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ABSTRACT: Lithium-ion battery separators are receiving increased consideration from the scientific
community. Many research efforts trend toward creating high-performance fiber-based battery separators with
a small and uniform pore size to maximize ionic conductivity and cell discharge capacity. Here, we show that not
only the pore size but also the pore size distribution has an important effect on these electrochemical properties.
In this work, we studied nonwoven membranes fabricated from a single polymer, poly(vinylidene fluoride)
(PVDF), with different pore sizes and pore size distributions using three different techniques (meltblowing,
electrospinning, and shear spinning). We evaluate their performance as separators in Li-ion cells. Although
meltblowing is commonly employed to produce commercial microfibers/nanofibers, electrospinning has been
studied mostly in the academic literature. Shear spinning is an emerging method to fabricate nanofibrous
material where, for this study, the morphology of the resulting PVDF membranes may be controlled from
fibrous-like to nano-sheet-like with subsequent effects on the electrochemical properties. We show that the
smaller the pore size and the wider the pore size distribution, the higher are the electrolyte uptake and ionic
conductivity of the mats, resulting in improved in-use discharge capacity and rate capability of Li/LiCoO2 cells.
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■ INTRODUCTION

The separators for a lithium-ion battery (LIB) are an important
component of the device, but their chemical and electro-
chemical properties have been a subject of limited investigation
relative to the other cell constituents. The choice of materials
and manufacturing processes for separators is the focus of most
literature studies.1−7 Several reports showed correlations
between structural properties (e.g., pore size and thickness),
electrochemical properties of the membranes (e.g., electrolyte
uptake and ionic conductivity), and discharge capacity/rate
capability of Li-ion cells assembled with these separators.5,8−12

However, these were single-case studies, and few focused on
understanding the role of the separator pore network and its
effect on cell electrochemical properties. In this research, we
focus on analyzing relationships between the pore structure of
poly(vinylidene fluoride) (PVDF)-based separators made with
different processes and their in-use electrochemical properties,
such as discharge capacity and rate capability of a Li-ion cell.
The relationships between structural and electrochemical

properties of battery separators have recently attracted the
attention of the scientific community. Several studies have
utilized phase separation to introduce a unique structure into
Li-ion battery separators. Hierarchically structured separators,
for example, were prepared by Luo et al.13 through a solvent
liberation method and by Liu et al.14 through a reformed gel
with direct post-solidation procedure. By exploiting the
difference in solvent evaporation rates between N-methyl

pyrrolidone and acetone, both groups created separators with
high porosity that yield an ionic conductivity of 3.27 mS/cm
after electrolyte uptake. The authors claim that the inter-island
and inner-bound structures of the separators they produced
reduce capacity loss in a LiFePO4/Li cell. Ye et al.

15 fabricated
separators with a highly dense and porous inter-particle chain
structure from polyvinylidene fluoride-hexafluoropropylene.
The rearrangement of the polymer chains after electrolyte
uptake is reported to create a microstructure that decreases
thermal shrinkage and improves electrochemical properties.
Different separator morphologies, such as sponge-like material
with an asymmetric distribution of pores,17 may be obtained
not only with solvent−nonsolvent interactions5,13,16 but also
by changing the process conditions used in the separator
fabrication.7,12

Fabricating separators from microfibers and nanofibers is
another way to control the structural properties of separators.
Fibrous separators have been widely studied because their pore
structure allows high electrolyte wettability, ionic conductivity,
and cell cycling performance.6,18,19 Nano-structured fibrous
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battery separators are attractive because of their controllable
compositions and pore structures. A fibrous network forms an
interconnected nano/microporous structure that provides both
openness for enhanced lithium-ion transport and mechanical
strength for cell assembly. Trends in creating a fibrous battery
separator have largely sought to achieve a pore size and
distribution similar to well-established microporous mem-
branes, that is, small and uniform pore size. However, a few
outlier studies20−24 suggest that a small pore size and a high
porosity (reported as responsible for improved cycling
performance in nonwovens) do not capture the effect that
the pore size distribution has on the electrochemical
properties. For example, Lee et al.20 reported the importance
of correlating the separator pore structure to the cell
electrochemical properties. The authors relate the ionic
conductance and the rate capability (Li/LiMnO4 cells) to
the normalized Gurley number,25 which in turn they relate to
separator thickness and porosity. However, these correlations
do not uniquely specify the electrochemical performance of
fibrous-based separators, as other factors, such as pore size
distribution, should be considered. Ye et al.21 decorated the
surface of electrospun polyimide nanofibers with polyaniline to
create a three-dimensional hierarchical micro-/nano-architec-
ture. The presence of the so-called polyaniline nanowires
decreased the average pore size but also increased the
electrolyte uptake, resulting in an improved conductivity and
cell cycling performance. Sabetzadeh et al.22 showed that
improved battery performance can be achieved when a multi-
scale porosity of the separator is present. These researchers
introduced nanoporosity by means of phase separation in
electrospun fibers, which increased conductivity and in-use
capacity retention in a Li(Ni1/3Co1/3Mn1/3)O2/Li cell. A wide
pore size distribution is regarded as an improvement also by
Jiang et al.,23 who introduced TiO2 nanotubes in a poly-
(vinylpyrrolidone) matrix. After a treatment at 500 °C, the
separator presented nano- and meso-pores with a broad size
distribution, which improved ionic conductivity and cell
cycling. A small average pore size is not sufficient to improve
the electrochemical properties of LIB separators, and a broad
pore distribution seems to have a beneficial effect. Zhai et al.24

showed that a tri-layered poly(m-phenylene isophthalamide)
(PMIA)/PVDF/PMIA composite separator with a mean pore
size of 0.85 μm (range 0.71−2.41 μm) has superior
conductivity, tensile strength, and cycling performance
compared to single-layer PVDF (mean pore size of 2.50 μm,
range 2.09−3.18 μm) or PMIA (mean pore size of 0.53 μm,
range 0.51−0.57 μm). A small mean pore size and a wide pore
size distribution seem to be beneficial for a high-performance
LIB separator.
In this work, we analyze membranes with different pore sizes

and distributions that are fabricated with a single polymer,
PVDF, using three different techniques (meltblowing, electro-
spinning, and shear spinning), and we evaluate their perform-
ance as separators in a Li/LiCoO2 cell. Meltblowing is a
process commonly employed for the production of commercial
microfibers/nanofibers where the melted polymer is extruded
through a die with fine capillaries, after which a jet of hot air
impinges on the emerging polymer filaments to form fibrous
webs. In previous work, we demonstrated the feasibility of
meltblowing PVDF and using the resulting webs as a battery
separator.7,12 Electrospinning uses an electric field to drive
polymer fibers out of solution and has been widely used as a
method to prepare a variety of functional fibrous mem-

branes.2,6,8,18,38 Shear spinning is a method to fabricate
nanofibrous material in which a polymer solution is injected
into a sheared nonsolvent flow to create particles of various
morphologies.26−28 In a previous study,5 we showed that the
morphology of PVDF membranes prepared by the shear
spinning technique may be controlled from fibrous soft
dendritic colloids (SDCs) to a nano-sheet (NS) structure,
with subsequent effects on the electrochemical properties.
Here, by using three different techniques, meltblowing,
electrospinning, and shear-spinning, we fabricate PVDF Li-
ion battery separators with varying fiber/pore diameters and
pore size distributions. For a given processing technique, we
adjusted the processing conditions to ensure that the main
difference among the separators produced was the average
fiber/pore diameter and size distribution. We demonstrate that
smaller mean pore size and wider pore size distributions within
each manufacturing technique results in increased electrolyte
uptake, ionic conductivity, discharge capacity, and rate
capability of the mats in Li/LiCoO2 cells.

■ EXPERIMENTAL SECTION
Meltblowing Process. We used an experimental-grade PVDF

Kynar resin RC 10,287 (Arkema, Inc). The resin has low molecular
weight (MW) (15−100 kDa), a melt viscosity of 0.2 kP at 230 °C at a
shear rate of 100 s−1, and a 2.0 poly-dispersity index (PDI).12,29,30

After drying the resin overnight at 70 °C, we prepared meltblown
mats using a 1.2 m Reifenhauser-Reicofil Meltblown pilot line at the
Nonwovens Institute at NC State University.31 Based on our previous
work,7,12 the temperatures of both the die and the impinging air jets
were held at 240 °C and fibrous mats were fabricated at a basis weight
(BW) of 40 g/m2 with the following process variables (the
designation M1, M2, and M3 are abbreviations for these conditions
and referenced in the Results and Discussion section):

1 M1. Throughput = 46 kg h−1, airflow = 1100 m3 h−1, and die-
to-collector distance (DCD) = 20 cm

2 M2. Throughput = 11 kg h−1, airflow = 1000 m3 h−1, and DCD
= 15 cm.

3 M3. Throughput = 36 kg h−1, airflow = 1100 m3 h−1, and DCD
= 15 cm

Electrospinning Process. PVDF Kynar resin 761 (MW = 300−
400 kDa and PDI = 4.0) was obtained from Arkema and dissolved in a
mixture of dimethylformamide and acetone (7:3 v/v) at 12 or 16%
weight concentration. The polymer solution was loaded in a 10 mL
syringe with a 22-gauge needle and placed on a precision syringe
pump with a constant flow rate of 1.5 mL h−1. The nanofibers were
collected on aluminum foil placed on an aluminum collector plate
connected to the grounded electrode. We fabricated electrospun
PVDF mats at room temperature and 55 ± 5% relative humidity with
the following process variables:

4 E1. PVDF concentration = 12 wt %, voltage = 15 kV, tip-to-
collector distance (TCD) = 15 cm, and BW = 100 g/m2.

5 E2. PVDF % = 16 wt %, voltage = 15 kV, TCD = 15 cm, and
BW = 17 g/m2.

6 E3. PVDF % = 12 wt %, voltage = 20 kV, TCD = 10 cm, and
BW = 150 g/m2

Shear Spinning Precipitation Process. We dissolved PVDF
resin (Sigma-Aldrich, MW = 530 kDa and PDI = 2.0) in dimethyl
sulfoxide (DMSO, Fisher Scientific) by heating at 110 °C for 24 h
while stirring. After cooling, the PVDF solution was injected at a rate
of 1 mL/s into the shear zone of a colloidal mill (IKA Magic Lab) set
to 20,000 rpm and filled with 500 mL of ethanol, as discussed
elsewhere.5,26−28 After centrifuging the resulting PVDF suspensions
and recovering the solid, we re-suspended the particles in ethanol and
repeated the centrifugation process five times to remove residual
DMSO. The final suspension was filtered (0.45 μm filter pore size) to
form a membrane, and the resulting membranes were dried in an air
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oven at 70 °C for 24 h. We produced SDC membranes with a BW of
BW = 20 g/m2 and with an initial PVDF concentration according to
the schedule below.

7 S1. PVDF concentration in the injection solution = 5 wt %
(fibers).

8 S2. PVDF % = 10 wt % [fiber nanosheets (NSs)].
9 S3. PVDF % = 12.5 wt % (NSs)

where a qualitative descriptor of the particle morphology is given in
parenthesis.
Microscopy. A field emission scanning electron microscope (FEI

Verios 460L) under a 2 kV accelerating voltage was used to examine
the membrane morphology. The average fiber diameters were
determined by using Fiji (ImageJ) software after taking at least 100
measurements from five different areas in each mat.
Thickness and Solid Volume Percentage. Mat thickness was

measured with a Mitutoyo micrometer, and the solid volume
percentage ϵs was calculated using eq 1

ε
ρ

= ×W
t

100s
fiber (1)

where W is the BW of the mat in g cm−2, t is the thickness in cm, and
ρfiber is the density of the polymer (1.78 g cm−3).
Capillary Flow Porosimetry. The pore diameter was measured at

the most constricted part of the pore (the bubble point diameter) and
the pore diameter distribution was measured using an in-plane
porometer (Porous Materials Inc). A highly wetting liquid (Salwick)
with a known surface tension of 20.1 dyn cm−1 was used to wet the
mats, and no visible contact angle was detected (contact angle = 0°).
The pore diameter was calculated with the Young−Laplace
equation32 D = 4γL/Gcosθ/p, where p is the extrusion pressure in

MPa, D is the pore diameter in mm, γL/G is the surface tension of
Salwick (2.01 × 10−5 N/mm), and θ is the contact angle of Salwick
with the mat.

Electrolyte Uptake. All PVDF mats absorbed electrolyte quickly
(<1 s), and electrolyte uptake was calculated with eq 2 by weighing
the separators before and after soaking for 10 min in a 1 M LiPF6
ethylene carbonate (EC)/dimethyl carbonate (DMC) 1:1 v/v mixture

=
−

×
W W

W
electrolyte uptake 100a b

b (2)

where Wb and Wa is the weight of the separator before and after
soaking in the electrolyte, respectively. When soaked in electrolyte,
the fibers swell and the mat undergoes volume expansion, which may
vary with the density of its fibrous network. A non-uniform
distribution of the fibrous morphology may cause significant
variations in the uptake measurements. To reduce uncertainties and
assess reproducibility, we removed the surface-bound electrolyte with
wax paper and measured electrolyte uptake on at least five replicas.

Ionic Conductivity. In an Argon-filled glovebox, 50 μL of 1 M
LiPF6 in EC/DMC (1:1 v/v) was added to punched separators (15.9
mm diameter), which were then sandwiched between stainless-steel
spacers and assembled in a CR2032 coin cell. Electrochemical
impedance spectroscopy (EIS) measurements were performed with a
Bio-Logic VMP3 16-Channel potentiostat. The EIS frequency ranged
from 500 kHz to 1 Hz with an amplitude of 10 mV. The ionic
conductivity, σ, was calculated with eq 3

σ = t
AR ion (3)

Figure 1. SEM images of meltblown PVDF separatorM1 (a, with inset at higher magnification), (b) M2, (c) M3, and (d) resulting fiber diameter
distributions.
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where t is the membrane thickness, Rion is the measured ionic
resistance (high-frequency intercept of Nyquist plot), and A is the
membrane area.
Rate Capability and Cell Cycling Performance. Coin cells

were assembled with a LiCoO2 cathode (Electrodes and More,
Richardson, TX) and a Li metal anode using a 1 M LiPF6 EC/DMC
(1:1 v/v), and chronopotentiometry measurements were performed
with the VMP3 potentiostat. After conditioning the cells by cycling
them between 3 and 4.20 V at a constant rate of C/20 for five cycles,
they were then cycled at different C rates at room temperature. We
refer to these experiments in the discussion section as rate capability
measurements. Capacity is calculated as % of the first-cycle capacity,
which corresponds to 100%. A minimum of three replicas per
separator were assembled into coin cells and cycled to assess
reproducibility.

■ RESULTS AND DISCUSSION
Morphology and Fiber and Pore Distributions. In this

section, we will compare the structure and membrane
properties of samples prepared with the three different
techniques highlighted in the experimental section.
Meltblown Membranes. Figure 1 shows scanning electron

microscopy (SEM) images of representative meltblown PVDF
mats prepared under the three processing conditions employed
in this study and the corresponding distribution curve fits to
the fiber diameters. The diameter of meltblown fibers is
reported to be log-normally distributed, regardless of the mean
fiber diameter.33−36 However, the presence of a few large fibers
in otherwise fine fibrous mats skews the distribution and
increases their relative dispersity, leading to distributions that
can be better approximated with normal curve fits.37

The fibers are smooth and featureless, but roping and
entanglements of the fibers are present, especially evident with
separator M1. The average fiber diameters are 1.7, 1.5, and 1.4
μm for separators M1, M2, and M3, respectively, with size
distributions spanning a few microns. Sample M1 is fabricated
with high throughput and airflow, which produces the widest
fiber size distribution with a standard deviation (SD) of 0.9
μm. Sample M3 is fabricated with a lower throughput
(compared to separator M1) and produced a narrower size
distribution with a slight decrease in fiber diameter. If polymer
throughput and air flow are not well balanced in the
meltblowing process, an instability of the melt exiting the die
leads to fiber roping, entanglements, and a wide size
distribution. A wide size distribution is not only easier to
obtain, but it is also surprisingly beneficial for cycling stability,
as we show later.

Electrospun Membranes. In comparison to meltblown
fibers, the fibers in electrospun PVDF mats do not have as
smooth a surface (Figure 2). The rapid evaporation of solvent
during electrospinning is responsible for the small features
visible on the fiber surface. The measured diameters of
electrospun fibers were fit to log−normal distributions.38,39

The average fiber diameters are typically smaller (0.25−0.50
μm) than those of meltblown mats (1.4−1.7 μm). Separator
E2 showed the largest average fiber diameter (0.51 μm) among
the electrospun separators with the broadest fiber size
distribution. We suggest this distribution results from separator
E2 using the highest PVDF concentration in the electro-
spinning solution; the resulting increased viscosity did not

Figure 2. SEM images of electrospun PVDF separator E1 (a, with inset at higher magnification), E2 (b), and E3 (c) and resulting fiber diameter
distributions (d).
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allow the filaments to attenuate in diameter as much as in
separators E1 and E3. On the other hand, separators E1 and E3
have similar average fiber diameters (0.26 and 0.29 μm), with
separator E3 showing the narrowest distribution with only 0.08
μm SD. In the electrochemical properties discussed below, we
show that the combination of small average fiber diameter and
wide diameter distribution is the most suitable structure for
obtaining the highest cell cycling stability.
Shear-Spun Membranes. We have shown in previous

work12 that pore size is proportional to the fiber diameter
comprising the mats. The shear-spun mats, however, do not
always possess fibrous morphology, as discussed elsewhere.5

Consequently, the comparison metric we employ here is pore
size measured with capillary porosimetry, a technique more
suitable to dense structures like shear-spun mats. SDC-based
membranes differ from meltblown and electrospun mats
because of their densely interconnected structure, as seen in
Figure 3. The fibrous morphology is created with a low
concentration (5%) of PVDF in the injection solution, which
allows the SDC particles to branch out freely during formation

(Figure 3a).5 At higher concentration (10%), the increased
solution viscosity requires more energy to deform the polymer
particles, leading to a mixed fibrous/NS morphology (Figure
3b). At 12.5% PVDF, the membranes are formed almost
entirely with thin and highly porous NS particulates (Figure
3c).
Because the size of a SDC particles is not defined by one

unique dimension (as they may comprise highly branched
fibers, NSs, and mixtures thereof), the pore network may have
a Gaussian, Lorentzian, or a mixed distribution.40 Here, the
pore size data were fit to a Lorentzian distribution, as shown in
Figure 3d. The SDC-based membranes have a uniform
thickness with a continuous pore network, with pore sizes
ranging from 10 to 500 nm. The NS particles assemble parallel
to the membrane surface to create a spatially homogeneous
and wide pore distribution [full width at half maximum,
(fwhm) = 65 nm], but with an average pore size (250 nm)
higher than that of SDC fibrous membranes (170 nm). The
latter also present a broad pore size distribution (fwhm = 42
nm) despite the high number of pores below 200 nm. The

Figure 3. SEM images of SDC PVDF separator S1 (a, with the inset at higher magnification), S2 (b), and S3 (c) resulting pore diameter
distributions (d).

Table 1. Solid Volume Percentage, Electrolyte Uptake, Ionic Conductivity, and Thickness of PVDF Separators Made by
Meltblowing (M), Electrospinning (E), and Shear Spinning (S)

M1 M2 M3 E1 E2 E3 S1 S2 S3

solid volume percent 18% 16% 18% 54% 27% 37% 23% 24% 33%
electrolyte uptake 740% 910% 705% 380% 475% 335% 325% 240% 235%
ionic conductivity (mS/cm) 4.34 6.91 5.61 0.47 2.00 0.29 1.21 0.56 0.51
thickness (μm) 115 175 140 110 150 200 20 23 27
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fibrous-NS morphology membranes show a relatively narrow
pore size distribution (fwhm = 22 nm) with large pore size
(520 nm), which we attribute to a disrupted pore network
caused by the combination of fibrous and NS morphologies.
Electrochemical Properties. In this section, we will

compare the membrane properties (solid volume percent,
electrolyte uptake, ionic conductivity, and thickness) of all
separators. We will also analyze independently the cell cycling
performance of separators each made with a different process,
and we will correlate the performance of each separator to their
membrane structure.
Meltblowing produces separators with the lowest solid

volume percentage (<20%) among the three techniques used
in our study (Table 1), followed by separators prepared by
shear spinning (23−33%) and electrospinning (27−54%). The
low solid volume percent is partly responsible for the high
electrolyte uptake of meltblown separators (up to 910%). In
addition, absorption of electrolyte in the outer surface of the
PVDF fibers plays an important role. In previous studies, we

showed that the electrolyte modifies the morphology of the
meltblown PVDF fibers by forming a gel-like structure on the
outer surface of the mats, where the fibers are more
amorphous.7,12 Because shear-spun mats have a lower BW
but a greater thickness than electrospun mats, the solid volume
percent of electrospun and shear-spun mats is comparable. The
lower the solid volume percent of a mat, the higher is its ionic
conductivity, with meltblown separators having conductivities
at least four times higher than shear-spun mats. We note that
the higher the electrolyte uptake, the higher the conductivity
for each set of separators (except separator M1, which may be
because the spatial non-uniformity of the fibrous network did
not enable a uniform volume expansion during electrolyte
uptake).
Electrochemical stability of the separators is assessed by

cycling Li-ion cells containing the PVDF mats at different C
rates. Because the characteristics of the mats prepared with the
three different processes do not allow a direct comparison
between separators made with different techniques, we will

Figure 4. Charge−discharge curves and rate capability of cells containing meltblown PVDF separators M1 (a,b), M2 (c,d), and M3 (e,f).
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discuss the effect that fiber/pore diameter and fiber/pore
diameter distributions of the mats have on cell cycling
performance when these mats are used as separators in Li/
LiCoO2 cells. The purpose of this discussion is to show that
the fiber/pore diameter and fiber/pore diameter distribution of
the mats have the same effect on fiber-based separators,
independent of the process they are made of.
Meltblown Separators. Separator M1 has the widest

diameter distribution among the meltblown mats, and it
produces the best cycling performance in this set. Figure 4a,b
shows that discharge capacity at C/10 and at C/5 rates varies
less and capacity loss is reduced in cells employing meltblown
separator M1 compared to cells with M2 (Figure 4c,d) and M3
(Figure 4e,f) mats. Sample M2 has a similar average fiber
diameter compared to separator M3, but a wider diameter
distribution, and it yields an improved cell cycling, with higher
stability at high C rates and higher capacity retention after
cycling (Figure 4c,d). As shown in Figure 4e,f, cells with

meltblown M3 separators show a significant change in capacity
with the cycle number at low discharge rates (C/10) and
significant capacity loss at higher discharge rates. Capacity
retention after rate capability measurements is poor, and the
cells have low Coulombic efficiencies (15−20%).
The only significant difference between cells containing M2

and M3 mats is the fiber diameter distribution. However, initial
low-rate cycling of cells with separator M3 shows significant
capacity loss, change in capacity with the cycle number, and
low Coulombic efficiency (<20%). According to Table 1,
thickness, ionic conductivity, electrolyte uptake, and solid
volume percentage are similar between separators M1 and M3
and comparable with separator M2. Without other morpho-
logical differences, the distribution of fiber diameters is an
effective factor influencing the cell behavior during cycling.
Even though it may seem that a broader diameter distribution
in the separator is advantageous for battery cycling stability, it
is clear that even a small change in either the average fiber

Figure 5. Charge−discharge curves and rate capability of cells containing electrospun PVDF separators E1 (a,b), E2 (c,d), and E3 (e,f).
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diameter or its distribution will cause a significant change in
performance.22−24

Electrospun Separators. Cells containing electrospun
PVDF separators show better cycling performance than cells
with meltblown separators (Figure 5). This trend may be
explained by the smaller average fiber diameter for electrospun
mats (0.25−0.50 μm) than those for meltblown separators
(1.4−1.7 μm), as shown in Figures 1 and 2. Separator E3 was
fabricated at higher voltage (20 kV) than separators E1 and E2
(15 kV), which led to a narrower distribution in fiber diameter.
Cells containing electrospun PVDF separators with narrow
fiber size distributions show significant capacity variation with
the cycle number and also capacity loss at rates higher than C/
5 (Figure 5f). Separator E2 shows a wide diameter distribution
and yields cells with stable cycling at all C rates, including 1C
(not possible with separator E3). The capacity loss at low C
rates is improved for both separators compared to that of
separator E3. However, separator E2 not only shows a wide
diameter distribution but also a large fiber diameter (0.51 μm),
double that of separator E1. Cells with separator E1 shows the
best performance during cycling compared to cells employing

separators E2 and E3. Indeed, cells containing separator E1
showed little or no capacity loss at C/10 and C/5 and high and
stable discharge capacity at all rates.
Table 1 shows that separators E1 and E3 have lower ionic

conductivities than separator E2, which has the highest
electrolyte uptake. Nonetheless, cells employing separator E1,
which has the widest diameter distribution, show the highest
capacity retention. However, solid volume percentage, mat
thickness, and average fiber diameter affect electrolyte uptake
and ionic conductivity, whose values are not necessarily
reflected in cycling performance. For example, separators E1
and E3 have comparable uptake and conductivity but
significantly different cycling performance. Similarly to
meltblowing, the fiber diameter and its distribution for
electrospun separators lead to changes in cycling performance.
Low capacity variation with cycling and low capacity loss are
achieved when the separator is fabricated with a low average
fiber diameter (0.2−0.3 μm) and a wide diameter distribution.
However, as in the meltblowing case, separators E1 and E3
have a similar fiber distribution but provide significantly
different cell performance, suggesting that when separators

Figure 6. Charge−discharge curves and rate capability of cells containing SDC PVDF separators S1 (a,b), S2 (c,d), and S3 (e,f). Re-printed from
(5), Copyright IoP Science.
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have a similar fiber diameter, its distribution still plays a key
role in the cell cycling performance.
Shear-Spun Separators. SDC-based membranes are begin-

ning to be explored in electrochemical devices; to our
knowledge, the present work is the first to evaluate their
performance against other fiber separators. Because of the
different characteristics of the mats, a direct comparison
between cells containing meltblown, electrospun and shear-
spun separators would not make sense. However, in all our
experiments, the cell cycling performance of SDC separators
was always more stable relative to electrospun or meltblown
separators.
The S3 separators comprised a fibrous/NS mixed web. This

morphology formed a homogeneous pore network with a large
pore size (0.52 μm) and narrow distribution (full-width half
max = 22 nm), as shown in Figure 3. Separators with a narrow
pore size distribution show higher capacity loss (in this case
only at 1 C rate) than cells with separators with wide pore size
distribution. Cells employing S2 separators with a NS
morphology show improved stability compared to cells with
S3 separators (mixed morphology), with little or no capacity
loss at C/10 and at C/5 and stable 1C cycling. Cells employing
the separator S1 with fibrous morphology show the highest
stability and best performance, with a discharge capacity at C/
10 of 106 mA h/g (vs M1 separator of 102 mA h/g and E1
separator of 86 mA h/g) and capacity loss at 1C equal to 18%
(vs S2 separator of 23% and S3 separator of 35%) (Figure 6).
By employing one component (PVDF) and three different

techniques to fabricate membranes, we are able to correlate the
structural parameters of the separator mats to their electro-
chemical properties. Even with different grades of proportion-
ality, similar conclusions may be drawn for each of the three
different techniques used to fabricate separators. The fiber
diameter or pore distribution has a major influence not only on
the mat’s physical and electrochemical properties, such as solid
volume percentage, ionic conductivity, and electrolyte uptake,
but also and more importantly on in-use cell-cycling stability
and performance in a Li-ion cell. Meltblown separators had
similar average fiber diameter, but the wider distribution of
fiber diameters for separator M1, compared to separators M2
and M3, yielded a decreased capacity loss and improved
cycling stability. Cells using the electrospun mats showed that
a small average fiber diameter is not sufficient to yield high
performance during cell cycling unless it is coupled with a wide
fiber diameter distribution. Finally, when comparing shear-
spun separator S1 with separators S2 and S3, we see again that
the combination of a wide diameter distribution and a small
pore size lead to the best cell cycling performance, suggesting
that a key factor in designing an optimal structure for a Li-ion
battery separator is the combination of a small pore size and a
wide pore size distribution, regardless of how the pore network
is formed.

■ CONCLUSIONS
By using three different techniques, meltblowing, electro-
spinning, and shear spinning, we fabricated PVDF Li-ion
battery separators with variable fiber/pore diameters and pore
size distributions. For a given processing technique, we
adjusted the processing conditions to ensure that the main
difference among the separators produced was the average
fiber/pore diameter and size distribution. The separators
prepared by the three techniques showed a similar trend when
cycled in a Li-ion battery, that is, when the fiber/pore

distribution was widened and/or pore size was decreased, the
capacity loss decreased and cycling stability increased. This
effect was accentuated at C rates higher than C/5, suggesting
that this specific separator structure is essential to enable high-
rate cycling of Li-ion batteries. We also showed that shear
spinning produces separators with a homogeneous and
controlled structure, which combine a low solid volume
percentage and low capacity losses with high cycling stability.
This work shows that by using a technique that fabricates

homogeneous mats, separators may be produced with an
optimal structure to improve the cycling performance of Li-ion
batteries by designing the network with a small average pore
size and a wide pore size distribution.
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