a hydraulic E-Z Press (ICL) at 3000 psi for 3 minutes
and dried overnight at 120◦C.

Graphite electrodes (89% Superior graphite, 8% PVdF, 3% pure
black) on copper current collectors were used in full cell configuration.
The electrochemical tests were performed by a VMP multichannel
potentiostat/galvanostat (Bio-logic Science Instruments) at 30◦C.

Results and Discussion

In electrospinning several parameters, mainly related to the pro-
cess, to the ambient conditions and to the solution properties, in-
fluence fiber morphology and, hence, porosity, thickness, mechani-
cal and physical characteristics of the resulting separators. It is well
known that polymer concentration and molecular weight play an im-
portant role in fiber formation. Usually, beads-free nanofibers and
increased fiber diameters are obtained by increasing polymer con-
centration and molecular weight.31 Electrospinning conditions were
optimized specifically for each of the three polymeric solutions, i.e.
B100, B1000, PVdF, in order to obtain membranes composed of reg-
ular bead-free fibers with comparable sub-micrometric diameters, as
shown in the SEM images of Figures 1a–1f. Thanks to the high molec-
ular weight of PEO1000, a concentration of 10% w/v was sufficient
to obtain a solution with a viscosity appropriate for electrospinning.
By contrast, a higher concentration (16% w/v for PVdF and 15% w/v
for B100) was necessary for the other two solutions. Indeed, solution
viscosity, which is governed by polymer molecular weight and con-
centration, is known to be the key parameter for obtaining bead-free
continuous fibers.32 The non-woven mats were composed of multi-
layered, three-dimensional network structures. The B100 membrane
was composed of fibers having a broader distribution of diameters,
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Figure 1. SEM images of (a, b) B100, (c, d) B1000 and (e, f) PVdF.

varying in the 300–800 nm range (Figure 1a), the B1000 membrane
(Figure 1c) was characterized by a homogeneous distribution of fiber
diameters (∼800 nm); the PVdF membrane showed fibers with diam-
eters in the range 500–1000 nm (Figure 1e). The trend toward low
thickness is consistent with the lower average molecular weight of
the polymer blend B100 than PVdF and B1000. The rough surface
of the blended fibers is also notable in the high magnification images
(Figures 1b and 1d) and contrasts with the smooth surface of PVdF
fibers (Figure 1f). This feature was already been reported27,28 and may
be associated with the hygroscopic nature of PEO, which is respon-
sible for moisture absorption during fiber formation. This particular
surface roughness is connected to the fiber porosity, which is bene-
ficial for wettability and, accordingly, for the separator’s electrolyte
uptake.

The electrospun polymer separators (EPSs) were made to a greater
thickness (40–100 μm) than that of commercial separators based on
polyolefinic film (20–25 μm). Given the very high porosity of the
electrospun non-woven mats, a thickness near 40 μm assures good
mechanical properties without affecting the electrochemical perfor-
mance of the cell.33

WAXD measurements were performed in order to investigate the
molecular structure and crystalline phases of the membranes and the
related diffractograms are shown in Figure 2.

Five crystal phases (α, β, γ, δ, and ε) are reported for PVdF.34

While some give reflections at very similar diffraction angles, each
phase has one or two characteristic peaks that allow their identifica-
tion. During electrospinning, the polymeric solution is subjected to
two main forces: shear when it flows inside the needle and a coulomb
force when the jet is elongationally stretched between the needle
and the collector by the high electric field. These two forces lead to
disentanglement and subsequent parallel arrangement of the macro-
molecular chains.35

Therefore, the formation of a large quantity of β phase can be
achieved.36,37 This phase can be identified in all specimens in cor-
respondence to the following peaks: 2θ = 20.6◦ associated to the
sum of (110) and (200) crystal planes diffractions, 36.2◦ related to
(201) plane, and 41.1◦ corresponding to (111) diffraction. The peaks
at around 2θ = 18.4◦ (020), 20◦ (110) and 26.5◦ (021) belong to the α

Figure 2. WAXD spectra of PVdF, B100 and B1000 membranes.

phase of PVdF. Therefore, in all three EPSs, α and β phases coexist.34

Moreover, Martins et al.26 proved that it is nearly impossible to dis-
cern between γ and α phase of PVdF by means of X-ray diffractions
due to the similar peak positions of the two phases. Hence, the pres-
ence of the γ phase in the tested samples cannot be excluded. The
characteristic PEO peaks can be detected at around 2θ = 19◦ (120)
and 23.4◦ (112) in the B100 and B1000 diffractograms. As expected,
these peaks are weak in intensity, due to the low amount of PEO
(10 wt%) in the blends.

The thermal stability of B100 and B1000 was investigated through
TGA measurements and compared to that of the relative homopoly-
mers. The thermograms of the two blends displayed in Figures 3a
and 3b show a characteristic two-step curve: the first weight loss step
corresponds to the thermal degradation of PEO and the second to that
of PVdF. The magnitude of each weight loss step correlates well with
the amount of each component in the blend.

The TGA curves show a carbonaceous residue above 500◦C,
mainly due to degradation of PVdF in N2 atmosphere. As suggested
by Botelho et al.37 the scission of C-H and C-F bonds starts in the first
step of thermal degradation of PVdF and leads to the formation of
HF. The subsequent loss of HF leads to the formation of polyenic se-
quences inside the polymeric chain. The instability of these sequences
brings about consecutive degradation steps, which produce aromatic
molecules and then polyaromatic chains that are indecomposable in
inert atmosphere.

DSC thermograms of B100 and B1000 were compared with the
curves of the plain homopolymers (Figures 4a and 4b). Two melt-
ing endotherms are evident in the thermograms of B100 and B1000:
the first at Tm = 61◦C (B100) - 64◦C (B1000) and the second at Tm

= 168◦C (B100) - 166◦C (B1000) correspond to the melting point
of PEO100 homopolymer (Tm = 64◦C), PEO1000 homopolymer
(Tm = 69◦C) and PVdF homopolymer (Tm = 168◦C), respectively.
This indicates that during electrospinning the two polymers are phase-
separated, as reported elsewhere.27

Even though PEO and PVdF chains are tangled together inside the
fibers, their crystallization processes are totally independent and occur
without any hindrance or co-crystallization. The small shift in melting
temperature of PVdF and PEO components in the blends, compared to
homopolymers, may be attributed to the interactions of ether oxygen
of PEO and fluoride of PVdF. These shifts are more evident in the
B1000 DSC curve, probably because the longer PEO1000 chains
increase the number of interactions with PVdF.

Figure 5 shows elastic modulus, stress at break and elongation
at break of the two blended membranes. They show similar me-
chanical performance, as expected considering the same ratio of
the two homopolymer inside the blends. Note the evident difference
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Figure 3. (a) Thermogravimetric curves of B100 (A) and of its components,
PVdF (B) and PEO100 (C). (b) Thermogravimetric curves of B1000 (A) and
of its components, PVdF (B) and PEO1000 (C).

between the stress-at-break values of B100 and B1000: the former is
nearly three-fold higher than the latter, and the gap can be attributed
to the different morphology of the membranes. As shown and dis-
cussed for Figure 1, the membrane fibers exhibit different diameters,
B100 having lower and more broadly distributed diameters (300–800
nm) than B1000 (∼800 nm). This could be related to the different
PEO molecular weight, as reported in literature for polystyrene and
polyvinylalcohol.31,38,39 Richard-Lacroix et al.38 demonstrated that
reducing fiber diameter toward the nanoscale leads to an increas-
ingly high level of orientation of the macromolecular chains of atactic
polystyrene, inside the fiber and to an increasing apparent level of
disentanglement of the chains. Thus, a more evident alignment occurs
inside a thinner fiber, conferring higher mechanical performance on
the material. The correlation between fiber diameter and mechanical
properties was proven by Gao et al. for electrospun PVdF membrane.40

They observed that reducing the average fiber diameter from 884 nm
to 514 nm involved an increase of tensile modulus (from 95 MPa to
117 MPa) and of maximum stress (from 5.3 MPa to 6.5 MPa) and a
decrease of elongation (from 19.51% to 15.65%). Thus, our data for
B100 and B1000 are consistent with those in literature for plain PVdF
membranes.21,28,40,41

A first step toward upgrading the mechanical performance of elec-
trospun membranes is further optimization of the electrospinning pro-
cess in order to narrow and homogenize the fiber diameters. Further
improvements entail the incorporation of inorganic oxide nanoparti-
cles in the polymeric fibers during electrospinning33 and the exposure
of the polymeric solution to a plasma jet for a few minutes before

Figure 4. (a) DSC analysis of B100 (A), PVdF (B) and PEO100 (C). (b) DSC
analysis of B1000 (A), PVdF (B) and PEO1000 (C).

electrospinning, which was found to improve both stress-at-break and
elongation-at-break.42

The electrolyte uptake values of PVdF, B100 and B1000 at RT are
shown in Table I. The uptake is improved by the presence of PEO100
in the blend. The weight increase of B100 is the highest, probably
due to the enhanced mobility of shorter PEO100 chains. By contrast,
the electrolyte uptake value obtained for B1000 is slightly lower than

Figure 5. Mechanical properties of B100 and B1000: Young’s modulus (left),
stress at break – (σb,center) and elongation at break (δb,right).
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Table I. Electrolyte uptake of pristine and pressed membranes.

Separator Electrolyte Uptake

PVdF 440%
B100 527%
B1000 303%
PVdFp 81%
B100p 84%
B1000p 58%

Celgard2400 100%

that of PVdF, although the values of all three membranes were much
higher than that of Celgard2400.

As noted supra, EPS becomes difficult to handle when wetted
by the electrolyte due to its gel-like nature when soaked. In order
to enhance its dimensional stability, some separators from the three
membranes were pressed. The macroscopic aspect of the pressed
membranes is comparable; the pressed membrane B1000p is shown
in Figure 6a, as an example, together with the pristine B1000 for
comparison. Pressing considerably decreases porosity, as shown by the
SEM images (Figure 6). The PVdFp membrane seems to be especially
affected by pressing (Figure 6b). By contrast, B100p and B1000p show
areas of differing, i.e. non-uniform, porosity (Figures 6c and 6d).

Electrolyte uptake was also performed on the pressed EPSs
(Table I). As expected, the results show lower values than those of the
pristine but comparable to those of Celgard2400 uptake. This response
deserves further investigation, especially concerning the evaluation
of pressing conditions in terms of pressure values and processing
time.

The enhanced porosity and higher electrolyte uptake of pristine
EPSs are expected to increase ionic conductivity, thereby decreasing
the contribution of the separator to cell internal resistance. This can re-
sult in better battery performance at high currents. EIS measurements
were thus performed in order to evaluate resistivity and MacMullin
number of the separators. It is necessary to calculate MacMullin num-
bers, as shown in Table II, to compare separators of different thickness.
Figure 7 shows the Nyquist plots of the pristine EPSs. As can be seen,
the lowest value was obtained with B1000, the less resistive separa-
tor among the tested ones. Even B100, the most resistive, yielded a
MacMullin number lower than that of Celgard2400.43,44

For shutdown temperature, i.e. where the EPS starts to soften and
close pores, log Zre (at 1 kHz) was plotted vs. temperature (Figure 8).
Although PEO has great affinity with liquid electrolyte and Li ion
can move through the melted PEO regions, the B100 curve clearly

Figure 6. (a) Pristine B1000 separator (left) vs. pressed B1000p separator
(right), SEM images of (b) PVdFp, (c) B100p and (d) B1000p membranes.

Table II. Resistivity and MacMullin number of tested membranes
at 30◦C. The resistivity of LP30 electrolyte used for the MacMullin
number calculation is also reported.

Thickness Resistivity MacMullin
(μm) (ohm cm) number

LP3030 - 8.25·101 1
PVdF 80 6.59·102 8
B100 60 8.70·102 10

B100p 50 9,51·102 11
B1000 70 5.42·102 6
B1000p 30 7,81·102 9

Celgard240043,44 25 16

Figure 7. Nyquist plots of PVdF, B100 and B1000 separators at 30◦C, soaked
in LP30 electrolyte. In the inset a magnification of high frequency values.

indicates that shutdown starts at 110◦C and ends at about 140◦C, the
Zre value having increased by two orders of magnitude. By contrast,
B1000’s shutdown process occurs between 100◦C and 140◦C, with
resistance growing by three orders of magnitude. The interval of both
blends are in line with the ideal shutdown temperature, which was
set at 135◦C for a conventional separator and at 100 ± 10◦C for
an advanced separator by the United States Advanced Battery Con-
sortium (USABC).45 A shutdown temperature of 160◦C like that of

Figure 8. Logarithm of Zre, at 1 kHz vs. temperature over shutdown tests of
electrolyte- soaked EPSs.
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Figure 9. Galvanostatic charge/discharge cycles of Li//LiFePO4 at 30◦C in 3-electrodes mode between 2.5 V and 4.2 V vs. Li+/Li in LP30. Stability test at 1C
with initial and final cycles at C/10 and potential profiles of the 32nd cycle of half-cells with a-b) B100 and B100p, c-d) B1000 and B1000p, e-f) Celgard.

Celgard240044 or in the range 160–180◦C like that of PVdF is too
high, inducing pores occlusion when thermal runaway has already
started. Hence, the blend of PEO and PVdF leads to an improve-
ment in terms of safety. PEO content in the blend is low enough and
the fibrous morphology of the membrane, which exhibits very high
tortuosity, is suitable to guarantee shutdown properties. PEO lower
melting temperature, which is about 60◦–70◦C, causes a shift of the
shutdown temperature to lower values, making the separator safer.
Hence, the material design proposed in this work, i.e. blending two
polymers with significantly different melting points, represents a good
approach to achieve the same shutdown performance of the widely
used Celgard trilayer polypropylene/polyethylene/polypropylene.46–49

PEO, the low-melting polymer, is responsible for the shutdown func-

tion, while PVdF, the high-melting polymer, assures the mechanical
integrity of the separator up to its melting point.50

Electrochemical tests were performed in half-cell configuration
Li/EPS/LiFePO4 with a metal Li reference electrode between 2.5 and
4.2 V vs. Li+/Li. LiFePO4 performance with the LP30-soaked EPS
was investigated through deep galvanostatic charge/discharge cycles
at 30◦C. The first five cycles were carried out at C/10 to let the system
settle down. A stability protocol consisting of 100 cycles at 1C was
then run. The discharge capacity of the LiFePO4 electrodes, coupled
with B100 and B100p (pressed) separators, is shown in Figure 9a as
a function of cycle number. Figure 9b shows the potential profiles of
the 32nd cycle of the cells with the two separators. While a significant
and fast capacity fade occurs when the B100 separator is used, the
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performance of the LiFePO4 electrode is improved with the B100p
membrane, even in terms of overpotentials. Although the capacity
fading is less evident in the half-cells assembled with B1000 and
B1000p (Figure 9c) and the overpotentials seem similar (Figure 9d),
the cell with B1000p does not recover the initial capacity after 100
cycles, as shown by the last cycle at C/10. Figure 9d also displays a
lower coulombic efficiency of the half-cell with B1000. The coulom-
bic efficiency of the galvanostatic charge and discharge cycles was
near 100% for the first 30–40 cycles of the half-cells with both B100
and B1000 separators (pressed or not pressed) and then decreased
to value lower than 50%. Similar values are reported by Hu et al.,51

who used a graft copolymer based on poly(oxoethylene) metacrylate-
poly(dimethyl siloxane) as polymer electrolyte in the Li//LiFePO4

half-cell. They found a higher discharge capacity decrease over 50
cycles at room temperature than that of our half-cells, and a simi-
lar decrease of coulombic efficiency, down to 50%, at 120◦C. Such
a low coulombic efficiency indicates that concurrent and unwanted
reactions occur in the cell.

The cycling stability of the half-cell Li/Celgard2400/LiFePO4 and
the voltage profile of the 32nd cycle were also reported for compar-
ison in the Figures 9e and 9f. Although the stability over repeated
charge/discharge cycles was lower than that of half-cell with the
blended PVdF-PEO separators, the coulombic efficiency was higher
(98–99%) and nearly constant.

Given the high reactivity of Li, the use of half-cell with the
Li counter electrode complicates the system. Indeed, the deposi-
tion/stripping of lithium during charge and discharge processes causes
the development of dendrites, and the strongly reducing environment
produces SEI on Li electrode and reactive species in the electrolyte
medium. In this case, although EPSs are vulnerable to dendrites be-
cause of their high open porosity and low mechanical strength, den-
drites do not seem to be the main problem. Reactive species produced
on the electrode surface may retro-diffuse through the highly porous
separator and react on the opposite electrode. This may also explain
the better discharge capacity values of cells with B100p than of cells
with B100, a result do as much to its reduced thickness as to a lower
porosity that can hinder the shuttle movement of side-products. The
chemical stability of EC, DMC and LiPF6, which are the three com-
ponents of LP30, has a key-role in Li-ion battery performance. In
particular LiPF6, whose reactivity is notably affected by the water and
impurity content of the cell environment, may produce HF that can
react with cell active and inactive components.52,53 The electrospun
separator containing PEO, which is more hydrophilic than PVdF or
polyolefines, may release water that triggers unwanted reactions in
the presence of LiPF6. However, we found that the water content of
the PVdF-PEO membranes is very low and does not change the water
amount (ca. 20 ppm) in LP30 where the membranes were placed, as
evaluated by KF coulometry.

After having excluded the presence of water in PVdF-PEO sepa-
rators, we carried out tests on symmetrical Li//Li cells to evaluate if
the reactivity observed in half-cells with these membranes were due
to a higher impurity content in PVdF-PEO separators than in Celgard.
Figure 10a displays the Nyquist plots of EIS measurements of the
Li//Li cells after 0 and 56 hours in open circuit and Figure 10b the SEI
resistance (RSEI) evaluated from the fitting of the high frequency semi-
circle of the spectra over time. The high resistance values found for the
B100, B1000 and Celgard separators are consistent with the building
of SEI layers on Li electrodes held in open circuit for long times. The
results of Li//Li cells with pressed separators displayed a high variabil-
ity depending on their morphology, i.e. on the non- uniform porosity
after pressing, as shown in Figure 6. The SEI layers built in presence
of B100, B1000 and Celgard are very similar even in a high-reactivity
environment like that in presence of Li metal, thus demonstrating that
PVdF-PEO separators do not contain more impurities or reactive moi-
eties than Celgard. LiFePO4 is usually selected for its safe potential,
and the conventional electrolyte is electrochemically stable at poten-
tial <4.2 V. However, the high reactivity at the LiFePO4 surface was
also evidenced by the fact that impedance spectroscopy in 3-electrode
mode gave no good, reproducible spectra until a thick, stable and

Figure 10. Li//Li cells with B100, B1000 and Celgard at 30◦C in LP30 elec-
trolyte: a) Nyquist plots at t = 0 and t = 56 hours and b) RSEI over time.

Figure 11. Nyquist plots of the charged LiFePO4 electrode in half-cell with
B100 and B1000 separators after 100 galvanostatic charge/discharge cycles at
30◦C in LP30 electrolyte.

highly resistive surface was produced. Figure 11 shows the spectra of
LiFePO4 electrode recorded at the end of 100 cycles. Stability tests like
those reported in Figure 9 for Li//LiFePO4 half-cells were also per-
formed on symmetric cells LiFePO4/B100/LiFePO4 with the counter
electrode in great excess and the results are shown in Figure 12.
The use of a symmetric cell enhances readings even if a decrease of
coulombic efficiency from 99.5% to 97% occurs after 50 cycles. The
capacity fade has to be ascribed not to a degradation of the material
but to the difficulty in releasing the charge, i.e. in reinserting the Li+

ion, during discharge at high rate; the discharge at low C-rate, indeed,

Figure 12. Galvanostatic charge/discharge cycles at 30◦C at 1C with initial
and final cycles at C/10 of a symmetric LiFePO4/B100/LiFePO4 in 3-electrode
mode between 2.5 V and 4.2 V.
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Figure 13. Galvanostatic charge/discharge cycles (2nd cycle at C/10 and 2nd
cycle at C/3) of graphite//LiFePO4 at 30◦C in 2-electrode mode between
1.8 V and 4.0 V with different separators: a) B100p, b) B1000p and c) Celgard.

restores the initial capacity. These findings suggest that LP30 could
be the main source of highly reactive species.

We then assembled full cells with LiFePO4 positive electrode and
graphite negative electrode to demonstrate the effectiveness of these
EPSs as Li-ion battery separator. Electrode mass balancing was ef-
fected by setting the ratio of the capacity of the negative to that
of the positive near 1.8, taking into account a practical capacity of

270 mAh g−1 for graphite and of 150 mAh g−1 for LiFePO4 evaluated
at 1C. Deep galvanostatic charge/discharge cycles were performed
at 30◦C in 2-electrode mode between 1.8 V and 4.0 V and applying
C/10 and C/3 currents. Figure 13 shows the voltage profiles of the 2nd
cycle at C/10 and the 2nd cycle at C/3 of the full cells with B100p
and B1000p as separators. The charge/discharge voltage profiles of
the full cell with Celgard separator are also given for comparison.
The cells with electrospun PVdF-PEO separators display better per-
formance than those with Celgard both in terms of specific capacity
and of coulombic efficiency thus demonstrating that these membranes
can be used in Li-ion cells.

Conclusions

New electrospun separators based on PVdF and PEO blends were
yielded with good morphology and suitable thickness. Their proper-
ties as separators are convincing, with great electrolyte uptake, low
MacMullin number and lower shutdown temperature than those of
PVdF and polyolefine tested for comparison. Their mechanical prop-
erties are comparable to those of pure PVdF but sub-par compared to
those of polyolefins. It was observed that the electrochemical stabil-
ity of electrospun separators improves after pressing. This suggests
that membrane porosity should not be too high to avoid both mixing
of chemical species deriving from local side reactions, and possible
growth of dendrites. We excluded water and impurity as the main cause
of the reactivity of PVdF-PEO based separators and demonstrated in
preliminary studies that the use of such electrospun membranes in
Li-ion cells is feasible.
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A. Fiorani, L. Calzà, V. Colombo, and M. L. Focarete, Plasma Processes Polym.,
11, 203 (2014).

30. M. Schmidt, U. Heider, A. Kuehner, R. Oesten, M. Jungnitz, N. Ignat’ev, and
P. Sartori, J. Power Sources, 97, 557 (2001).

31. R. Khajavi and M. Abbasipour, in Electrospun Nanofibers, M. Afshari, Editor, p.109,
Woodhead Publishing, Duxford, (2017)

32. S. L. Shenoy, W. D. Bates, H. L. Frisch, and G. E. Wnek, Polymer, 46, 3372 (2005).
33. M. Zaccaria, D. Fabiani, G. Cannucciari, C. Gualandi, M. L. Focarete, C. Arbizzani,

F. De Giorgio, and M. Mastragostino, J. Electrochem. Soc., 162(6), A915 (2015).
34. J. Zheng, A. He, J. Li, and C. C. Han, Macromol. Rapid Commun., 28, 2159

(2007).
35. W.-W. Cui, D.-Y. Tang, and Z.-L. Gong, J. Power Sources, 223, 206 (2013).
36. B. Mohammadi, A. A. Yousefi, and S. M. Bellah, Polym. Test., 26, 42 (2007).
37. G. Botelho, S. Lanceros-Mendez, A. M. Gonçalves, V. Sencadas, and J. G. Rocha,
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