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a b s t r a c t

The remarkable characteristics of nanofibers mats electrospun are large surface area to volume ratio and
high porosity, which are crucial to increase the ionic conductivity of membrane full of liquid electrolyte, in
this aspect, electrospinning is prior to the other methods, such as dry method, wet method, etc. Therefore,
fabricating the separator of Li-ion batteries by electrospinning is potential and promising. The PVDF mem-
branes were fabricated by electrospinning. The experiment demonstrated that the main deficiency in the
fabricating separators process by electrospinning was low mechanical property, which induced partial
short circuits inside the cells. Several methods were presented to enhance the mechanical strength. The
olyvinylidene fluoride
i-ion batteries

experiments demonstrated that the higher the solution concentration was, the stronger the mechanical
strength was, and the higher the voltage was, the stronger the mechanical strength was. Additionally, the
spherical hat collection target instead of conditional plane target was applied in the electrospinning sys-
tem, as a result, the thickness of the membrane was more uniform and the fiber diameter was also more
uniform. Therefore, the charge and discharge capacity of the coin type cell composed of the separator
collected by spherical hat target exceeded the plane target, and the electrospinning separators exceeded
the commercial polypropylene separator.
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. Introduction

Polyolefin microporous membranes have been used as major
ommercial separators for the lithium-ion battery. Obviously, the
onventional separators have quite suitable properties, i.e., Chem-
cal stability, suitable thickness, and mechanical strength [1].
owever, low porosity of about 40% resulted from the semi-
rystalline structure and melt blowing technics, and the large
ifference of the polarity between the nonpolar polyolefin sepa-
ator and the highly polar liquid electrolyte, which result in low
ettability, lead to an increase in cell resistance. This nature of poly-

lefin separators would restrict the performance of the lithium-ion
atteries [2,3].
Therefore, many researchers developed novel methods and
pplied different materials to fabricate the membranes for the sep-
rators of Li-ion batteries. The fibrous webs can be formed by a wet
rocess such as a paper-making process [4,5], a solution extrusion
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ethod using a spinning jet [6] and wet-laid method [5,7,8] or by a
ry process such as a melt blowing method [9,10]. In order to reduce
hickness while still remaining good mechanical strength, an elec-
rospinning method had been adopted to prepare the highly porous
on-woven separators by applying a high voltage between the
olution capillary jet and the membrane-collecting substrate, and
he PVDF membrane were electrospun in the experiments [11,12].
hoaz [2] fabricated Polyacrylonitrile nanofiber-based nonwoven
eparator for Lithium-ion battery by electrospinning. However, the
onventional electrospinning system [13], which used the plane
arget as the collector, gained the uneven electrospun membrane.
he deposition of the fiber can be controlled by change electric field
istribution [14–17].

In this paper, the spherical hat collector applied in the electro-
pinning can collect the uniform fiber mats, which were used to fab-
icate the separator of Li-ion batteries after secondary treatments.
he secondary treatments technics were improved by soaking the
embrane by ethanol, making it flat and pressing while heating.
hen, the separators were used to assemble the coin type cell which
as composed of LiFePO4 as the anode, lithium foil as the cathode.

he experiments demonstrated that the charge and discharge prop-
rties of initial ten times cycles of the cells assembled by electro-
pun separators were prior to the commercial polyolefin separators.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yangcr06@mails.tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.08.060


C. Yang et al. / Journal of Power Sources 189 (2009) 716–720 717

F
n

2

e
h
m
o
L
C
7

F

F
t

s
F
l
2
d
fi
s
o
i

a
s
m
s
t
s
p
a
m
a
r
2
r
l

3

t
t
F
p
w
a
c

observation. As shown in Fig. 3a, the red circles showed the gener-
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ig. 1. (a) Conventional electrospinning system with plane collection target, (b)
ovel electrospinning system with spherical hat collection target.

. Experimental

Poly(vinylidene fluoride) (PVDF) is a favorable dielectric and
asy to be electrospun, and it has strong mechanical strength and
igh thermal stability, so it was chosen for the electrospinning
aterial. The polymer solution was prepared by dissolving 30 g

f PVDF (Solubility exponent of 24, Kureha Chemical Industry Co.,
td) in 200 ml of N,N-dimethylformamide (DMF, Tianjin Hongyan

hemical Industry Co.), and the PVDF/DMF solution was heated to
5 ◦C for 96 h by electric-heated thermostatic water bath.

The electrospinning experimental systems were illustrated in
ig. 1. Fig. 1a is the sketch-map of conventional electrospinning

a
b
o
m

able 1
everal electrospinning conditions

umber Target Concentration (%)

# P 12.5
# P 10% PVDF + 2.5% SiO2

# P 15
# P 15
# P 15
# P 15
# S 15
ig. 2. Deposition patterns with plane collection target and spherical hat collection
arget after 70 min. (a) 3#. (b) 7#.

ystem with plane collection target (40 cm × 40 cm, labeled as P).
ig. 1b is the novel electrospinning system with spherical hat col-
ection target (the target heights are 4.5 cm, the spherical radius is
5 cm, labeled as S). The parameters of spherical hat target were
esigned in Reference [18]. The coordinates were drawn in the
gure to facilitate to explain the latter results, and the point of inter-
ection of the needle prolonged line and the target is selected as the
rigin. The electrospinning parameters and conditions were listed
n Table 1.

The electrospun fiber mats cannot directly used for the sep-
rators of Li-ion batteries. They must be secondary treated. All
econdary treatments were processed according to following
ethod: first, put the electrospun membrane on the plane glass

heet, then soak the membrane by ethanol and make it flat, third,
he membrane was pressed by another plane glass sheet, forth, the
econd plane glass sheet was pressed by a stainless steel cylinder to
rovide some pressure for the membrane to make it flatter, thinner
nd more close-grained. Only after secondary treatments, can the
embranes be used as the separator of Li-ion batteries. The 3#a

nd 7#a corresponding to the 3# and 7# after secondary treatment
espectively, were used to assemble the coin type cell. The celgard
500 separator was used to compare with the electrospun sepa-
ators. The coin type cell was composed of LiFePO4 as the anode,
ithium foil as the cathode.

. Results and discussion

Fig. 2 shows the deposition patterns of the membranes elec-
rospun with plane collection target and spherical hat collection
arget after 70 min. In Fig. 2, 3# and 7# were taken for example and
ig. 2a and b were corresponding with 3# and 7#. It indicated the
lane target would collect elliptical fiber mat (Rx = 11 cm, Ry = 17 cm,
herein, Rx and Ry were the sizes of the X and Y axis respectively

ccording to the coordinates of Fig. 1a), and the spherical hat targets
ould collect circular fiber mats (the diameter was 13 cm).

The morphology of electrospun separators was obtained by SEM
ted silica, and the porosity (as black circles in Fig. 3a) increases
ecause the two phases of PVDF and SiO2 cannot dissolve each
ther. Fig. 3b and c were the SEM images after secondary treat-
ents for 3# and 7#, which indicated that some fibers adhered to

Distance (cm) Rate (ml h−1) Voltage (kV)

15 1 19
15 1 19
15 1 19
15 1 17.5
15 1 16
15 1 13.2
15 1 19
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Fig. 3. SEM images of electrospinning membranes. (a) 2#. (b) 3#a. (c) 7#a.
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Table 2
Mechanical properties of varied samples

Sample

1# 2# 3#a

Tensile strength (MPa) 1.783 0.389 6.265
Elongation at break (MPa) 35.225 15.21 34.603
Fig. 4. Thickness of fiber mats with various collection targets after 70 min.

ach other due to thermal effect and the fiber diameter of 7#a was
ore uniform than 3#a.
The distribution of the electrospun fibers was not uniform in

he collection region with different collectors. It behaved with the
neven thickness of the collecting fiber mats. Fig. 4 shows the dif-

erences of fiber mats collected for 70 min with different collection
argets. The thickness values were gained by measuring the points
very 1 cm along a coordinate Y axis with a micrometer. Obviously,
he thickness of fiber mat collected with plane target was greatly
neven in wide area. The spherical hat target can collect uniform
ber mats in large area.

The range of fiber diameters altered when the collection target
as changed. The electrospun fibers were observed with a scanning

lectron microscope, and from the resulting SEM images the diam-
ters were measured with IMAGEJ software [19] to form a statistical
lot such as Fig. 5. It shows that the diameters of fibers collected
ith plane target were increasing with the collecting time, and

he diameters of fibers collected with spherical hat target kept sta-
le. Additionally, it is found that the diameters of fibers collected
ith spherical hat target were thinner than the plane target at any

ime. The continuous fibers fell onto the target surface and stack
ayer upon layer to form fiber mats, so the fiber characteristics of

ats collected at different electrospinning times can reflect the
ber characteristics of inner different layer of mats collected for

ong time. Therefore, the inner fiber diameters are uneven for the
ats gained from the plane target, such as Fig. 5a, and the diameter
as increasing from bottom to the surface with the collecting time.

he inner fiber diameters were uniform for the mats gained with
pherical hat target, such as Fig. 5b.

From Table 2, we can find the fiber mats electrospun with dif-
erent parameters had varied mechanical properties. Comparing
# and 3#a, it was found the higher the polymer solution con-
entration was, the stronger the tensile strength was. As for 2#,

he mechanical strength was the most weakest in all samples. It
hows the silica does not play the natural enhancing the mechan-
cal strength role, one of possible reason was the silica contents
as low, another was that the silica generated, such as red circles

n Fig. 2, at the same time, the porosity (as black circles in Fig. 2)

4# 5# 6# 7#a

5.36 2.922 1.78 6.895
47.3 73.732 36.01 48.756
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Table 3
Porosities of varied sample

3#a 4# 5# 6# 7# 7#a

P 69 120 116 108 130 76
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Sample

Celgard 2500 1# 2# 3#

orosity (%) 55 127 136 125

ncreases because the two phases of PVDF and SiO2 cannot dissolve
ach other. If the problem of generating can be solved, the silica
ller should improve the mechanical strength of the mats, which
ill be one of promising methods in next work. Comparing 3#a, 4#,

# and 6#, it was found that the lower the electrospinning voltage
as, the weaker the tensile strength was. The primary reason was in

he case of same solution concentration, the lower electrospinning
oltage would lead to thick fiber diameter [20–24]. The thicker the
ber diameter was, the weaker the tensile strength was. Compar-

ng 3#a and 7#a, it was found the more uniform the fiber diameter
as, the stronger the tensile strength was.

Table 3 shows the porosity of varied samples, Generally speak-
ng, the thinner the fiber diameter was, the higher the porosity
as.

The rate capabilities of the separators were investigate by apply-

ng constant current charge and discharge. The cells were charged
p to 4.2 V, then discharged to 2.5 V at a 0.1 C rate (1 C = 170 mA g−1).
nly the initial ten times the charge and discharge properties were
bserved. The results of rate capability tests are presented in Fig. 6.
he electrospun separators show excellent rate capabilities. The

ig. 5. Fiber diameters of various electrospinning time with (a) plane target and (b)
pherical hat target.
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Fig. 6. Charge and discharge properties of initial ten times cycles.

apacities of PVDF-7#a and PVDF-3#a were both higher than the
elgard 2500, and the PVDF-7#a had the highest capacity. One of
he reasons should be that the higher the porosity was, the higher
he capability was. Another probable reason was the stress in sec-
ndary treatments to make the separators flatter to decrease the
nner resistance.

. Conclusion

Due to the intrinsic disadvantages of conventional electrospin-
ing system with plane target, we develop a novel electrospinning
ystem with spherical hat target. Therefore, the membranes with
niform thickness and fiber diameter were collected to fabricate
he flatter and high porosity separators. The experiments demon-
trated that the higher the solution concentration was, the stronger
he mechanical strength was; the thinner the fiber diameter was,
he stronger the mechanical strength was; and the more uni-
orm the thickness and the fiber diameter were, the stronger the

echanical strength was. The separator was confirmed to have high
apacity by the rate capabilities study at a 0.1 C rate. Therefore, the
ovel developed electrospinning separators can be potential and
romising candidate for separators of Li-ion batteries.
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