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a b s t r a c t

Atomic layer deposition (ALD) of TiO2 was applied on porous polypropylene (PP) membranes which were
used as separators in lithium-ion batteries (LIBs) composed of Li4Ti5O12 (LTO) anode/Li cathode. Without
plasma activation on the bare PP membrane, the initial deposition of TiO2 was based on the subsurface
nucleation mechanism, which prevented the formation of a conformal hydrophilic TiO2 layer at low ALD
cycles. The improvement of wettability of the PP membrane to the electrolyte could only be achieved at
high ALD cycles up to 500. However, the severe narrowing of membrane pores counterbalanced the
wetting enhancement, which hardly improved the performance of the LIBs. Plasma pretreatment was
efficient to generate active groups on the highly chemically inert surface of polypropylene membranes,
thus ultrathin TiO2 films could be conformally deposited by ALD on the membrane surface based on the
layer-by-layer mechanism at cycles as low as 20. Such a conformal ultrathin layer of TiO2 was confirmed
to concurrently overcome both the thermal shrinkage and poor wettability of the PP membranes.
Beneficial from the improved wettability at no expense of pore size, the electrochemical performances of
LIBs such as specific discharge capacities at different discharge rates were upgraded.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have become the
dominant power source for numerous portable consumer electro-
nic devices because of their superior energy density and efficiency
in the storage of electrical energy [1–5]. An LIB cell is typically
comprised of cathodes, anodes, electrolytes, separators, and some
auxiliary materials. Dielectric membranes which are porous and
thermally and chemically robust are employed as separators
which deliver two functions: isolating the anode and cathode to
prevent electrical short circuits, and allowing the transport of ionic
charge carriers [6,7]. The properties of the separator influence the
interface structure of LIBs, the stability of the electrolytes, the
battery internal resistance, etc., hence directly affecting the key
performances of LIBs including capacity, charge–discharge current
density, cycle life, and safety.

Commercial separators for LIBs are typically porous polyolefin
membranes like polyethylene (PE) and polypropylene (PP), owing

to their outstanding chemical stability, thermal resistance, and
mechanical strength and low cost. Although present separators
have almost satisfied general applications, two major drawbacks of
polyolefin-based separators have been identified: poor wettability
to electrolytes and thermal shrinkage. The inert polyolefin separa-
tors with low surface energy and strong hydrophobicity are not
compatible with conventional polar electrolytes such as ethylene
carbonate (EC), dimethyl carbonate (DMC) and propylene carbo-
nate (PC), because the poor wettability of these separators hinders
the transport of polar electrolytes through porous channels of the
separators. When an internal short circuit occurs or the battery is
used for a long time under a high current density, elevated
temperatures will result in shrinking or melting of the polymer
separators [6]. This excessive thermal accumulation often causes
safety problems of LIBs [8].

Some efforts have been made to improve the thermal stability
and wettability of separators. For instance, nonwoven polymer
support materials consisting of fine fibers have been applied to
improve the mechanical behavior and safety of the separators
[9–11]. Another common approach is to fabricate hybrid separa-
tors like inorganic/polymer composite membranes or inorganic/
polymer/inorganic trilayer membranes [12–14]. It was reported that
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polymer separators loaded of micro- or nano-particles could exhibit
no significant thermal shrinkage at high temperatures [15,16].
However, the loading of particles in the membranes usually resulted
in a decrease in energy density. More seriously, the particles at the
separator surface were easy to be washed away by the liquid
electrolyte during the charge–discharge process, leading to a non-
uniform current density and accelerated battery degradation. To
address the wettability issue, a number of methods related to
surface modification of polyolefin membranes have been adopted,
including physical adsorption of hydrophilic materials on the
separator surface [17,18], blending hydrophilic additives with poly-
olefin in the membrane production process [19,20] and chemical
grafting of hydrophilic polymer chains with a pretreatment of high
energy irradiation [21,22]. These methods are typically very efficient
in improving the hydrophilicity of the membranes. However, most
of the above-mentioned methods are performed in liquid solutions,
exhibiting a manufacturing process incompatible with that of
conventional pure polymer separators. Furthermore, the grafting
of polymer chains on membrane pores usually presents an inho-
mogeneous and uncontrollable mode, resulting in a loss of porosity
of the separators. It has been found that the introduction of
inorganic components can also improve the wettability of the
electrolyte to the polyolefin separators. Therefore, it will be ideal
to overcome both the thermal shrinkage and poor wettability upon
a single cast based on optimal design of novel inorganic/polymer
composite membranes with versatile features.

Atomic layer deposition (ALD) consisting of sequential self-
limiting surface reactions has been demonstrated as a mild and
effective approach to conformal coating with a precise control of
atomic thickness [23–26]. Recently, Jung and coworkers demon-
strated an interesting method to simultaneously enhance the
thermal stability of PP separators and their wettability to polar
electrolytes by ALD coating of Al2O3 onto the surface of PP
membranes [27]. This direct ALD method is promising in improv-
ing the thermal and wetting properties of PP separators. However,
it has little effect in increasing the rate capabilities of the batteries
because the strong hydrophilicity of PP separators was achieved at
relatively high ALD cycle numbers which lead to inevitable
reduction in pore size. The narrowing of the pores will reduce
the ionic flux in the LIBs and partly compromise the improved
wettability. As a result, the rate capabilities of the LIBs were hardly
improved after ALD deposition of Al2O3 in a wide cycle window.

In our recent work, we have revealed that plasma pretreatment
was efficient to generate active groups on the surfaces of highly
chemically inert polymers including polytetrafluoroethylene (PTFE)
and PP, thus conformal ultrathin oxide films could be successfully
deposited by ALD on the membrane surface [28,29]. Here, we will
first activate PP membranes by a short plasma treatment in air,
generating active sites on their surface. ALD deposition was subse-
quently performed on activated PP membranes to form an ultrathin
conformal layer of TiO2 tightly adhering to the PP substrate. By
coupling plasma activation and ALD coating to PP separators, the
batteries using the modified PP separators are expected to have
improved electrochemical performances including rate capabilities
in addition to significant enhancement in thermal stability and
wettability to the separators.

2. Experimental

2.1. Materials

Porous PP membranes (Celgard 2400) having a thickness of
25 μm and a nominal average pore size of 43 nm were used as

substrates for ALD deposition of TiO2 with and without plasma
activation. The ALD precursors were titanium isopropoxide (TIP,
98%, Aladdin) and deionized H2O. N2 with a purity of 99.99% was
used as both the precursor carrier and the purging gas. The
solution of 1.0 M LiPF6 dissolved in the mixture of EC and DMC
(1:1 v/v) purchased from Capchemwas used as the electrolyte. LTO
powders (TLB, Shenzhen Tianjiao Technology CO., Ltd), conductive
super-P (SP), and poly(vinyl difluoride) (PVDF, Aldrich) were all
used as received.

2.2. Plasma activation of PP separators

Before deposition, both sides of PP membranes were activated
by air plasma at a power of 50 W for 20 s in the vacuum chamber
of a sub-atmospheric pressure glow discharge plasma generator
(HPD-280, Nanjing Suman Electrionics Co. Ltd) with a pressure of
10 mbar. The samples were transferred to the ALD chamber for
TiO2 deposition within 10 min after the plasma treatment.

2.3. ALD on PP separators

All the specimens were placed on a holder in the ALD reactor
(Savannah S100, Cambridge NanoTech) and dried at operating
temperature for 10 min before deposition in the vacuum
(�0.5 Torr). The TIP was heated to 82 1C and the water was
maintained at room temperature. TIP and water vapor were
furnished into the ALD chamber in turn, and the “exposure mode”
was also introduced in this experiment to make the precursors
diffuse through the samples sufficiently [30]. For a typical ALD
cycle, the sequential pulsing of precursor was 0.2 s/5 s/30 s/
0.015 s/5 s/30 s for the reaction sequence of TIP pulsing/expo-
sure/purge/H2O pulsing/exposure/purge with a steady N2 flow
rate of 20 sccm. The plasma-pretreated PP membranes were
deposited with 20, 50, 100, 150, and 200 cycles, respectively. For
comparison, the porous PP membranes without plasma pretreat-
ment were also deposited with 20 and 500 cycles using the same
deposition conditions.

2.4. Characterizations

Surface morphologies of bare and modified PP separators were
observed by a field emission scanning electron microscope
(FESEM, Hitachi S-4800) operated at 5 kV. A thin layer of Pd/Au
alloy was sputtering-coated on the sample surface before SEM
observations. To investigate the fine structure of the deposited
TiO2, some deposited PP membranes were probed by transmission
electron microscopy (TEM). The samples were first soaked in
acetone for dehydration for a week at room temperature and then
embedded in a Spurr low-viscosity epoxy resin for a day. The
treated specimens were then microtomed into slices with a
thickness of about 50–80 nm using a Lecia ultracut diamond knife.
The sections were collected onto copper grids coated with a holey
carbon film and observed by a Hitachi H7650 TEM operating at an
accelerating voltage of 80 kV. Contact angles of the electrolyte on
the bare PP membrane and the plasma-activated PP membrane
subjected to TiO2 ALD for different cycles were measured on five
different positions of each sample by a contact angle goniometer
(Dropmeter A-100, Maist) and the average value of the measure-
ments was reported. Thermogravimetric (TG) analyses were per-
formed using a NETZSCH TG209F1 thermal analyzer in air at a
heating rate of 10 1C/min from 30 to 700 1C. Tensile strengths of PP
membranes before and after plasma treatment were measured on
an electronic tensile tester CMT-6203 (Shenzhen Sans Test
Machine Co. Ltd., China) with a tensile rate of 1 mm/min. The
samples were prepared in 30 mm width and 50 mm length. For
both the bare and plasma-treated PP membrane, we tested four
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samples and the averaged value of the tensile strength was
reported.

2.5. Electrochemical performance

Electrochemical measurements were performed on Swagelok-
typed cells assembled in an argon-filled glovebox. The LTO
electrodes were prepared by spreading a mixture of the active
materials (LTO powders), conductive super-P, and PVDF, at a
weight ratio of 85:8:7 on a pure Cu foil. The loading mass of
active materials is about 12 mg cm�2, and pure lithium foil was
used as the counter electrode. The electrodes and the separators
were dried under vacuum at 100 1C and 50 1C for at least 12 h,
respectively. Galvanostatic charge–discharge tests of the
assembled cells were recorded between 1.0 and 3.0 V using a
Neware system at various C rates (discharge rate) at room
temperature. The transport properties of the swollen membranes
were determined by impedance spectroscopy measurements car-
ried out on a Princeton Applied Research (PARSTAT 2273)
advanced electrochemical system. The tests were performed at
room temperature on steel/membrane/steel symmetrical cells by
applying a 10 mV alternate voltage in the 100 KHz–100 mHz
frequency range. The conductivity (s) of the membrane was
calculated via the following equation:

s¼ d=ðR� AÞ ð1Þ

where d, R, and A are the thickness, resistance, and the effective
area of the membrane, respectively. The bare PP membrane has a
thickness of 25 μm and the deposited membranes with different
ALD cycles are considered to have the same thickness as the bare
one because the thickness of deposited TiO2 layers is negligible
compared to the thickness of the bare PP membrane.

3. Results and discussion

Bare PP membranes manufactured by unidirectional stretching
possess contain nonporous and porous regions and the porous
regions are composed of stripe-like narrow pores defined by
parallel nanoscale fibrils (Fig. 1a). In our previous work, we
demonstrated that TiO2 can be deposited on porous PP mem-
branes either directly by ALD or applying a plasma activation
pretreatment to PP membranes prior to ALD [29]. For polymeric
substrates with active groups on the surface, ALD deposition often
results in a smooth and conformal layer from low cycles [23–25].
However, for most polyolefin polymers such as PP, the initial
nucleation mechanism of ALD is derived from subsurface deposi-
tion due to the lack of necessary chemically active species (such as
hydroxyl groups) on the surface [26,27]. During the ALD deposi-
tion of TiO2 on bare PP membranes, the TIP was either physically
adsorbed on the surface of PP membranes, or most probably
penetrated and trapped in the free volumes of subsurface regions.
Afterward, the pre-adsorbed TIP reacted with H2O in the next
pulse, forming TiO2 clusters in preferential nucleation sites. These
clusters further evolved to globular particulates and isolated
islands during progressive TIP and H2O exposures. A nearly
continuous TiO2 layer can cover the membrane surface only after
these particulates gradually coalesce and approach to each other.
The normal ALD growth mode will dominate thereafter. SEM
examinations demonstrate that conformal deposition of TiO2

cannot be achieved on the PP separators up to 500 ALD cycles
under current experimental conditions (Fig. 1b) [29]. Plasma
treatment in air efficiently produces oxygen-containing groups
on the surface of PP membranes as we confirmed by the X-ray
photoelectron spectroscopy [29], which serve as active sites for the
conformal deposition of thin layers of TiO2 in the subsequent ALD
process. It was found that the TiO2 layer consistently grew in the

Fig. 1. SEM images of surface morphologies of the bare PP membrane (a), bare PP membrane subjected to 500 cycles of TiO2 deposition (b), and plasma-activated PP
membrane subjected to 20 (c) and 50 (d) cycles of TiO2 deposition.
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form of continuous and compact layer on the surface of the
plasma-activated PP membranes. For the slightly deposited PP
membranes, e.g. 20 cycles (Fig. 1c) and 50 cycles (Fig. 1d), there
was no obvious size change of the stripe-like pores constituted by
PP nanofibrils due to the relatively slow growth rate of TiO2 [29].
The membrane surface remained smooth after the deposition,
different from the rough and island-like surface morphology of the
deposited PP separators without plasma activation (Fig. 1b).

With the deposition of TiO2, the PP membranes are expected to
have enhanced wettability to electrolytes. As can be seen from
Fig. 2, the contact angle (CA) of the bare PP membrane to the
electrolyte (1:1 v/v mixture of EC and DMC) is 48.473.01 and is
slightly reduced to 45.771.71 when the bare membrane is directly
deposited with 20 cycles' TiO2. In contrast, if the membrane is first
plasma activated then subjected to TiO2 deposition for 20 cycles,
the CA is decreased to 38.473.11, implying a more evident
improvement in the wettability of the membrane. Further increase
in ALD cycle numbers on the activated PP membranes leads to
continuously decreased CAs.

To understand the structure at the TiO2/PP interface, TEM
observations were carried out on ultrathin slices microtomed from
plasma-activated PP membranes which were slightly deposited by
TiO2 at low ALD cycle numbers. There are many dark frames
distributed in the TEM images of Fig. 3, which should be identified
as TiO2 due to its higher electron density than polymeric compo-
nents. The coating films by 20 and 50 ALD cycles presented a
thickness of �1 and �2 nm, respectively. By comparing Figs. 1 and 3,
we found that the deposited TiO2 outlined the contours of the
pores in the PP membrane, implying that the TiO2 deposition
occurred conformally along the pore walls/on the surface of the
nanofibrils with negligible subsurface nucleation. One may expect
that the tensile strength of the plasma-treated PP membrane
should be reduced to some extent. However, we interestingly
observed that the tensile strength increased from 74.6 MPa for the
bare PP membrane to 88.4 MPa for the membrane subjected to
plasma treatment at 50 W for 20 s on each side of the membrane.
Such a mild plasma treatment does not noticeably etch the
membrane which weakens the strength of the membrane. For
example, we observed no change in the microstructure of the PP
membrane before and after the plasma treatment under SEM and
even the very thin fibrils on the membrane surface remained intact
after plasma treatment [29]. On the contrary, the mild plasma treat-
ment in the oxygen atmosphere may induce the crosslinking of PP

chains on the surface of the membrane, which makes the membrane
mechanical stronger.

To investigate the thermal stability of the TiO2-deposited PP
membranes, we first performed TG analysis on plasma-activated PP
membranes subjected to different ALD cycles. As shown in Fig. 4, the
bare PP membrane starts to decompose at �250 1C and loses over
90% of its total weight at �350 1C. In clear contrast, the range of
decomposition temperature for the 50-cycle-deposited PP mem-
brane is �350–440 1C, demonstrating that a thin coating layer down
to a few nanometers is efficient to significantly enhance the thermal
stability of the PP membranes. The reason for the enhanced thermal
stability should be attributed to the barrier effect of the TiO2 layers
deposited on the PP membrane which prevent the direct exposure of
the polymeric component to oxygen. Moreover, such a significant
increase in decomposition temperature also indicates that the thin
TiO2 layer is defect free and tightly coated on the PP substrates.
Otherwise, oxygen will penetrate through the defects in the TiO2

layer and erode the PP substrate, leading to a less pronounced
improvement in thermal stability. For the membranes subjected to
100 and 200 ALD cycles, they both exhibited enhanced thermal
stability. However, their decomposition temperatures were lower
than the 50-cycle-deposited PP membrane. The best thermal stability
was gained at a cycle number of 50 rather than 100 or 200, which
should be explained by the two opposite effects of TiO2 deposited on
PP membranes. In addition to the barrier effect protecting the PP
substrate from attacking by oxygen which plays the predominant
role in influencing the thermal stability of PP membranes, TiO2 also
has an effect of thermal catalytic oxidation which accelerates the
decomposition of PP at elevated temperatures [31]. With increasing
cycle numbers, the effect of thermal catalytic oxidation of TiO2

became increasingly evident, resulting in gradually less pronounced
increase in decomposition temperatures. Gaining the highest decom-
position temperature for TiO2-coated polymers at a relative low cycle
number because of the balancing interaction of the two effects of
TiO2 was also observed in PVDF membranes subjected to ALD coating
of TiO2 [32].

We determined from the TGA curves that the deposited TiO2

only accounted for a very slight weight percentage of 0.73% for the
50-cycle-deposited PP membrane, revealing the ultrathin nature of
the deposited TiO2 layer especially if we consider that TiO2 has a
much larger density than PP. The TG curves also reveal that the
weight gain for the PP membranes subjected to 100 and 200 ALD
cycles is 3.49% and 8.40%, respectively. Based on the weight gain as
well as the density of bulk PP (¼0.9 g/cm3) and the ALD-produced
TiO2 (¼3.8 g/cm3) and the porosity of the bare PP membrane
(¼41%) we can estimate that the porosity of the PP membrane
subjected to 50, 100, and 200 ALD cycles is 40.9%, 40.5%, and 39.7%,
respectively [27]. Therefore, the reduction of porosity because of
the deposition of TiO2 is less than 1% and can be neglected if the
cycle number is less than 100.

We further measured the thermal shrinkage of plasma-
activated PP membranes subjected to different TiO2 ALD cycles
by placing the membranes with an identical size of 2 cm�2 cm
inside a preheated oven at designated temperatures for 30 min.
It was found that thermal shrinkage of the PP membranes only
happened along the machine direction (MD), not the transverse
direction (TD), consistent with previous reports [6,27]. Fig. 5
summarizes the results of thermal shrinkage of porous PP mem-
branes coated with various cycles of ALD in temperatures ranging
from 120 to 160 1C. In general, higher temperatures led to severer
thermal shrinkage of the porous PP membranes. Nevertheless,
the shrinkage was effectively suppressed by the TiO2 coating layer
even with a small thickness down to �1 nm (20 cycles) in
the whole measured temperature window. Increasing ALD cycle
numbers enabled a significant suppression of thermal shrinkage,
i.e. 100 ALD cycles resulted in no shrinkage at 120 1C. The
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Fig. 2. The contact angle of the electrolyte to PP membranes subjected to different
treatments.
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introduction of the TiO2 layer indeed provided a robust skeleton to
stabilize the PP membranes which are prone to deform at elevated
temperatures because of the thermoplastic nature of the PP
material. Moreover, we found that the plasma activation plays a
role in improving the size stability of TiO2-deposited PP mem-
branes. For instance, the PP membranes subjected to 150 cycles of
TiO2 ALD with and without the plasma pretreatment exhibit
shrinkage of 10% and 20% after thermal treatment at 140 1C for
30 min, respectively. The TiO2-deposited PP membrane with
plasma treatment demonstrates a better thermal stability should
be contributed to the uniform and conformal coating layer of TiO2

which well maintains the structural integrity of the PP membrane.

In addition, the adhesion force at the TiO2/PP interface was rather
strong, attributed to the chemical bonding and a spatial stabilizing
force (e.g. the mechanical interlocking effect) derived from the 3D
inorganic structure interwoven with the PP substrate [29]. There-
fore, the mechanical integrity of the polymer framework was
maintained due to the formation of inorganic-polymer hybrid
materials, which is very important in terms of safety concerns
of LIBs.

To test the potential application of the TiO2-coated PP mem-
branes in LIBs, their electrochemical performances were investi-
gated by cycling LTO (anode)/Li (cathode) cells with a conventional
electrolyte (1.0 M LiPF6 dissolved in the mixture of EC and DMC)
between 1.0 and 3.0 V at room temperature. For the TiO2-coated
membranes without plasma activation, neither 20 nor 500 ALD
cycles significantly changed the rate capability of the LTO/Li cells,

Fig. 3. TEM images of plasma-activated PP membranes deposited by TiO2 at different ALD cycles: (a) 20 cycles and (b) 50 cycles.

Fig. 4. TG curves of plasma-activated PP membranes subjected to different TiO2

ALD cycles.

Fig. 5. The thermal shrinkages at various treating temperatures of plasma-
activated PP membranes subjected to different ALD cycles.

Fig. 6. Electrochemical performances of LTO/Li cells using bare and TiO2-coated PP
membranes without plasma activation as separators in LIBs: (a) cycling data at
variable rates, and (b) long-term cycling performance at 5C.
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as shown in Fig. 6a. Especially, the deposited PP membranes
displayed a slightly lower discharge capacity relative to the bare
at 1C. After 100 charge–discharge cycles at 5C using the PP
membranes with 20 and 500 ALD cycles, the cycling stability
was almost identical to that of the cell using the bare PP
membrane as the separator (Fig. 6b). The limited performance
improvement of the TiO2-deposited PP separators without plasma
activation should be associated to the inadequate enhancement in
the hydrophilicity at low cycler numbers (e.g. 20) and/or the
significant pore blockage by the TiO2 particles formed on the pore
walls at high cycle numbers (e.g. 500).

However, for the plasma-activated PP membranes, the ALD
deposition of TiO2 was found to noticeably upgrade the perfor-
mances of the LIBs when optimal cycles were employed. Fig. 7a
shows the discharge curves of LTO/Li cells using bare PP separators
and TiO2-coated plasma-activated separators. The separator with
20 ALD cycles achieved a capacity as high as 160.7 mA h g�1 at a
rate of 1C, which is 14.4% higher than that of the bare separator
(140.5 mA h g�1) at same discharge rate. When the discharge rate
increased to 5C, the specific capacity still reached up to
110.5 mA h g�1, which enhanced ca. 28% compared to the
86.3 mA h g�1 of the bare at same discharge rate. Afterwards,
the higher the discharge rate was applied, the less the difference of
the capacities was. Nevertheless, the performance of the TiO2-
coated separator with 20 ALD cycles was noticeably improved at
all the applied high discharge rates, which is very valuable for
power batteries. A similar enhancement of the performance was
obtained by 50 ALD cycles at variable discharge rates although it

was less efficient than 20 ALD cycles. However, higher ALD cycles
such as 150 led to slightly decreased capacities at 1C, which should
be attributed to the nonnegligibly narrowed pores due to the
thickening of the deposited TiO2 layer. It was clear that the 20 ALD
cycles displayed best rate performance at different discharge rates.
We also investigated the ion conductivity of the PP membranes
subjected to different treatments. The bare PP membrane displays
a conductivity of 6.0770.42 S/cm and the activated PP mem-
branes subjected to different ALD cycles all have an enhanced
conductivity. The conductivity of the activated membranes subjected
to 20, 50, and 150 ALD cycles of TiO2 deposition is 8.5270.3 S/cm,
6.55 70.16 S/cm, and 6.4670.26 S/cm, respectively. The 20-cycle
deposited membrane displays the highest conductivity, which is in
good agreement to its best rate performance. In contrast, the
membrane subjected to 20 ALD cycles without plasma activation
shows a conductivity of 5.5070.69 S/cm, which is slightly lower
than the bare membrane. Consequently, its performance is not
improved.

Fig. 7b exhibited the initial charge–discharge curves of the PP
separators with 20 ALD cycles at different rates in a voltage range of
1.0�3.0 V vs. Liþ/Li. As depicted by the voltage profiles, the increase
of polarization after 20 ALD cycles was insignificant at rates of 0.2C,
1C, and 10C. Particularly, the initial specific discharge capacity at
0.2C rate was close to 175 mA h g�1, attaining the theoretical
specific discharge capacity of LTO [33]. In contrast, the initial specific
discharge capacity at 0.2C using the bare PP separator was less than
170 mA h g�1. This result indicated that the negative effect derived
from restricted ion conductivity through the separator pores could

Fig. 7. Electrochemical performances of LTO/Li cells using bare PP membranes and plasma-activated PP membranes subjected to different ALD cycles as separators:
(a) cycling data at variable rates, (b) initial charge–discharge curves at different rates in a voltage range of 1.0�3.0 V vs. Liþ/Li, and (c) long-term cycling performance at 5C.
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be well solved by coating a very thin layer of TiO2. After 100 times
prolonged charge/discharge cycles at 5C, the capacity of the
separators with 20 ALD cycles only declined by 9.0%, as shown in
Fig. 6c, illustrating reasonable cyclic stability besides the excellent
high discharge rate performance.

The above results clearly demonstrated that by utilizing same
ALD cycles for deposition of a TiO2 layer on the surface of PP
separators, a precedent plasma activation treatment could con-
siderably improve the consequent electrochemical performance of
LTO/Li cells. For the PP membrane subjected to 20 TiO2 ALD cycles
without plasma activation, the wettability of the membrane was
not adequately improved due to the sparse formation of a hydro-
philic TiO2 coating layer. Thus, the ion conductivity of the electro-
lyte through the separator pores could not be enhanced.
Meanwhile, TiO2 deposition by 500 ALD cycles in fact improved
the hydrophilicity of the membrane. However, the separator pores
were significantly narrowed in this case, which counterbalanced
the improved wettability favorable for ion transport. When the
bare PP separators were primarily activated by plasma, generation
of active groups on the highly chemically inert surface could
induce the layer-by-layer deposition of conformal TiO2 films at
very low ALD cycles. As a result, a cycle number of 20 was capable
of achieving a uniform coating and efficiently improving the
wettability of the PP separators to electrolytes. It is known that
the growth rate of TiO2 by ALD was very low [34], i.e. only 0.04–
0.06 nm/cycle. 20 ALD cycles indeed only led to a conformal,
ultrathin layer of TiO2, which should have thoroughly negligible
effects on the pore structure or porosity of the separators. The
improved wettability at no expense of pore size would facilitate
the ion flux of the electrolyte through the channels, which
accordingly upgraded the electrochemical performance of LIBs.

4. Conclusions

In this work we have introduced an ‘optimized’ ALD approach to
modifying the porous microstructure of PP separators used in LIBs.
By plasma activation of the bare PP membranes, active groups were
generated on the highly chemically inert surface of PP membranes,
thus ultrathin TiO2 films with a negligible effect on the pore size
were conformally deposited on the membrane surface by ALD at
only 20 cycles. The thin TiO2 ALD coating significantly suppressed
thermal shrinkage of the separators, which was expected to initiate
greatly improved safety of the LIBs. Moreover, the wetting issues of
the separators to the electrolyte were simultaneously solved due to
the formation of the uniform hydrophilic TiO2 layer. With the
assistance of plasma activation, a significant increase of hydrophi-
licity of the membranes by ALD coating was achieved at no expense
of obvious pore narrowing, which facilitated a net ion flux of the
electrolyte across the separator channels. Therefore, an increase of
specific discharge capacities at different discharge rates was
obtained while the cyclic stability was reasonably maintained,
which upgraded the electrochemical performance of LIBs with a
conventional electrolyte.

Acknowledgments

This work is financially supported by the Natural Science
Research Program of the Jiangsu Higher Education Institutions
(13KJA430005), the National Natural Science Foundation of China
(21125629), the Jiangsu Natural Science Funds for Distinguished
Young Scholars (BK2012039), and the Jiangsu Science and Tech-
nology Pillaring Program (for industry).

References

[1] K. Tomabechi, Energy resources in the future, Energies 3 (2010) 686–695.
[2] G.M. Ehrlich, Lithium-ion batteries, in: D. Linden, T.B. Reddy (Eds.), Handbook

of Batteries, third ed.,McGraw Hill Books, New York, 2002, pp. 35.1–35.94.
[3] L.X. Yuan, Z.H. Wang, W.X. Zhang, X.L. Hu, J.T. Chen, Y.H. Huang,

J.B. Goodenough, Development and challenges of LiFePO4 cathode material
for lithium-ion batteries, Energy Environ. Sci. 4 (2011) 269–284.

[4] M.R. Palacín, Recent advances in rechargeable battery materials: a chemist's
perspective, Chem. Soc. Rev. 38 (2009) 2565–2575.

[5] P.G. Bruce, B Scrosati, J.M. Tarascon, Nanomaterials for rechargeable lithium
batteries, Angew. Chem. Int. Ed. 47 (2008) 2930–2946.

[6] P. Arora, Z. Zhang, Battery separators, Chem. Rev. 104 (2004) 4419–4462.
[7] S.S. Zhang, A review on the separators of liquid electrolyte Li-ion batteries,

J. Power Sources 164 (2007) 351–364.
[8] S. Tobishima, J. Yamaki, A consideration of lithium cell safety, J. Power Sources

81 (1999) 882–886.
[9] S.W. Choi, S.M. Jo, W.S. Lee, Y.R. Kim, An electrospun poly(vinylidene fluoride)

nanofibrous membrane and its battery applications, Adv. Mater. 15 (2003)
2027–2032.

[10] P. Kritzer, Nonwoven support material for improved separators in Li-polymer
batteries, J. Power Sources 161 (2006) 1335–1340.

[11] T.H. Cho, M. Tanaka, H. Onishi, Y. Kondo, T. Nakamura, H. Yamazaki,
S. Tanase, T. Sakai, Silica-composite nonwoven separators for lithium-ion
battery: development and characterization, J. Electrochem. Soc. 155 (2008)
699–703.

[12] S.S. Zhang, K. Xu, T.R. Jow, An inorganic composite membrane as the separator
of Li-ion batteries, J. Power Sources 140 (2005) 361–364.

[13] D. Takemura, S. Aihara, K. Hamano, M. Kise, T. Nishimura, H. Urushibata,
H. Yoshiyasu, A powder particle size effect on ceramic powder based separator
for lithium rechargeable battery, J. Power Sources 146 (2005) 779.

[14] J.A. Choi, S.H. Kim, D.W. Kim, Enhancement of thermal stability and cycling
performance in lithium-ion cells through the use of ceramic-coated separa-
tors, J. Power Sources 195 (2010) 6192–6196.

[15] J.S. Park, H.J. Sung, Y.M. Lim, H.J. Gwon, Y.C. Nho, High density polyethylene
membrane filled with alumina prepared by a gamma ray irradiation,
J. Nanosci. Nanotechnol. 11 (2011) 7483–7486.

[16] J. Fang, A. Kelarakis, Y.W. Lin, C.Y. Kang, M.H. Yang, C.L. Cheng, Y. Wang,
E.P. Giannelis, L.D. Tsai, Nanoparticle-coated separators for lithium-ion bat-
teries with advanced electrochemical performance, Phys. Chem. Chem. Phys.
13 (2011) 14457–14461.

[17] C.G.P.H. Schroen, M.C. Wijers, M.A. Cohen-Stuart, A. Vander Padt, K. Van’t Riet,
Membrane modification to avoid wettability changes due to protein adsorp-
tion in an emulsion/membrane bioreactor, J. Membr. Sci. 80 (1993)265–274 80
(1993).

[18] M.H. Ryou, Y.M. Lee, J.K. Park, J.W. Choi, Mussel-inspired polydopamine-
treated polyethylene separators for high-power Li-ion batteries, Adv. Mater.
23 (2011) 3066–3070.

[19] Z.-Y. Cui, Y.-Y. Xu, L.-P. Zhu, J.-Y. Wang, Z.-Y. Xi, B.-K. Zhu, Preparation of PVDF/
PEO-PPO-PEO blend microporous membranes for lithium ion batteries via
thermally induced phase separation process, J. Membr. Sci. 325 (2008)
957–963.

[20] J.-L. Shi, L.-F. Fang, H. Li, Z.-Y. Liang, B.-K. Zhu, L.-P. Zhu, Enhanced performance
of modified HDPE separators generated from surface enrichment of polyether
chains for lithium ion secondary battery, J. Membr. Sci. 429 (2013) 355–363.

[21] Y. Wang, J.H. Kim, K.H. Choo, Y.S. Lee, C.H. Lee, Hydrophilic modification of
polypropylene microfiltration membranes by ozone-induced graft polymer-
ization, J. Membr. Sci. 169 (2000) 269–276.

[22] Z.K. Xu, Q.W. Dai, J. Wu, X.J. Huang, Q. Yang, Covalent attachment of
phospholipid analogous polymers to modify a polymeric membrane surface:
a novel approach, Langmuir 20 (2004) 1481–1488.

[23] C.A. Wilson, R.K. Grubbs, S.M. George, Nucleation and growth during Al2O3

atomic layer deposition on polymers, Chem. Mater. 17 (2005) 5625–5634.
[24] S.M. George, Atomic layer deposition: an overview, Chem. Rev. 110 (2010)

111–131.
[25] K. Marianna, F. Elina, R. Mikko, L. Markku, Surface modification of thermo-

plastics by atomic layer deposition of Al2O3 and TiO2 thin films, Eur. Polym.
J. 44 (2008) 3564–3570.

[26] Q. Xu, Y. Yang, X.Z. Wang, Z.H. Wang, W.Q. Jin, J. Huang, Y. Wang, Atomic layer
deposition of alumina on porous polytetrafluoroethylene membranes for
enhanced hydrophilicity and separation performances, J. Membr. Sci. 415–
416 (2012) 435–443.

[27] Y.S. Jung, A.S. Cavanagh, L. Gedvilas, N.E. Widjonarko, I.D. Scott, S.H. Lee,
G.H. Kim, S.M. George, A.C. Dillon, Improved functionality of lithium-ion
batteries enabled by atomic layer deposition on the porous microstructure of
polymer separators and coating electrodes, Adv. Energy Mater. 2 (2012)
1022–1027.

[28] Q. Xu, Y. Yang, J. Yang, X. Wang, Z. Wang, Y. Wang, Plasma activation of porous
polytetrafluoroethylene membranes for superior hydrophilicity and separa-
tion performances via atomic layer deposition of TiO2, J. Membr. Sci. 443
(2013) 62–68.

[29] Q. Xu, J. Yang, J. Dai, Y. Yang, X. Chen, Y. Wang, Hydrophilization of porous
polypropylene membranes by atomic layer deposition of TiO2 for simulta-
neously improved permeability and selectivity, J. Membr. Sci. 448 (2013)
215–222.

H. Chen et al. / Journal of Membrane Science 458 (2014) 217–224 223

http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref1
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref2
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref2
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref3
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref3
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref3
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref3
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref4
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref4
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref5
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref5
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref6
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref7
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref7
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref8
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref8
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref9
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref9
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref9
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref10
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref10
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref11
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref11
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref11
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref11
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref12
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref12
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref13
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref13
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref13
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref14
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref14
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref14
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref15
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref15
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref15
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref16
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref16
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref16
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref16
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref17
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref17
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref17
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref17
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref18
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref18
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref18
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref19
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref19
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref19
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref19
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref20
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref20
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref20
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref21
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref21
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref21
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref22
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref22
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref22
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref23
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref23
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref23
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref24
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref24
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref25
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref25
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref25
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref25
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref25
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref25
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref26
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref26
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref26
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref26
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref27
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref27
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref27
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref27
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref27
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref28
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref28
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref28
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref28
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref28
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref29
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref29
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref29
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref29
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref29


[30] S.M. Lee, E. Pippel, U. Goesele, C. Dresbach, Y. Qin, C.V. Chandran,
T. Braeuniger, G. Hause, M. Knez, Greatly increased toughness of infiltrated
spider silk, Science 324 (2009) 488–492.

[31] J.L. Falconer, K.A. Magrini-Bair, Photo catalytic and thermal catalytic oxidation
of acetaldehyde on Pt/TiO2, J. Catal. 179 (1998) 171–178.

[32] Q.Q. Wang, X.T. Wang, Z.H. Wang, J. Huang, Y. Wang, PVDF membranes with
simultaneously enhanced permeability and selectivity by breaking the trade-
off effect via atomic layer deposition of TiO2, J. Membr. Sci. 442 (2013) 57–64.

[33] Y.Q. Wang, L. Gu, Y.G. Guo, H. Li, X.Q. He, S. Tsukimoto, Y. Ikuhara, L.J. Wan,
Rutile-TiO2 nanocoating for a high-rate Li4Ti5O12 anode of a lithium-ion
battery, J. Am. Chem. Soc. 134 (2012) 7874–7879.

[34] M. Kemell, V. Pore, J. Tupala, M. Ritala, M. Leskelä, Atomic layer deposition of
nanostructured TiO2 photocatalysts via template approach, Chem. Mater. 19
(2007) 1816–1820.

H. Chen et al. / Journal of Membrane Science 458 (2014) 217–224224

http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref30
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref30
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref30
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref31
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref31
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref31
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref32
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref32
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref32
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref32
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref33
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref34
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref34
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref34
http://refhub.elsevier.com/S0376-7388(14)00109-4/sbref34

	Plasma activation and atomic layer deposition of TiO2 on polypropylene membranes for improved performances �of...
	Introduction
	Experimental
	Materials
	Plasma activation of PP separators
	ALD on PP separators
	Characterizations
	Electrochemical performance

	Results and discussion
	Conclusions
	Acknowledgments
	References




