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Enhanced wetting properties of a polypropylene
separator for a lithium-ion battery by hyperthermal
hydrogen induced cross-linking of poly(ethylene
oxide)†
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Meikun Fan,a Woon-ming Lau,a Jun Mei,a Shaomin Li,a Hao Liu*a and David Huib

Enhancing the electrolyte wetting of separators by surface modification is very critical to prepare high-

performance lithium-ion batteries. Herein, we present a new approach named hyperthermal hydrogen

induced cross-linking (HHIC) technology to increase the electrolyte-affinity of polypropylene (PP)

separators by covalently cross-linking a thin layer of poly(ethylene oxide) (PEO) on surface-inert PP

separators. With the HHIC treatment, the polar functionalities of PEO (e.g. –OH, C–O–C) can be

preserved through selective cleavage of C–H bonds and subsequent cross-linking of resulting carbon

radicals generated on PEO and PP chains. As proved by solvent rinsing tests, contact angle

measurements and Fourier transform infrared spectroscopy, a PEO coating was found firmly fixed on the

separator surface, which results in significantly improved wetting with the electrolyte. Electrochemical

measurements on subsequent lithium-ion batteries with the modified separator by HHIC treatment

exhibit a lower internal resistance but higher capacity retention when compared to the pristine

separator. HHIC treatment is concluded to be a highly efficient and environmental-friendly approach for

separator surface modification without need for other chemical additives (e.g. chemical cross-linkers,

initiators, and catalysts) and can preserve the desired macroscopic material properties of separators such

as pore structures and mechanical strength.
1. Introduction

In the past few years, lithium-ion batteries (LIBs)1–4 have been
increasingly used as energy storage devices in various products
such as portable electronic devices, mobile phones, electric
vehicles, and in renewable energy storage because of their high
energy density, low self-discharge rate and high open-circuit
voltage. A typical LIB consists of an anode, a cathode, a
collector, a separator, and the electrolyte.5–8 The separator,
which is usually a porous polymer membrane, serves to physi-
cally isolate the anode and the cathode in order to avoid an
internal short-circuit. At the same time, it must allow enough
ionic current ow to complete the circuit. It therefore plays a
very important role in the reliability, stability and performance
of the battery (e.g. capacitance, current and cycle life). An ideal
separator must be chemically and thermally stable, and
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mechanically robust. Commercially available polyolen sepa-
rators such as polypropylene (PP) and polyethylene (PE)9–12 can
basically meet the above requirements. However, these poly-
olen separators have poor wettability towards electrolytes with
high dielectric constant such as ethylene carbonate (EC),
propylene carbonate (PC), and dimethyl carbonate (DMC)
because polyolen has a low surface energy and is generally
non-polar. It strongly hampers the ion transport, which in turn
results in a high internal resistance.13–15 This poor wetting of the
separator becomes a serious concern against the strong
demand for an energy storage device with high-power (e.g.
battery for electric vehicle) because when the current ow is
restricted, the performance of a lithium-ion battery cell will
degrade accordingly.16

To overcome this problem, various surface modication
processes have been tried to improve the wetting characteristic
of polyolen separators. In particular, much effort has been
made to increase the surface polarity of polyolen separators by
either physical coating17 or wet chemical modication18 with
organic molecules bearing specic polar groups such as poly-
(ethylene oxide) (PEO), methyl methacrylate, and acrylic acid
onto the separator surface. Physical coating techniques are
usually simple and low cost processes, and can maintain the
This journal is © The Royal Society of Chemistry 2014
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original mechanical strength of the polyolen separator.
However, the weak interfacial interaction (mainly van der Waal
attraction) between the coating and polyolen oen raises an
adhesion issue. The physically coated layers can easily delami-
nate from the separator surface when immersed in the liquid
electrolyte. The poor durability also detrimentally affects the
practical operation of cells.19–21 In contrast, wet chemical
modication can generate a stable coating on the separator by
the formation of relatively strong covalent interaction between
the coating and the separator or by cross-linking.22 For instance,
the target polar functionalities can be attached onto the sepa-
rator surface by gra polymerization of monomers or by
chemical coupling initiated by heating or ultraviolet light.23–25

However, this approach requires a pre-engineering separator
surface with reactive groups prior to graing or chemical
coupling, which oen involves complex and costly multi-step
treatments. Even worse, the usual ways of chemical initiation
for graing or coupling such as heating and ultraviolet light can
lead to severe shrinkage and aging of the separator. Also, the
initiators or catalysts needed will be inevitably introduced as
impurities that can adversely degrade the electrochemical
reactions during batteries operation. Cleaner techniques such
as energetic particle radiation26,27 (e.g. electron beams, plasma,
and nuclear) are becoming attractive alternative approaches to
separator modication because they can provide a “dry” and
“green” chemical process to introduce only specic targeting
functionalities onto the separator without unwanted chemical
impurities. These approaches can generate a lot of active sites
(carbon radicals) on backbones of organic materials to initiate
the cross-linking between targeting molecules and separators,
which also signicantly simplify the steps for separator modi-
cation. However, the usual uncontrolled or high energy
projectiles arising from these approaches such as electrons,
ions, and radicals oen lead to the degradation of the polymer
backbone (C–C bond), the damaging of targeting molecules,
and the formation of undesirable chemical functionalities
simultaneously.

Therefore, a facile, low cost and green modication
approach is needed for improving the wetting characteristics of
separators. The hyperthermal hydrogen induced cross-linking
(HHIC) technology recently developed can be a potential alter-
native to the radiation modication method for material
surfaces.27–35 This new technology involves bombardment of
surfaces with energy-selected hydrogen molecule projectiles to
selectively cleave C–H bonds but no other bonds. When such a
light molecular hydrogen projectile collides with an organic or
polymeric molecule, the transfer of the projectile kinetic energy
to the target molecule is effective only if the projectile hits an
hydrogen atom of the molecule. At the same time, the kinetic
energy of the hydrogen molecular projectiles is selective and
controlled to be just enough to break only the C–H bonds of
organic or polymeric molecules. The adjacent carbon radicals
then generated from the C–H bond cleavages will bond them-
selves, leading to an effective and efficient cross-linking of the
organic or polymeric molecules. More importantly, keeping the
desirable functionalities on these targeting molecules can be
maximized during the chemical cross-linking due to the
This journal is © The Royal Society of Chemistry 2014
selectivity of the energy-controllable hydrogen projectiles. With
HHIC, the organic and polymeric molecules can be cross-linked
quickly under mild conditions (e.g. room temperature) and
without any damage to the substrate surface. In addition, it is
an extremely clean process because no other additives such as
chemical cross-linkers, initiators, catalysts and other reactive
groups are required. These characteristics enable HHIC to
functionally and greenly modify the separator surface with the
desired wetting characteristics.

Here, we report the rst application of HHIC technology for
the surface modication of polypropylene (PP) separators for
lithium-ion batteries. Poly(ethylene oxide) (PEO) was selected as
the surface modier due to its higher polarity and good affinity
with the electrolyte. With HHIC treatment, the PEO thin layer
can be rmly xed onto the separator surface without any
damaging effect to the desirable functionalities of PEO and
underlying PP, nor any impurity incorporation. Both the origi-
nally poor wetting of the PP separator and the weak adhesion of
the surface modier observed in conventional modication
processes can be overcome simultaneously. Improved battery
performance of battery cells with the HHIC modied PEO on PP
separators was demonstrated.

2. Experimental
2.1 Materials

Poly(ethylene oxide) (PEO, Mw ¼ 100 000) and polypropylene
(PP) separators (Celgard 2400) were purchased from Sigma-
Aldrich Company (USA) and Celgard Company (USA), respec-
tively. Chloroform was purchased from Changzheng Company
(Chengdu, China) and puried before use. Benzophenone
(BPO) used as an ultraviolet initiator was purchased from Xieli
Company (Chengdu, China) for comparative studies.

2.2 Preparation of the PEO coating on the PP separator

4 mg mL�1 of PEO solution was prepared by dissolving PEO
powder in chloroform. The resultant solution was spin-coated
on the surface of the PP separator at a speed of 6000 rpm for 30 s
to create a thin PEO lm.

2.3 Hyperthermal hydrogen induced cross-linking of the
PEO-coated separator

A homebuilt system equipped with an electron cyclotron reso-
nance (ECR) microwave plasma source (87.5 mT, 2.45 GHz) was
used for HHIC cross-linking of PEO on PP. Fig. 1s† shows the
schematic diagram of the system. In a typical HHIC process, the
sample was placed on a stage located at the bottom of the
reactor. Aer the sample was loaded, the whole system was
pumped down to a base pressure of about 3.0 � 10�4 Pa.
Aerwards, hydrogen gas was introduced inside the reactor
until a pressure of�9.9� 10�2 Pa was reached and the pressure
was maintained throughout the whole experimental process.
Protons in the hydrogen plasma were then partly extracted by
using an applied potential difference of�100 V with a current of
�160 mA. The protons extracted were accelerated into the dri
zone, which is a 60 cm long electric eld-free compartment.
J. Mater. Chem. A, 2014, 2, 11980–11986 | 11981
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There, they underwent serial but random collisions with
hydrogen molecules fed into the system. Through energy
transfer from protons to molecular hydrogen during collisions,
molecular hydrogen projectiles with appropriate kinetic energy
capable of selectively breaking the C–H bonds were effectively
generated. Residual electrons and positive ions were repelled by
two grids immediately above the sample with an applied voltage
of �150 V and +200 V, respectively. The sample was exposed to
hyperthermal molecular hydrogen neutrals for 60 s. Based on
these experimental parameters and operational processes,
cross-linking within PEO chains and at the interfacial region
between the PEO layer and the PP separator was realized.29
Fig. 1 Schematic illustration of grafting of PEO onto the PP separator
by the HHIC process.
2.4 Characterizations

Scanning electron microscope (SEM) observation. The
surface morphology of pristine and cross-linked PEO/PP sepa-
rators was examined by scanning electron microscopy (SEM,
S5200, Hitachi Company) under an acceleration voltage of
10 kV.

Contact angle measurements. The contact angles of the
pristine and cross-linked separators were measured by a contact
angle goniometer (JGW-360C, Chenghui Testing Machine
Company, China). The sample is rst loaded onto the stage and
droplets of distilled water and the electrolyte (1 : 1 volume ratio
mixture ethylene carbonate (EC)–dimethyl carbonate (DMC))
were delivered onto each specimen. The volume for each
droplet is 5 mL. The static contact angle was calculated by
averaging the measurements from both the le and right sides
of the droplet. And at least 10 measurements on each sample
were made for each experimental condition to give the nal
reported value.

Fourier transform infrared (FTIR) measurements. The pris-
tine and modied separators were studied by FTIR (Nicolet-
iS10, Thermo Fisher Company, USA) in the range of 4000–
400 cm�1 under an ATR mode.

X-ray photoelectron spectroscopy (XPS) measurement. XPS
(Axis Ultra DLD) was carried out using a focused mono-
chromatized Al-Ka radiation (1486.6 eV) to determine the
change in carbon to oxygen ratio, and to conrm if PEO was
successfully cross-linked on the PP separator surface.

Mechanical properties test. The stress–strain curves of the
separators were measured on an electro-mechanical universal
testing machine (WDW-10, Jinan New Century Company,
China) at room temperature. The specimen size is 150 mm� 20
mm � 0.025 mm. The specimens were tested with a crosshead
speed of 5 mm min�1.

Electrochemical property measurements of cells assembled
with the separator. The cross-linked PEO/PP separator was cut
into a round disk of 418 mm and then transferred into a glove
box (MBraun Company, German) lled with argon gas aer a
thorough drying process. A LIB cell was assembled by sand-
wiching the separator between a lithium cobalt oxide (LiCoO2)
anode and the Li cathode (electrode diameter: 416 mm) in the
glove box. The anode was prepared by coating the slurry con-
sisting of 85 wt% LiCoO2 (Sigma-Aldrich company, USA) with 10
wt% carbon black as a conducting agent and 5 wt%
11982 | J. Mater. Chem. A, 2014, 2, 11980–11986
polyvinylidene uoride (PVDF) as a binder in a N-methyl pyr-
rolidone (NMP) solvent onto the aluminum foil. 1 M LiPF6 in a
solvent mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) with a volumetric ratio of 1 : 1 was employed
as the electrolyte. The AC impedance measurement was deter-
mined using CHI 660D electrochemical workstation (Shanghai
Chen Hua instruments Co., Ltd., China) over a frequency range
from 0.1 Hz to 100 kHz. The cycling tests at different current
densities including 0.1 C (C ¼ 274 mA h g�1) and 10 C were
conducted in the voltage range of 3.0–4.2 V at room temperature
using an Arbin multi-function measurement system (BT-2000,
Arbin Company, USA).
3. Results and discussion
3.1 Coating and cross-linking of PEO on the separator

In this study, graing of PEO onto the PP separator involves a
simple procedure of spin casting a thin PEO layer on the PP
separator from a PEO/chloroform solution, followed by HHIC
treatment (Fig. 1). In the HHIC process,30 the energy-controlled
hydrogen projectiles collide with both PEO and PP chains to
selectively cleave the C–H bonds but no other bonds. As a result,
the generated carbon radicals on these molecules couple with
each other to form a cross-linked PEO layer on the PP separator.
Fig. 2 shows the SEM images of the surface morphology of a
pristine PP separator and a PEO coated separator aer HHIC
treatment. Both of them exhibit the same porous structure and
morphology. It indicates that the PEO layer on the PP separator
is extremely thin and HHIC treatment basically does not change
the pore size and structure. This result shows that the relevant
properties of the porous structure offered by the PP separator
could be nicely preserved. To verify if the PEO was successfully
cross-linked on the surface, the PEO-coated PP separator was
washed with chloroform and then subjected to ATR-FTIR and
XPS measurements.

First, from the FTIR spectra shown in Fig. 3a and b, new
peaks corresponding to the ether (C–O–C) and the hydroxyl of
PEO (–OH) are clearly identied at 1120 and 3500 cm�1 from the
PEO-coated PP separator due to the formation of the PEO layer
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images of (a) the pristine separator and (b) the PEO-coated
separator treated by HHIC.

Fig. 3 FTIR spectra of (a) the pristine separator, the PEO-coated
separator without any treatment (b), the PEO-coated separator treated
by HHIC (c) before and (d) after chloroform washing for 12 h, and (e)
the PEO-coated separator without HHIC treatment after chloroform
washing for 12 h. The inset shows the spectrum of PEO.
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on the PP separator. The characteristic peaks (C–O–C and –OH)
of PEO (Fig. 3c) still remain on the PP separator aer HHIC
treatment. Further, it is found that even when the HHIC-treated
PEO/PP separator was washed with chloroform, both –C–O–H
and –C–O–C of PEO remain without change aer washing for 12
h (Fig. 3d). However, all PEO was removed if it was not treated
by HHIC (Fig. 3e). It implied that the PEO chains have effectively
cross-linked themselves and also with the underlying PP (as
illustrated in Fig. 1), so that the massive cross-linked PEO
coating can withstand vigorous washing by chloroform that is
known to dissolve PEO.

In addition, XPS spectra were used to quantitatively deter-
mine the effect of HHIC treatment on the PEO layer on the PP
separator (Table 1 and Fig. 2S†). The pristine PP separator
Table 1 XPS analyses of the PP separator and PEO-coated PP sepa-
rators before and after HHIC treatment

Sample HHIC Wash C (%) O (%)

PP separator Not used Not used 100 0
PEO-coated separator 1 Not used Used 74.69 25.31
PEO-coated separator 2 Used Not used 72.52 27.48
PEO-coated separator 3 Used Used 72.37 27.63

This journal is © The Royal Society of Chemistry 2014
mainly presents a strong C-peak (at 285.7 eV) without any O
component in the XPS spectrum. The O-peak (at 535.6 eV)
observed in the XPS spectrum of the PEO-coated separator
corresponds to the oxygen-containing groups from PEO chains.
The very weak peak at 846.2 eV was observed in the pristine and
modied PP separators, which indicates the residual titanium-
based initiator (for the polymerization of propylene into PP)
from commercial PP materials. Aer HHIC treatment, there was
no obvious change in C/O compositions on the surface of the
PEO-coated PP separator. When the HHIC-treated PEO-coated
PP separator was washed, the C/O compositions did not change
signicantly. These results indicate that HHIC treatment
successfully cross-linked PEO on the PP separator without
damaging the desired oxygen-containing groups from PEO
chains. It facilitates to take full advantage of PEO to enhance the
wetting of the PP separator.

Furthermore, it is observed that the original physical prop-
erties of the PP separator can be maintained even aer HHIC
treatment. The mechanical properties of the separators were
evaluated before and aer treatment. The stress–strain curves
in Fig. 3S† show that the tensile strength of the cross-linked
PEO-coated separator by HHIC treatment is almost the same as
the pristine separator, suggesting that HHIC treatment did not
damage the mechanical strength of the separator. For
comparison, a commonly used UV irradiation was used to cross-
link the PEO coating on the separator. It is found that both the
tensile strength and strain at break in the UV-treated PEO-
coated separator decrease sharply, a result which could be
attributed to the degradation of the polymer chains under UV
radiation arising from its high optical energy. The wrinkled and
shrunken surface of the separator (Fig. 4S†) observed aer UV
treatment also indicates that the separator structure was
destroyed under UV radiation. Once again, these results
demonstrate that HHIC treatment is an effective method to
gra PEO on the separator without destroying the bulk sepa-
rator, which is of importance for the battery safety. This
signicant advantage over traditional radiation modication
methods (e.g. UV and plasma treatments) is attributed to the
unique design in the HHIC technology for selectively cleaving
C–H bonds with energy-controllable hydrogen projectiles.30
3.2 Surface properties of modied separators

Contact angle measurements (Fig. 4) with water droplets were
conducted to study the effect of the PEO coating on the surface
properties of the PP separator aer HHIC treatment. Compared
to 108� for the pristine separator, the cross-linked PEO-coated
separator shows a very low water contact angle of 27�, indicating
that the separator surface becomes much more hydrophilic and
provides a good surface for water wetting. This result further
conrms that the hydrophilic PEO coating was successfully
cross-linked on the separator without obvious degradation of
hydrophilic functionalities. More importantly, the cross-linked
PEO coating on the separator also decreases the less polar
electrolyte solvent (mixture of EC and DMC) contact angle from
66� to 25�, indicating that the wetting ability of the modied
separator toward electrolyte solvent was also signicantly
J. Mater. Chem. A, 2014, 2, 11980–11986 | 11983
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Fig. 4 Water and electrolyte contact angles of (a) the pristine sepa-
rator and (b) the PEO-coated separator treated by HHIC.

Fig. 5 A.C. impedance spectra of the lithium-ion cell assembled by
sandwiching (a) the pristine separator and (b) the PEO-coated sepa-
rator treated by HHIC after chloroform washing for 12 h.
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enhanced due to the polar nature of the PEO coating. Thus the
good wetting of the cross-linked PEO-coated separator with the
electrolyte is expected to decrease the internal resistance and
consequently improve the electrochemical performances of the
lithium-ion battery cell (e.g. longer cycle life). It is noted that
oxygen plasma was oen used to improve the wetting properties
of separators, but the wetting ability of modied separators with
the electrolyte and water reported in the recent literature (e.g.
water contact angles of more than 40� for modied separa-
tors)11,14,27 are poorer than our separator modied by HHIC. It
should be ascribed to two reasons: (1) oxygen plasma oen
introduces various oxygen-containing groups (e.g. –OH, C]O,
CO–O), but some of them (e.g. C]O) are not highly hydrophilic;
(2) the amount of generated oxygen-containing groups on PP are
limited, and they are unstable, which restrict the improvement
in surface polarity and durability. However, our HHIC approach
can effectively introduce the desirable functionalities such as
–OH and C–O–C with a little loss by xing the targeting mole-
cules (PEO) on the PP surface.30
Fig. 6 Discharge capacity of lithium-ion cells assembled by sand-
wiching (a) the pristine separator and (b) the PEO-coated separator
treated by HHIC after chloroform washing for 12 h.
3.3 Electrochemical properties of cells assembled with
modied separators

In order to evaluate the effect on the electrochemical properties
of the HHIC-treated PEO layer on the separator, half-cells
(LiCoO2/separator/lithium metal) were prepared. The AC
impedance spectroscopy technique was employed to study the
effect of improved wetting in the separator on the bulk resis-
tance of the electrolyte through a porous separator. From AC
impedance spectroscopic investigation,19,36 the overlapping
semicircles observed in the middle frequency range regions
correspond to the charge accumulation process and the charge
transfer process, both of which are related to the solid electro-
lyte interface (SEI) lm impedance and the charge transfer
process. As illustrated in Fig. 5, the total interfacial resistance
(Ri), that is the sum of the resistance of SEI (RSEI) and the charge
transfer resistance (Rct), can be determined from the depressed
semicircles. Evidently, the interfacial resistance of the lithium-
ion cell assembled by sandwiching the pristine separator
11984 | J. Mater. Chem. A, 2014, 2, 11980–11986
(�100 U) is about 2.5 times higher than that with the cross-
linked PEO-coated separator (�40 U) aer HHIC treatment. The
cross-linked PEO-coated PP separator is shown to signicantly
decrease the interfacial resistance of the lithium-ion cell.

The discharge capacities of cells with the pristine and cross-
linked PEO-coated separators are shown in Fig. 6. The discharge
capacity of the cell slowly decreases with the increasing cycle
number. This observation can be attributed to the deterioration
of the interfacial contact of the electrodes and the physical
changes in the active materials for the electrodes,12,37 which
leads to a gradual increase of internal cell resistance during
repeated charge–discharge cycles. Aer 30 cycles, the cell with
the cross-linked PEO-coated PP separator retained 84.1% of the
initial discharge capacity, while the cell with the pristine sepa-
rator showed 72.5%. Higher discharge capacity retention of the
cell with the cross-linked PEO-coated separator is attributed to
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ta01870b


Fig. 7 Rate capability of lithium-ion cells assembled with (a) pristine
and (b) PEO-coated separators treated by HHIC after chloroform
washing for 12 h.
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the enhanced wettability with the electrolyte and the reduced
interfacial resistance.38 This result suggests that the cross-
linked PEO-coating on the separator surface by HHIC treatment
plays a critical role in improving the cycle performance of the
lithium-ion cell. The discharged capacities of cells at various
current densities ranging from 0.1 C (C ¼ 274 mA h g�1) to 10 C
are shown in Fig. 7. The cells with the pristine and the PEO-
coated separators exhibit the capacity retentions of 85.1 and
89.5%, respectively, at 1 C rate, and then decreased clearly with
increase in the current density. At higher current densities (5
and 10 C, respectively), the cell with the PEO-coated separator
(80.0 and 70.0% capacity retentions, respectively) exhibits much
higher capacity retention than that with the pristine separator
(65.0 and 57.1% capacity retentions, respectively). That is, with
the increase of current density, the difference in capacity drop
at large current density between the pristine separator and the
modied separator becomes more signicant. It suggests that
the modied separator with good electrolyte wettability facili-
tates ion transport through the separator at large current
density, which contributes to the enhanced rate capacity.
4. Conclusion

Polar PEO was successfully cross-linked on the surface of the PP
separator by short HHIC treatment of only 60 s at room
temperature. The solvent wash test for the treated separator has
proven that the PEO coating can be rmly xed on the separator
surface. Compared to the pristine PP separator with low surface
energy, the modied separator exhibits an improved wetting
with the electrolyte and low internal resistance without
adversely affecting its polar characteristics. This leads to a lower
internal resistance and higher capacity retention during battery
cycling. Compared to conventional surface modication
methods (such as UV curing, plasma radiation and high-
temperature heating treatment), the HHIC treatment process is
This journal is © The Royal Society of Chemistry 2014
shown to be a highly efficient and mild (room-temperature
reaction) method for modifying separator surfaces without the
undesired damage, which is extremely important for the battery
safety. In addition, this approach is very environmental- and
cost-effective for the battery manufacturing industry because
extra thermal consumption and chemical additives such
chemical cross-linkers, initiators, catalysts and other reactive
agents are not required.
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