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a b s t r a c t

Safety is one of the most factors for lithium-ion batteries (LIBs). In this work, a novel kind of ceramic sep-
arator with high safety insurance is proposed. We fabricated the core-shell nanofiber separators for LIBs
by atomic layer deposition (ALD) of 30 nm Al2O3 on the electrospinning nonwoven fiber of polyvinylidene
fluoride-hexafluoropropylene (PVDF-HFP). The separators show a pretty high heat resistance up to 200 �C
without any shrinkage, an excellent fire-resistant property and a wide electrochemical window. Besides,
with higher uptake and ionic conductivity, cells assembled with the novel separator shows better elec-
trochemical performance. The ALD produced separators exhibit great potential in elaborate products like
3C communications and in energy field with harsh requirements for safety such as electric vehicles. The
application of ALD on polymer fiber membranes brings a new strategy and opportunity for improving the
safety of the advanced LIBs.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

With the continuously increasing demand of the energy con-
sumption, lithium-ion batteries (LIBs) have been developed as
one of the most attractive electrical power systems used in porta-
ble electronic devices and large scale energy storage systems like
electric vehicles (EVs) [1–4] due to their high energy density, long
cycle life, no memory effect, as well as low self-discharging [3].
Unfortunately, with tremendous applications of the LIBs used in
our daily life, the safety problems have become more and more
noticeable, especially after the explosion accident of the Galaxy
Note 7 cellphone made in the Samsung Electronics.

The separator is a key safety related component of LIBs that can
prevent electrodes from contact each other, and its dimensional
stability, mechanical strength and melting point can also make a
big difference for the safety performance of batteries. Although
commercial microporous polyolefin separators, such as polyethy-
lene (PE), polypropylene (PP) and PP/PE/PP, have been widely used
because of their excellent chemical stability and mechanical
strength, they are still suffering from severe thermo-shrinkage at
high temperature and poor wettability problems as well as high
cost for the high quality products, which limit their further appli-
cation in the electric vehicles (EVs) and large scale energy storage
systems. In order to solve these questions, a lot of researches have
been done to make sustained improvements for new and better
separators.

Most reported modified separators can be divided into four
types [3,5]: modified polyolefin separators [6–11], inorganic-
organic composite separators [12–15], polymer electrolyte mem-
brane [16–23] and nonwoven membrane [24–28]. Among those
studies, the electrospinning of nonwoven separators is an effective,
versatile controllable, multi-selective of substrate and economic
way to make large scale microporous nonwoven separators [29].
Besides nonwoven separators have high porosity and great wetta-
bility. Various efforts have been made to fabricate special func-
tional nonwoven separators. For example, very recently a core-
shell flame-retardant nonwoven separator was prepared with
triphenyl phosphate (TPP) as the core to suppress the combustion
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of the electrolyte at high temperature [25]. However, most com-
monly used electrospinning nonwoven polymers still have a ther-
mal instability problem such as shrinkage at high temperature.
And this problem can be easily solved by ceramic coating which
has been reported to be successfully applied on industrial produc-
tion. Our previous work reported a ceramic coating of Al2O3 mixed
with carboxy methylated cellulose (CMC) and styrene butadiene
rubber (SBR) water soluble binder, which showed great heat stabil-
ity and wettability [30], and a polydopamine (PDA) coating on
ceramic separator, which was thermally and mechanically stable
even at 230 �C [31]. Nevertheless, the present ceramic coating on
nonwoven separators is efficient to improve wettability and the
heat tolerance of the separator, and thus enhance the safety of bat-
teries, but the several micron thickness coating layer will increase
the thickness and mass of the separator obviously and then
decrease the energy density of the whole battery to some degree
[32]. Therefore, decrease of the thickness and mass of the ceramic
coating layer is one of the urgent demands for nonwoven separa-
tors for high density and high safety batteries.

Atomic layer deposition (ALD) is a technique to induce an ultra-
thin and conformal layer with precise thickness control and unifor-
mity by a self-limiting reaction mechanism [33,34]. It has been
widely used to make a modifying or protective coating layer on
original materials and devices for the semiconductor industry
[33,35]. Recent years, the ALD technology has been used to design
high performance components of cathodes [36,37], anodes
[36,38,39] and polyolefin separators [40–42] for lithium ion batter-
ies. The resulting nanostructures can attribute to form better LIBs
with high energy density, high safety, low cost and long service life
because of ALD’s low growth temperature, atomic scale deposition
and outstanding uniformity and conformality [43]. Except for act-
ing as a versatile and tunable technique to synthesis LIBs compo-
nents, ALD is also applied to precisely grow ultrathin films on
electrodes and electrolytes [44]. Previous study applied the classic
ALD in polyolefin separators has been proven to be effective to
functionalize the membranes with good wettability and thermal
stability and, at the same time, without obvious increase of thick-
ness and mass. The plasma enhancement before the ALD process is
an alternative route to generate highly reactive radicals and ions
and reduce the growth temperature [34,45].

In this work, we have designed and fabricated a novel core-shell
composite nonwoven separator, polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP)@Al2O3, by the ALD of Al2O3 on
the electrospinning nonwoven separator. The plasma treatment
before the traditional ALD process can provide active oxygen-
contained sites to bond with the ALD precursor source for better
deposition. The battery separators after ALD treatment show dras-
tically improved safety performance, among which excellent ther-
mal tolerance and great fire resistance are emphasized here.
Besides, other physical characterization and electrochemical test
are examined also.
2. Experimental details

2.1. Fabrication of PVDF-HFP@Al2O3 separator

The process is mainly comprised of two steps: the preparation
of the electrospinning fiber mat of PVDF-HFP, and the encapsula-
tion of the ultrathin Al2O3 layer on the polymer fiber. To make non-
woven mat of electrospinning PVDF-HFP fiber, the 16 wt% spinning
solution was made as the following process: well dissolved PVDF-
HFP (Aldrich, M = 45,500–110,000) in the hybrid solvent of N-
methyl pyrrolidine (NMP)/acetone with volume ratio of 1:1 by
magnetic stirring for 8 h. The electrospinning process was achieved
through a self-assembled electrospinning setup with a high voltage
power supply, an inject pump and a copper plate as collector. The
feed rate of the PVDF-HFP solution was 300 ll/h under 10 kV, with
a 15 cm distance between the nozzle tip and the copper collector.
As-prepared nonwoven fiber matrix was first dried in an air-
circulating oven at 60 �C for 4 h, and then stored in vacuum oven
at 60 �C for 12 h.

The produced fiber mat was treated by oxygen reaction ion
etching (RIE) first at 50 W for 20 s for the plasma enhancement.
It is emphasized here that oxygen-derived free radicals can be
formed on the polymer surface. The membrane was quickly trans-
ferred into the chamber of the ALD system (Picosun Oy, R-200
Advanced) within 20 min. Using TMA (Al(CH3)3, 95%) as the alu-
mina precursor and the deionized water as oxygen source, the
reaction proceeded at 70 �C by sequential exposures of TMA and
H2O. A certain cycle is composed of TMA pulse for 0.1 s, N2 purge
for 15 s, H2O pulse for 0.1 s, and N2 purge for 30 s. The flow rate
of N2 was 50 sccm (standard cm3/min). After 150 reaction cycles
of Al(CH3)3/H2O for each side, the final separator was obtained.
2.2. Assembling of coin cells

Coin cells (CR 2016) with LiMn2O4 (LMO) cathode and lithium
tablet anode were assembled in a high-purity argon-filled glove
box (Braun) for electrical performance test. 90 wt% LiMn2O4 (Qing-
dao Xinzheng Material Co., Ltd, China), 5 wt% acetylene black (AB),
and 5 wt% PVDF were mixed in NMP to prepare the cathode of the
cell. The electrolyte used was consisted with ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1:1, weight ratio, Zhangjia-
gang Guotaihuarong New Chemical Materials Co., Ltd). PP separa-
tors and nonwoven separators of PVDF-HFP and PVDF-
HFP@Al2O3 were assembled respectively for the LMO batteries.

2.3. Characterization of the separators

A field emission scanning electron microscope (FESEM, Hitachi
S-4800) operated at 15 kV was used to view the morphology of
the separator. The diameter distribution and average value of the
separator fibers were statistically analyzed via the Image Pro Plus
software. And the energy dispersive X-ray spectroscopy (EDX, Hita-
chi S4800) was applied to make the elementary analysis. The field
emission transmission electron microscopy (TEM, JEM-1400) was
also applied to obtain the structure of as-prepared membrane.
Thermogravimetric (TG) was performed from 35 �C to 800 �C at
the heating rate of 5 �C/min in air on a Model STA 449 instrument
(NETZSCH Machinery and Instruments Co., Ltd) to further analyze
the thermal behavior and composition of the separator. Fourier
transform infrared spectroscopy (FTIR) study of separators was
also carried out on a Nicolet IS5 spectrometer (Thermo Fisher Sci-
entific Inc.) in the range of 400–4000 cm�1. X-ray photoelectron
spectroscopy (XPS) was performed to further determine the sur-
face element compositions of the separators.

Thermal stability tests of commercial PP, bare PVDF-HFP and
the ALD separators under different temperatures were performed
by storing them in an air-circulating drying oven for 30 min. And
the separators were sandwiched between two glass plates when
tested. The fire resistance of the PVDF-HFP separators before and
after the ALD process was studied in order to further demonstrate
the safety property of the separators. The OCV curves at 160 �C was
recorded of the fully charged LiFePO4 (LFP)/Graphite (G) full cells
(LFP/G/PVDF = 8:1:1) with different separators. Contact angle
changes were also tested by using a contact angle goniometer
(Powereach JC2000C1, Shanghai Zhongchen Digital Technique
Equipment Co., Ltd) with the same electrolyte for the 2016 coin
cells. Electrolyte uptake (EU) are measured and calculated by the
following equation:
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EUð%Þ ¼ ðm�m0Þ=m0 � 100%

where m0 and m are the mass of the separators before and after
soaked in electrolyte, respectively. The ionic conductivity (r) was
investigated and calculated by electrochemical impedance spec-
troscopy (EIS) using Autolab (Sino-Metrohm Technology Ltd) with
a frequency range of 0.1–105 Hz. The ionic conductivity related to
porosity, thickness and tortuosity is calculated by the following
equation:

r ¼ L=ðRb � SÞ

where L is the thickness of the separator, Rb is the bulk resistance of
the separator obtained by the EIS test, S is the area of the copper
electrode. The linear sweep voltammograms (LSV) of Li/separator/
stainless steel (SS) cell at a scan rate of 5 mV/s was measured in
order to test the stability of the ALD separator. To investigate the
electrochemical performance, the assembled CR2016 was load on
a battery testing system (LAND-V34, Wuhan LAND Electronics Co.,
Ltd.). Battery cycle performances at a current rate of 1C in the volt-
age range of 3–4.2 V was measured for 100 cycles. And rate capabil-
ities with the charge/discharge current sequence of 0.5 C, 1 C, 2 C, 5
C, 10 C and 0.5 C were measured to investigate the rate performance
of the separators.
3. Results and discussion

The morphology of pristine commercial Celgard PP (25 lm),
bare PVDF-HFP (40 ± 2 lm) and the prepared separator PVDF-
HFP@Al2O3 (42 ± 2 lm) are shown in Fig. 1a–c, respectively. The
bare PVDF-HFP and the ALD separator have the average fiber diam-
eter of around 450 nm and 500 nm, respectively. TEM image of
PVDF-HFP@Al2O3 separator (Fig. 1d) shows a core-shell structure,
and the thickness of the ALD-Al2O3 shell is around 30 nm.
Fig. 1. SEM image of (a) PP, (b) PVDF-HFP and (c) PVDF-HFP@ Al
To ensure that the deposition of Al2O3 took place over all the
nonwoven separator and deep into its inner area, the energy dis-
persive spectrometer (EDS) element mapping and EDS spectra
were applied for the separator’s cross section. As shown in Fig. 2,
the distribution of the Al and O is throughout the whole composite
nonwoven membrane, indicating a uniform deposition. And the
EDS result displays that the O/Al atom ratio (1.506) is close to
the theoretical value (1.5), conforming the formation of Al2O3.

The effects of the O2 plasma and ALD process were further char-
acterized by FTIR and XPS. As shown in Fig. 3a, compared with the
bare PVDF-HFP, the PVDF-HFP@Al2O3 shows a broad absorption
peak at around 600 cm�1 which is ascribed to the AlAO bond of
the Al2O3 bulk vibrational mode. And an absorption band around
3400 cm�1 is also clearly observed due to the terminated -OH on
the Al2O3 surface. The separator after O2 plasma treatment
(PVDF-HFP-Plasma) shows two small peaks at 1759 cm�1 and
1852 cm�1. The 1759 cm�1 one is corresponding to the C@O bond
stretching vibration of carbonyl under the inductive effect of a-F;
the other at higher frequency of 1852 cm�1 should be attributed
to the vibration coupling of carbonyl, indicating the generation of
oxygen active site [46,47]. And this can be verified by the XPS
results. As shown in Fig. 3b, no evident signal of oxygen element
is detected on the surface of the bare PVDF-HFP separator, while
after plasma at 50 W for 20 s, the O1s characteristic peak located
at 530.8 eV is found obviously, which verifies the success of O2

plasma, agreeing well with the result of FTIR. The effect of oxygen
plasma is considered to form active sites for better ALD of Al2O3 in
the next step. In this case, the schematic diagram of the principle
(Scheme 1a) and final product structure (Scheme 1b) of the ALD
was given in Scheme 1. And after ALD process, the XPS peak
assigned to F disappears, indicating the successful coating of the
Al2O3 of ALD on the polymer fiber surface.

The increased mass of the ALD Al2O3 separator was measured
by TG. As shown in Fig. 3c, the final residue is down to 0 for the
2O3, and (d) TEM micrograph of the PVDF-HFP@Al2O3 fibers.



Fig. 2. EDS element mapping (a, b) and EDS spectra (c) of the cross section of PVDF-HFP@Al2O3 separator.

Fig. 3. FTIR (a) and XPS (b) of the PVDF-HFP, PVDF-HFP-Plasma and PVDF-HFP@Al2O3, (c) TG curves from 35 to 800 �C in air flow for the bare PVDF-HFP and the PVDF-
HFP@Al2O3 separator, (d) The LSV curves of the PP, PVDF-HFP and PVDF-HFP@Al2O3 at the scan rate of 5 mv/s.
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Scheme 1. Schematic diagram for (a) the principle and the fabrication steps and (b) the final core shell structure of ALD Al2O3 nonwoven separators.

Fig. 4. Photos of (a) commercial PP, (b) bare PVDF-HFP, and (c) PVDF-HFP@Al2O3

and their macroscopic changes after heat treatment at different temperatures.
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bare PVDF-HFP, and the ALD Al2O3 coating separator has 13% mass
left, revealing a thin thickness of the shell coating layer on polymer
fibers. The electrochemical stability windows of the PP, PVDF-HFP
and PVDF-HFP@Al2O3 separators assembled respectively as the Li/
Fig. 5. SEM images of (a) commercial PP, (b) PVDF-HFP and (c) PVDF-HFP@Al2O3 separato
cross section of the PVDF-HFP@Al2O3 under 300 �C without sandwiched between two g
separator/SS cells are shown by the LSV in Fig. 3d. The LSV result is
mainly related the oxidation potential of the electrolyte. The PVDF-
HFP@Al2O3 separator shows no obvious decomposition below 5 V,
suggesting great electrochemical stability. Compared with the
electrochemical window of pristine nonwoven separator and PP,
there is few side effect for the introduced ALD Al2O3 layer.

The thermal stability of separators was determined via the
thermo-shrinkage test by storing separators sandwiched between
two glasses in a drying oven at a series temperatures from 160
�C to 270 �C each for 30 min. Fig. 4 shows that the PVDF-
HFP@Al2O3 separator does not shrink even at 270 �C but turns yel-
low, and the PP and PVDF-HFP with similar melting point around
165 �C both shrink at 160 �C and turn transparent after 170 �C.
The results demonstrate an excellent thermal stability advantage
of the ALD separator over both bare commercial PP and PVDF-
HFP. The introduction of the ultra-thin high heat tolerance ALD
Al2O3 layer outside the polymer significantly enhanced the thermal
stability of the separators, which greatly increased the safety of the
battery.

In order to make clear the morphology changes of the separa-
tors after heat treatment, the SEM images of three separators cor-
responding to Fig. 4 are shown in Fig. 5. The commercial PP has
microporous pores which are entirely shutdown at 170 �C
r and their morphologies after heat treatment under different temperatures, (d) the
lasses.



170 X. Shen et al. / Applied Surface Science 441 (2018) 165–173
(Fig. 5a), and the PVDF-HFP has turned into ribbon type at 160 �C
due to its melting and then gradually crystalized when after 170
�C (Fig. 5b), but the PVDF-HFP@Al2O3 has shown few obvious
change until fractures appeared at 270 �C indicating a trend of
Fig. 8. Optical photographs of the flame retardant behavior of the PVDF-HFP and PVDF-
different time (b–d, f, h, g).

Fig. 6. The equilibrium contact angle of (a) PP, a

Fig. 7. (a) Nyquist plot of AC impedance measurements (ss/separator/ss) and (b) ionic con
membrane.
pulverizing (Fig. 5c). Such excellent thermal stability after the
ALD process is because of the coating of the ultrathin ceramic layer
onto every single polymer fiber, forming a core-shell structure
which can be seen from the TEM image (Fig. 1d) as well as the cross
HFP@Al2O3 separators taken with the flame approaching (a, e) and after ignited for

nd (b) PVDF-HFP, and (c) PVDF-HFP@Al2O3.

ductivity and electrolyte uptake diagram of the PP, PVDF-HFP and PVDF-HFP@Al2O3



Fig. 9. The OCV curves at 160 �C of LFP/G full cells with different separators.
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section SEM image (Fig. 5d). The cross section shows lots of nan-
otubes of the PVDF-HFP@Al2O3 after treatment at 300 �C for 30
min without glasses sandwiching. The forming of nanotubes is
due to the melting of the polymer fiber core and oriented shrinkage
onto the inter wall of the thermal stable Al2O3 coating layer. With-
out this coating layer, the polymer fiber will melt and cannot main-
tain the 1D structure or form nanotubes. This reveals that the Al2O3

is uniformly coated on the surface of the fibers forming core-shell
structure. In addition, combining with the shrinkage test, 200 �C is
a reasonable threshold operating temperature for the PVDF-
HFP@Al2O3 separator.

In order to characterize the wettability of the separators to elec-
trolyte, the contact angles of the PP, PVDF-HFP and PVDF-
HFP@Al2O3 were measured with the electrolyte. As shown in
Fig. 6, the equilibrium contact angle of the PVDF-HFP@Al2O3 (0�)
and PVDF-HFP (0�) are smaller than that of PP separator (45.0�),
indicating of an excellent wettability of the nonwoven separator
than polyolefin separator. This is due to the high porosity of
Fig. 10. Cycle performance (a) and rate property (b) of batter
nonwoven separators and the great affinity of nonwoven separa-
tors to the electrolyte.

Nyquist plots (Fig. 7a) of EIS tests show bulk resistance value of
2.8, 1.8 and 1.6X of PP, PVDF-HFP and PVDF-HFP@Al2O3 separator
and the corresponding conductivity of are 0.44, 1.11 and 1.24 mS
cm�1, respectively, increasing slightly after the ALD process. These
results are consistent with increase of the electrolyte uptake due to
the great affinity of Al2O3 to the electrolyte (Fig. 7b).

The fire resistance is a key aspect for the safety performance of
the separator. It would benefit for the safety of the batteries if a
complete coating of noncombustible cloth onto the separator could
be successfully formed. As shown in Fig. 8, early in combustion
process, the bare PVDF-HFP shrinks immediately as the flame
approaches (Fig. 8a, b), but the PVDF-HFP@Al2O3 shows no obvious
shrinkage and turns dark due to the carbon deposit (Fig. 8e, f). After
ignited for 2 s, a flame tongue forms (Fig. 8c) but it extinguishes
immediately for the PVDF-HFP separator due to the self-
quenching function of F-containing polymers, while the PVDF-
HFP@Al2O3 almost remains as a self-supporting membrane with-
out flame (Fig. 8g). Upon completion of the combustion after 10
s, the PVDF-HFP membrane has turned into carbon compounds
and dropt down, but for the ALD sample, after 120 s an ultrathin
feeble white sheet composed of the ALD Al2O3 is left. And this test
demonstrates that the ultrathin ceramic coating of Al2O3 by ALD
process can effectively suppress the combustion of the separator
and offer a high insurance for the battery safety. This is mainly
due to that alumina is one of the best refractory materials.

In order to analysis the safety performance of the separator in
real battery systems, the open circuit voltage (OCV) tests at 160
�C was carried out with full cells with LiFePO4 as cathode, graphite
as anode and LiClO4/EC/PC as electrolyte. As shown in Fig. 9, the
voltage of the cell with PP separator dropped sharply after 300 s
and approached to 0 V after about 1500 s. However, potential of
PVDF-HFP@Al2O3 separator maintain stable at the initial level,
which shows a pretty high thermal stability of the novel core-
shell structured separator in real battery systems.

In order to assess the electrochemical performance of batteries
with as-prepared separator, the cycling and rate performance were
ies with PP, PVDF-HFP and PVDF-HFP@Al2O3 separators.



Fig. 11. Long cycle performance of batteries with PVDF-HFP@Al2O3 separators.
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tested and shown in Fig. 10. The Li/PVDF-HFP@Al2O3/LMO coin
cells were assembled and used for testing within the voltage range
of 3–4.2 V (vs Li+/Li) at 1C, and the cells with commercial PP and
bare PVDF-HFP were also assembled as comparison. As shown in
Fig. 10a, cells with PP, PVDF-HFP, PVDF-HFP@Al2O3 show first
discharge capacity of 96.40, 96.99, 98.88 mAh/g and columbic
efficiency of 92.56%, 97.73% and 96.41%, respectively. The ALD sep-
arator shows higher discharge capacity and higher coulombic effi-
ciency than commercial PP due to the higher porosity and higher
ionic conductivity. And these cells show identical capacity main-
tained ratio over 96.5% after 100 cycles, and all of them show the
coulombic efficiency of near 100%. More detail charge-discharge
curves of different cycles have been taken out and given in
Fig. 10b. Cycling test indicates that the batteries with PVDF-
HFP@Al2O3 has good cycling stability besides its great thermal sta-
bility and flame retardant property.

Rate performance of the LiMn2O4/Li coin cells with the three
kinds of separators was also examined (Fig. 10c) to further
investigate the electrochemical performance. All of their discharge
capacities decrease gradually with the current rate increasing, and
could go back to the initial level as the rate comes back to 0.5C. The
discharge C-rate capacities of PVDF-HFP@Al2O3 separator cell is
higher than that of PVDF-HFP or PP cell. And the difference among
three separators became larger at higher discharge current rate,
which is in conformance with their electrolyte uptake and ionic
conductivity. At high rate of 10 C, the capacity of PVDF-
HFP@Al2O3, PVDF-HFP and PP could be maintained at 68.51%,
85.90%, and 86.3% of the initial capacity at 0.5 C, indicating a great
rate performance of the PVDF-HFP@Al2O3 cell. The enhanced rate
performance of the core-shell structured separator is due to the
high electrolyte uptake and high ion conductivity. In order to make
sure the long cycle stability, 300 cycles was applied on the cell with
PVDF-HFP@Al2O3 (Fig. 11), the result shows a capacity maintained
ratio of 94.52% and a high coulombic efficiency over 99% during
cycling.
4. Conclusion

A novel ceramic composite nonwoven separator with the core-
shell structure for lithium-ion batteries has been fabricated. The
new separator is prepared by electrospinning of polymer and then
depositing of Al2O3 onto the fiber mat via ALD technique. As-
fabricated separator has remarkable thermal stability and fire
resistance property, which substantially improve the safety insur-
ance for lithium-ion batteries. Besides, the separator shows great
electrochemical stability. At the same time, stable cycling perfor-
mance and great rate performance are shown which are consistent
with the high electrolyte uptake ratio and the high ionic conductiv-
ity. A small disadvantage of the PVDF-HFP@Al2O3 separator is the
cost of the ALD process which depends on the development of
the ALD technique.
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