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An aramid membrane with good electrolyte wettability, high ionic conductivity, excellent inflame retarding
property and superior thermal resistance has been successfully fabricated via a facile papermaking process
for improving the safety characteristic of lithium ion battery. The aramid membrane endows the lithium co-
balt oxide (LiCoO,)/graphite cell superior cycle performance and better interfacial flexibility. In addition, the

lithium iron phosphate (LiFePO,4)/lithium cell using such aramid membrane exhibited stable charge-
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discharge profiles and satisfactory cycling stability even at an elevated temperature of 120 °C. These fascinat-
ing characteristics and facile papermaking method provide potential application as separator in high energy

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction

Due to its high energy and power characteristics, lithium ion bat-
tery has attracted extensive attention for high-power tools and porta-
ble electronic applications [1-7]. Lithium ion battery separator plays a
determinant role in safety issues, which is to allow fast transport of
ionic charge and prevent electrical short circuits between cathode
and anode. Currently, most commercial separators in lithium ion bat-
tery are typically made of polyolefin materials, such as polyethylene
(PE), polypropylene (PP) and their blends. These separators possess
many advantages such as electrochemical stability, proper mechani-
cal strength and thermal shutdown properties [8-10]. However,
their poor thermal shrinkage, low porosity and inferior electrolyte
wettability have often aroused some serious concerns about their
future application in electric vehicles, as far as safety issues and
long-term application of electric vehicles is concerned. Since com-
mercial polyolefin separators might thermally runway in case of mal-
function of the battery, highly safe separators must be urgently
explored. Remarkable efforts have been invested to solve the afore-
mentioned challenges, which include the coating of nanoparticles to
enhance interfacial stability [11-15] and exploring the nanofiber
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nonwovens [16-23]. Unfortunately, the problem of unbounded inor-
ganic nanoparticles still exists and the latter normally suffers from
poor mechanical strength. In addition, polyolefin as scaffold still suf-
fer from thermally runaway risks owing to a poor thermal resistance.
So it is obligatory for us to find out a promising technique for the fab-
rication of robust and highly safe separator.

Most of the commercially available polyolefin separators are made
of PE, PP or their mixtures through either dry or wet process [10,24].
Both processes include an extrusion step to make thin films and em-
ploy one or more orientation steps to impart porosity and increase
the tensile strength. Separators made by the dry process generally un-
dergo thermal shrinkage along the machine direction at elevated
temperature, while those prepared by the wet process exhibit relative
high cost. The most widely used processes for manufacturing nonwo-
ven separator are electrospinning method and melt-blown technolo-
gy. [25-27]. Non-woven separators produced by electrospining
method are featured by a high porosity and uniform pore size. How-
ever, this kind of membrane shows low mechanical strength. Separa-
tors made by melt-blown technology exhibits good mechanical
properties, but it suffered from excessively large-sized pores, which
was not beneficial to maintain the battery voltage due to self-
discharge and also vulnerable to breakdown at high discharge rates
or under vigorous conditions. Microporous polymer membrane was
also obtained by phase inversion process [28,29], which requires a
lot of organic solvent and then generates extra cost. It is well
known that papermaking technique has been demonstrated to be
an efficient procedure to fabricate nonwoven membrane. The prepa-
ration of bamboo fiber and PP composite membrane was carried out
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via papermaking method to solve the dispersion problem of bamboo
fiber [30]. It was also proved that papermaking technology is an effec-
tive way to achieve large-scale production of composite membrane
[31,32]. Aramid possessing excellent mechanical properties, inflame
retarding, superior heat resistance and electric insulating property
are widely used as high temperature filter material, electrical insula-
tion and high-temperature protective clothing [33-36]. It is expected
that aramid lithium ion separator could deliver a superior thermal re-
sistance, inflame retarding and high safety characteristic especially
for electrical vehicle applications [37]. So far, there is rare report on
exploring aramid membrane as lithium ion battery separator via a pa-
permaking process. Herein, a major objective of this work is to ex-
plore aramid membrane as highly safe lithium ion battery separator.
It is demonstrated that such membrane exhibits desirable heat resis-
tance, excellent electrochemical stability and good battery perfor-
mance, which render aramid membrane the feasibility to serve as a
promising separator for high energy lithium ion battery.

2. Experimental
2.1. Materials

Aramid short fibers and aramid pulps were purchased from
DuPont Company. PP separator (Celgard 2500) was purchased from
Celgard Company. Other chemical reagents were all purchased com-
mercially and used without further purification.

2.2. Preparation of the aramid membrane

A schematic illustration for preparation of the aramid membrane
was shown in Fig. 1. The aramid short fibers (146 g) and aramid
pulps (219 g) were soaked with 20 L water and pulped for 2 h to
form completely dispersed fiber suspension, then the wet aramid
sheet was made on a papermaking machine. The formed wet sheet
was transferred to a plate dryer to remove additional water. Hot cal-
endering was further carried out, which temperature and pressure
was set to 240 °C and 14 MPa, respectively. The final aramid mem-
brane was dried under vacuum at 50 °C for 24 h.

We can fabricate aramid membrane with different thickness by
adjusting the grammatura (g/m?). For example, we obtained aramid
membrane with 75 um when the grammatura was 35 g/m2. Corre-
spondingly, we can prepare membrane with different thickness by
adjusting the grammatura.

2.3. Membrane characterization

The surface morphology of separators was observed by a Hitachi
S-4800 field emission scanning electron microscope (SEM) [38].
The porosity of the separators can be measured using n-butanol ab-
sorption method [39]. For this purpose, the mass of the separators
was measured before and after immersion in n-butanol for 2 h.
The porosity of the membrane was calculated using the equation:
porosity = (my, / pp) / (my / pp + My / pp) x 100%, where m;, and
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Papermaking

my, are the mass of n-butanol and the separator and py, and pj, are
the density of n-butanol and the separator, respectively. For exam-
ple, we used density of PP material to calculate the porosity of PP
separator. Meanwhile, we used density of aramid material to calcu-
late the porosity of aramid membrane. The air permeability of the
separators was examined with a Gurley densometer (4110 N,
Gurley) by measuring the time for air to pass through a determined
volume (100 cc) [40]. The electrolyte uptake was obtained by mea-
suring the weight of separators before and after liquid electrolyte
soaking for 2 h and then calculated using following equation: elec-
trolyte uptake = (Wr — W;) / W; x 100%, where W; and W; are the
weights of the separator before and after soaking in the liquid elec-
trolyte, respectively [41].

The mechanical property was measured using an Inston-3300
universal testing machine (USA) at a stretching speed of 1.66 mm s~ !
with the sample straps of about 1 cm wide and 8 cm long [42]. To
evaluate its thermal shrinkage behavior, the separators were
placed in an oven and heated at 250 °C for 0.5 h [43]. Thermal re-
sistance of the separators was examined by a differential scanning
calorimeter (Diamond DSC, PerkinElmer) in a temperature range
from 50 °C to 300 °C at a heating rate of 10 °C min~ ! under nitro-
gen atmosphere [44]. Limiting oxygen index (LOI) measurements
were undertaken using a JF-3 type instrument (China). Specimens
of dimensions 100 mm x 100 mm x 10 mm were used for the
LOI tests [45]. The specimens of LOI tests were prepared as follows:
First, we tailored aramid membrane to form a certain size
(1600 mm x 800 mm x 0.075 mm) of the membrane; and second,
we fold obtained membrane four times in the length direction and
then fold three times in the width direction to get aramid specimen
of dimensions 100 mm x 100 mm x 10 mm. The preparation pro-
cess of PP specimen was using the similar method.

2.4. Cell assembly and performance characterization

The electrochemical stability window of the separator was deter-
mined by a linear sweep voltammetry experiment at the potential
range between 2.5 V and 6.0 V under the scan rate of 1.0 mV - s !
at room temperature [46]. The ionic conductivity of the liquid
electrolyte-soaked separator between two stainless-steel plate elec-
trodes was evaluated using the electrochemical impedance spectros-
copy (EIS) measurement by applying an AC voltage of 20 mV
amplitude in the frequency range of 1 Hz-10° Hz [47]. A unit cell
(2032-type coin) was composed of a LiCoO, cathode (LiCoO,/carbon
black/PVDF 90/5/5 w/w/w), a natural graphite anode (natural graph-
ite/carbon black/CMC/SBR 93/5/1.25/0.75 w/w/w/w), separator and
1 M LiPF¢/EC + DEC (1:1 in volume) electrolyte. All assembly of
cells was carried out in an argon-filled glove box. For comparison,
cells using the PP separator (Celgard 2500) were assembled and test-
ed under the same condition. The discharge current densities were
varied from 0.2 C (24 mA g~ ') to 4.0 C (480 mA g~ ') under a volt-
age range between 2.75 V and 4.20 V. The cells were cycled at a fixed
charge-discharge current density of 0.5 C/0.5 C for cycle life testing
[48].

Hot roll press 0 ® o

Dry oven Winding

Fig. 1. A schematic illustration for preparation of aramid membrane.
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Fig. 2. Typical SEM images of (a) PP separator and (b) aramid membrane.

2.5. Cycling performance of PP separator and aramid membrane at room
temperature and elevated temperature

A coil cell (2032-type) was assembled by sandwiching a separator
between a lithium metal foil anode and a LiFePO4 cathode and then
filling liquid electrolyte. The LiFePO, electrode was prepared by a
doctor-blading and the mass ratio of LiFePO4/carbon black/PVDF
was 80/10/10 (w/w/w). Cycling performance of the cells was exam-
ined using a LAND battery testing system at room temperature and
120 °C. The cells were cycled at a fixed charge/discharge current den-
sity of 0.5 C (65 mA g~ 1)/0.5 C (65 mA g~ !) for cycle life testing
under a voltage range between 2.5 V and 4.0 V [49].

3. Results and discussion
3.1. Morphological and physical characterization

The morphology of PP separator and aramid membrane was shown
in Fig. 2. It was observed in Fig. 2(a) that the PP separator possessed uni-
form and typically elliptic pores, which were formed via a uniaxially
stretching technology. The long axis of the pore was 100-500 nm and
the short axis of about 50 nm. It was presented in Fig. 2(b) that aramid
short fibers were homogeneously distributed and the diameter ranged
from 1 pm to 5 pm. The inset image in Fig. 2(b) showed the cross sec-
tion of aramid membrane. The thickness of the aramid membrane was
about 75 pm. In addition, aramid membrane was nonwoven mem-
brane, which possessed a three-dimensional porous network structure
and highly tortuous pores. This well-interconnected microporous struc-
ture and the intrinsically lyophilic nature of aramid material is benefi-
cial to absorb more electrolyte and allow lithium ions transport
resulting in high ionic conductivity [50]. Moreover, aramid pulp was
wrapped around the fibers to form robust structure, which was benefi-
cial to improve the mechanical strength [43]. These fascinating charac-
teristics were vital to improve cycling performance and safety
characteristics of lithium ion battery [38,49].

The thickness, porosity, air permeability and electrolyte uptake of
the separators were summarized in Table 1. The Gurley value of the
aramid membrane was 13.6 s, which was much lower than that of
the PP separator (235 s). It was reported that highly porous structure
of the aramid membrane gave rise to lower Gurley value [51], which

Table 1
Physical properties of the separators.

Sample Thickness  Porosity  Gurley value  Electrolyte  LOI

(um) (%) (s/100 cc) uptake (%) (%)
PP separator 25 55 235 120 18
Aramid membrane 75 70 13.6 240 28

agreed well with the morphology observation. This microporous
structure of the aramid membrane can also be confirmed in the
term of better porosity (70%) than that of PP separator (55%). For an
ideal separator, high porosity is required to hold sufficient liquid elec-
trolyte for the ionic conductivity between the electrodes.

As we all know, separators of lithium ion battery should be wetted
easily and accessible to retain the electrolyte [52]. The liquid electro-
lyte wettability of PP separator and aramid membrane were vividly
shown in Fig. 3. The wettability of PP separator with carbonate elec-
trolyte was poor, due to its hydrophobic surface characteristic and
low surface energy [53,54]. The intrinsically hydrophobic nature of
polyolefin-based separators and polar electrolyte often led to dry
zone in the batteries, which was detrimental to cycle performance
of the battery. It was observed that the aramid membrane could be
quickly wetted by the liquid electrolyte and its electrolyte uptake be-
came saturated within 10 s. Furthermore, the electrolyte uptake of ar-
amid membrane was 240%, which was double as much as that of PP
separator (120%). This superior liquid electrolyte wettability might
be attributed to more porous structure and superior interfacial com-
patibility of the aramid membrane. Higher porosity, lower Gurley
value and better wettability of aramid membrane are beneficial to im-
prove the cell performance.

The stress-strain curves of the aramid membrane were depicted
in Fig. 4. The maximum stress was 31 MPa, and the deformation
was 8.2% in dry state. In order to further evaluate its mechanical prop-
erty inside the battery, the stress of the aramid membrane was also
measured in wet state after being soaked in the liquid electrolyte

Fig. 3. Photographs showing liquid electrolyte wetting behavior of (a) PP separator and
(b) aramid membrane.
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Fig. 4. Stress-strain curves of the aramid membrane in dry and wet states.

for 2 h. It was found that the aramid membrane in wet state exhibited
reduced tensile strength of 26 MPa and deformation of 7.7%, which
was still much higher than the transverse strength (12 MPa) of the
PP separator [55]. It was deduced that aramid membrane could re-
duce the possibility of the mechanical rupture of the membrane and
improve the safety characteristics of the lithium ion battery.

3.2. Thermal analysis and inflame retarding properties

Thermal properties of the PP separator and aramid membrane
were shown in Fig. 5. An endothermic peak at 165 °C for PP separator
was assigned to glass transition temperature (T,) of the PP. It was ob-
served that aramid membrane showed no obvious endothermic peak
below 300 °C, which agreed well with the reported value in previous
literature [56]. This implied that the aramid membrane possessed
better thermal stability than PP separator.

Thermal shrinkage of the separators was another important issue
pertaining to both battery performance and safety characteristic.
Fig. 6 demonstrated the photographs of PP separator and aramid
membrane after thermal treatment at 120 °C and at 250 °C for
0.5 h. For a fair comparison, the photographs of 3PP separator and ar-
amid membrane after thermal treatment at 120 °C and at 250 °C for
0.5 h were displayed, respectively. As shown in Fig. 6, aramid mem-
brane exhibited minor dimension shrinkage as compared to PP sepa-
rator, which also indicated the thermal stability of aramid membrane
was significantly better than that of PP separator. It was well known
that superior thermal resistance could effectively prevent internal
electrical short circuit and endow a better safety characteristic at ele-
vated temperature when the battery was subjected to high charges/
discharged rates [57].

Limiting oxygen index (LOI) is a parameter for evaluating flame
retardancy and flammability of polymeric materials [58]. LOI corre-
sponds to the minimum percentage of oxygen needed for the com-
bustion of specimens in an oxygen/nitrogen atmosphere. The higher
the value of LOI, the better the flame retardancy [59]. The LOI results
for the samples were depicted in Table 1. It can be seen that the ara-
mid membrane presented higher LOI values (28%) than that of PP
separator (18%). The inflame retarding property of aramid membrane
was superior to that of PP separator, which could be due to chemical
structure of the aramid membrane [60]. The superior inflame
retarding property of aramid membrane could significantly improve
the safety characteristics of lithium ion battery.

3.3. Electrochemical stability

Electrochemical window, an important parameter to evaluate the
electrochemical stability of the separator, was analyzed using a linear

sweep voltammetry (LSV) as shown in Fig. 7. It was displayed that car-
bonate electrolytes soaked PP separator possessed a decomposition
voltage around 4.6 V vs. Li*/Li, which agreed with the previous litera-
tures [61,62]. In comparison, the current onset of carbonate electrolytes
soaked aramid membrane was detected around 5.0 V versus Lit/Li,
which was attributed to superior interfacial compatibility of aramid
membrane than that of PP in the same electrolyte.

Arrhenius plots of ionic conductivity of liquid electrolyte-soaked
PP separator and aramid membrane on the temperature ranged
from 30 °C to 90 °C were shown in Fig. 8. At 30 °C, the obtained
ionic conductivity was 0.64 mS cm~! and 1.1 mS cm™ ! for PP sepa-
rator and aramid membrane, respectively. The enhancement in ionic
conductivity could be ascribed to better electrolyte uptake and inter-
action with polar surface of aramid membrane. High ionic conductiv-
ity of aramid membrane is beneficial to improve rate capability of the
battery. Taking into account other factors, such as physical property,
electrochemical stability and thermal resistance, aramid membrane
would be more beneficial to the performance of the cells.

3.4. Battery performances

Typical charge-discharge curves at 0.5 C for the LiCoO,/graphite
cell using aramid membrane were shown in Fig. 9. Normal and stable
discharge profiles were observed in the aramid membrane. In addi-
tion, coulombic efficiency of the cell using aramid membrane was
99%. The stable voltage profiles and reasonable coulombic efficiency
would be mainly attributed to the electrochemical stability of the ar-
amid membrane.

We further examined the rate capabilities of the LiCoO,/graphite
cells using PP separator and aramid membrane. As shown in
Fig. 10(a), the specific discharge capacities of the LiCoO,/graphite
cell using this aramid membrane were 146 mAh g~ !, 139 mAh g~ !
and 118 mAh g~ correspondingly at different rates of 0.2 C, 0.5 C
and 1 C, which were much better than those of PP separator. Howev-
er, when at rate of 2 C and 4 C, the rate performance of battery using
aramid membrane was worse than that of battery using PP separator.
As mentioned above, the thickness of aramid membrane was 75 um.
It is a common sense that too thick separator was not beneficial to
the rate capabilities of the battery. For a fair comparison, we adopted
three layers of PP separator. Obviously, rate performance of the bat-
tery with three layers of PP separator was much worse than that of
battery using aramid separator with same thickness. It is no doubt
that the rate capabilities of the aramid membrane needs to be further
improved from the viewpoint of practical application, which will be a
major research interest in our future studies.

The cycling performance of the LiCoO,/graphite cells assembled
with the PP separator and aramid membrane were also investigated.

—— PP separator
fffff Aramid membrane

Heat FlowEndo Down (mW)

— T T T T T T T T T T
60 90 120 150 180 210 240 270 300
Temperature/ C

Fig. 5. DSC curves of PP separator and aramid membrane.
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3PP separator

Aramid membrane

Fig. 6. The photographs of PP separator and aramid membrane after thermal treatment (a) at 120 °C and (b) at 250 °C for 0.5 h; the photographs of 3PP separator and aramid mem-

brane after thermal treatment (c) at 120 °C and (d) at 250 °C for 0.5 h.

Fig. 10(b) showed that the discharge capacity retention of the LiCoO,/
graphite cells using PP separator and aramid membrane after 100 cy-
cles was 70.2% and 85.2%, respectively. This superior cycling perfor-
mance of aramid membrane would be ascribed to better liquid
electrolyte retention and superior electrochemically interfacial
compatibility.

3.5. Cycling performance of separators at room temperature and elevated
temperature

Typical cycling performance of LiFePO4/Li cells using PP separator
and aramid membrane at room temperature was shown in Fig. 11(a).
The result showed that the discharge capacity of the cell using aramid
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Fig. 7. Electrochemical stability of PP separator and aramid membrane.

membrane was kept at 129 mAh g~ ! after 100 cycles, showing better
capacity retention ratio than that of LiFePO,4/Li cell. As a separator fea-
sible for practical applications, it is very required because it not only
provides low capacity fading at room temperature but also possesses
high capacity retention at elevated temperature [49,57]. LiFePO4 was
reported to be a cathode material, which presented better perfor-
mance even at elevated temperature [63,64]. Fig. 11(b) compared
the cycling performance of the LiFePO4/Li cells using PP separator
and aramid membrane at 120 °C, respectively. In our experiment,
the LiFePO4/Li cell using PP separator would be placed in the oven
at 120°C for 2 h before performing cycling performance. It can be
seen in Fig. 11(b) that the LiFePO4/Li cell using PP separator could
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Fig. 8. Arrhenius plots of ionic conductivity of liquid electrolyte-soaked PP separator
and aramid membrane.
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Fig. 9. Charge-discharge curves for the LiCoO,/graphite cell using aramid membrane at
arate of 0.5 C.

not even be stably charged and discharged at the temperature. This
could be explained by the thermal shrinkage of the PP separator
that could cause internal short circuits in the cell at elevated temper-
ature. In contrast, the LiFePO,/Li cell using aramid membrane can
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Fig. 11. The cycling performance of LiFePO4/Li cells using PP separator and aramid
membrane (a) at the room temperature and (b) at 120 °C.

sustain stable charge-discharge curves and afford much better cy-
cling performance than PP separator. Furthermore, the obtained dis-
charge capacities after 15 cycles was around 124.7 mAhg™!,
indicative of capacity retention ratio of 81%. In order to further verify
our hypothesis, we performed OCV changes of LiFePO,/Li cells
employing PP separator and aramid membrane during heat exposure
at 120 °C. The LiFePOy4/Li cell was fully charged at room temperature
and was then moved into an oven at 120 °C. As shown in Fig. 12,
the OCV of the LiFePO,4/Li cell based on PP separator dropped to 0 V
only after 40 min. In contrast, the LiFePO4/Li cell using aramid mem-
brane was running well even after 60 min. Clearly, the OCV drop of
the cell using PP separator could be explained by the thermal shrink-
age of the separator that causes internal short circuits in the cell. It
seems that the better thermal stability of aramid membrane would
play an important role in improving the elevated temperature charac-
teristics of lithium ion battery. Taking into account inflame retarding
properties and safety characteristic, aramid membrane is a promising
separator for lithium ion battery even at elevated temperature.

4. Conclusions

In the present study, a highly safe and inflame retarding aramid
lithium ion battery separator has been prepared via a facile paper-
making process. It was demonstrated that aramid membrane pos-
sessed better electrolyte wettability, good interfacial compatibility,
superior inflame retarding property and thermal resistance than
those of conventional PP separator. Moreover, the LiFePO4/Li cell
using LiBOB/PC soaked aramid membrane exhibited stable charge-
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Fig. 12. OCV changes of LiFePO,/Li cells employing PP separator and aramid membrane
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discharge profiles and satisfactory cycling performance at an elevated
temperature of 120 °C. All characteristics endow aramid membrane a
highly promising separator for high-energy lithium ion battery.
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