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Abstract

The low crystallinity poly(vinylidene fluoride)/tetraethyl orthosilicate silane (PVDF/TEOS) composite separator with a finger-
like pore structure for lithium-ion battery has been successfully prepared by non-solvent-induced phase separation (NIPS)
technique. The PVDF/TEOS composite separator shows the excellent wettability and electrolyte retention properties compared
with Celgard 2320 separator. AC impedance spectroscopy results indicate that the novel PVDF/TEOS composite separator has
ion conductivity of 1.22 mS cm™" at 25 °C, higher than that of Celgard 2320 separator (0.88 mS c¢m™'). The lithium-ion
transference number of PVDF composite separator added 0.7% TEOS was 0.481, better than that of Celgard 2400 (0.332).
What is more, the lithium-ion batteries assembled with PVDF/TEOS composite separator show good cycling performance and

rate capability.
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Introduction

Scientists and engineers have long believed in the promise of
batteries to change the world. The ubiquitous battery has al-
ready come a long way, especially lithium-ion batteries.
Owing to their high energy density and outstanding cycle life,
lithium-ion batteries are now widely employed in commercial
electronics, and also furthered into surging markets such as
electrical vehicles [1]. Separator, which is sandwiched be-
tween the cathode and the anode to prevent the physical con-
tact of the electrodes while enabling free ionic transport and
electronic flow, directly affects the interface structure [2], the
internal resistance [3-5], the battery capacity [2, 3, 6—11],
cycle characteristics [12], and safety performance.
Essentially, a separator should be chemically and electro-
chemically stable toward the electrolyte and electrode mate-
rials and must be mechanically strong enough to withstand
handing during battery assembly; moreover, it should have
sufficient porosity to absorb liquid electrolyte for high ionic
conductivity. The most common separator materials used in
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lithium-ion batteries are polyethylene (PE) and polypropylene
(PP). They have good mechanical stress property and poly-
propylene (PP) separator has good thermodynamic stability.
In addition, the SiO,/PVDF composite separator combined
with the good mechanical strength of PP nonwoven has been
prepared and applied to lithium-ion batteries [13]. The addi-
tion of nanocrystalline cellulose (NCC) has improved the elec-
trolyte retention and storage modulus of PVDF-HFP compos-
ite separator [14]. What’s more, the single ion polymer elec-
trolyte which is comprised of polymeric lithium tartaric acid
borate salt (PLTB) and PVDF-HFP has been used to improve
cellulose composite separator. The enhanced composite sepa-
rator shows higher ionic conductivity, good flame retardancy,
and superior thermal resistance compared to the commercial
polypropylene (PP) separator [15]. However, the polyethylene
(PE) and polypropylene (PP) separators have low porosity,
poor wettability with polar liquid electrolyte, and large ther-
mal shrinkage at high temperatures. These drawbacks affect
cell resistance, energy density, rate capability, and safety of
lithium-ion batteries [12, 16-18].

A promising way to overcome these problems is using
room temperature ionic liquids (RTILs), which has several
attractive features, such as chemical and thermal stability,
non-volatility, and intrinsic high ionic conductivity at room
temperature which results in the improved safety in case of
overcharging. Recently, gel polymer-based electrolytes
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(GPE), including polyethylene oxide (PEO) [10], cellulose
[11], polyacrylonitrile (PAN) [12], poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) [16], and
poly(vinylidene fluoride) (PVDF) [17], have been widely in-
vestigated, because of their high ionic conductivity, electro-
chemical stability, and electrolyte wettability.

But the poor strength of GPE hindered the application in
batteries [18]. Due to the strong electron-withdrawing func-
tionality in C—F in the molecular structure, PVDF becomes
one of the typical polymers which are used as the gel polymer
separator [19]. The connectivity of pore and crystallinity of
PVDF separators contribute to the lithium-ion conductivity,
because the well-interconnected pore can reduce the distance
of ion migration and the lower crystallinity can improve the
area of amorphous domain [20]. However, the mechanical
stress and ion conductivity could not afford the requirements
of power batteries.

Composite separators combine the advantages of GPE and
polyolefin separators. They have good mechanical stress
property, wettability, and electrolyte retention properties.
Researchers work on the preparation of composite separator
and investigate the properties of different composite separa-
tors, but the structure of composite layers has not been inves-
tigated. In this paper, PVDF/Celgard 2320 composite separa-
tor with a novel finger-like pore structure has been prepared
by non-solvent-induced phase separation (NIPS) method. In
addition, PVDF composite layer with low crystallinity is ob-
tained by adding tetraethyl orthosilicate silane (TEOS).

Experimental
Preparation of PVDF/TEOS composite separator

Twelve grams pristine PVDF (PVDF, HSV900, Arkema Inc.
M,, =1000,000 g mol ") and 1 g polyvinyl pyrrolidone (PVP,
K30, Damao Chemical Reagent Co., Ltd., Tianjin, China)
were mixed in 86.8 g N,N-Dimethylacetamide (DMAc,
Sinopharm Chemical Reagent Co., Ltd., Ningbo, China) in a

Fig. 1 Cross section of pristine
PVDE/PP composite separators
with different composite layer
thicknesses (the composite layer
thickness in a is 10 um and the
composite layer thickness in b is
40 pum)
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conical flask with continuously stirring. Then, 0.2 g TEOS
(Sinopharm Chemical Reagent Co., Ltd., Ningbo, China)
was added into the conical flask. The mixture was continu-
ously stirred at 70 °C for 12 h to obtain the homogeneous
casting solution. Then the conical flask containing the homo-
geneous casting solution was stoppered and placed in a vacu-
um oven at 70 °C overnight to eliminate the air bubbles.
Composite separator was prepared by coating process; there-
after, the casting solution was cast on Celgard 2320 by a
home-made casting knife. The thickness of PVDF layer was
about 10 um. The wet composite separator was left in air for
10 s at 25 °C and was then immersed into the mixing coagu-
lation bath (W; geionized water: Wi pmac = 8:2) for 12 h. The
resulting separator was immersed into deionized water for
3 days to remove the residue solvent. Finally, the composite
separator was dried in vacuum oven at 50 °C for 12 h to
remove the residue water.

Electrode preparation and cell assembly

A cathode slurry comprising 80% LiCoO, (Hunan Shanshan
Battery Materials Co. Ltd., China), 10% PVDF (Aladdin,
M, =150,000 g molfl), 10 wt% carbon black (Super P,
Timcal), and N-methyl-1-pyrrolidone (NMP, Aldrich) were
casted on aluminum foil by using a doctor blade and dried at
60 °C for 12 h. A lithium metal was used as counter electrode in
this study. Half cells (CR2025-type coin cell) were assembled by
sandwiching the prepared membranes between a LiCoO, cath-
ode and a lithium metal within an argon-filled glove box
(Universal 2440/750) with a low moisture level (< 1 mg L.
The liquid electrolyte was 1.0 M LiPFs—ethylene carbonate (EC)/
dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC)
(1:1:1, vAv) (Duoduo Reagent Co. Ltd., China).

Material characterization

The ionic conductivity (5§, mS cm ') was evaluated by AC
impedance spectroscopy in a frequency range from 10 2 to
10° Hz with 5 mV of AC amplitude at 25 °C. The separators
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(electrolyte soaked) were sandwiched between two stainless
steels (SS, diameter = 16.2 mm) which were assembled in
CR2025-type coin cells. The cell assembly was also done in
the glove box with argon gas of low water content. The ionic
conductivity was calculated as Eq. (1):

Ry xA (l)

where Ry, is the bulk resistance of the electrolyte and the inter-
cept of the Z™-axis of the straight line, and / and A are the
thickness and area of the separator disk, respectively.

The electrolyte uptake was measured by immersing the
separator in the liquid electrolyte at 25 °C for 30 min. Then
the liquid electrolyte-soaked separator was taken out and
weighed quickly on a microbalance after removing the excess

Fig. 2 SEM images of the top
surface of the PVDF/TEOS
composite separator (a, b, ¢, d,
and e represent PVDF/TEOS
composite separator with 0.1%,
0.3%, 0.5%, 0.7%, and 1.0%
TEOS additions, respectively)
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surface solution with wipes. Liquid electrolyte uptake was
calculated as Eq. (2):

_Wi-W

Eu(%) W
0

x 100% (2)

where Eu is the PVDF liquid electrolyte uptake, and W, and
W, are the weight of separators before and after soaked in
liquid electrolyte, respectively.

The porosity of a separator has a large influence on the
electrolyte uptake and wettability of the separator. The poros-
ity of separator was calculated as Eq. (3):

Porosity(§) = 1—% (3)

where m is the weight of PVDF, while p and v represent the
density of PVDF and the volume of the separator, respectively.
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Lithium-ion transference number is one of the important
indicators for evaluating battery performance. The lithium-
ion transference number was calculated as Eq. (4):

(4)

where T, is the lithium-ion transference number, while I° rep-
resents the polarization start current and I*° represents the po-
larization steady-state current, respectively. By assembling a
symmetrical analog battery which has a structure of lithium
sheet/polymer electrolyte separator/lithium sheet, I° and I** of
the analog battery can be measured by a frequency response
analyzer (FRA, CHI660D, Shanghai).

Morphology of composite separators after cycled at 1 C
rate for 300 cycles was studied by scanning electron micro-
scope (SEM, JSMS5600L, Japan). Crystallinity of composite
separators was investigated by X-ray diffraction (XRD,
Rint2000, Japan).

Thermogravimetric analysis (TGA) of the separators was
carried out by 704 F1 Phoenix. The samples were tested in an
argon atmosphere at a heating rate of 5 °C min .

The diffuse reflectance infrared spectrometry (DRIFT) was
employed to measure the infrared spectra (IR) of the samples
in the range of 400-4000 cm ' with the resolution 2 cm ' ona
BRUKER VECTOR-22 spectrometer.

The half cells were assembled in an argon-filled glove box
and sealed in 2025-type coin cells. Galvanostatic charge/
discharge cycling was performed at voltage range of 3.0—

Fig. 3 SEM images. a The top
surface of the pristine PVDF
composite separator. b The top
surface of the PVDF/TEOS
composite separator. ¢ The cross
section of PVDF/TEOS
composite separator. d The
finger-like pore structure of
PVDF/TEOS composite
separator
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4.3 V in a Neware Battery Test System (Shenzhen Neware
New Energy Tech. Co. Ltd).

Results and discussion

The morphology of porous PVDF separator prepared by non-
solvent-induced phase separation technique has a different
pore structure with different thickness. Figure 1 shows SEM
images of the cross section of PVDF composite separators
with different composite layer thickness, from which it can
be seen that the morphology of PVDF composite layer is close
to that of the pristine PVDF. According to Fig. 1a, the thick-
ness of the PVDF composite layer is about 10 pm, and the
pore structure is narrow and long. With the thickness of com-
posite layer increasing to 40 um as shown in Fig. 1b, the
macrovoids combined with the typical finger-like structure
was obtained. From the SEM micrographs of cross section
of these separators, it is found that the thinner composite layer
tends to precipitate in the finer and narrow structure, while the
thicker composite layer leads to form the finger-like structure.
This may be related with the solvent in casting solution ex-
changed with the non-solvent in coagulation bath due to dif-
fusion, which results in the liquid-liquid phase separation into
a polymer-rich phase and a polymer-poor phase. The liquid-
liquid phase separation continues to form the porous structure
until the polymer-rich phase is solidified by gelation [18].
Consequently, it can be concluded that the effect of the

X1@, 088)  1um
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composite layer with different thickness on the pore structure
is due to the penetration of the solution through the bottom of
PP pores and the occurrence of phase separation process when
the PP separator coated with the PVDF casting solution is
immersed into the mixing coagulation bath. The phase sepa-
ration process is dominated by the mixing coagulation bath
that permeates from the bottom of PP pores when the PVDF
composite layer is thinner. The coagulation bath solution
mainly enters the PVDF layer from the upper surface of the
separator for exchange which is similar to the phase exchange
process of a single-layer PVDF separator when the PVDF
composite layer is thicker, at the same time, the coagulation
bath solution also seeps into the PVDF composite layer from
PP separator; thus, the finger-like pores in the PVDF compos-
ite layer are very large. Excessive composite separator thick-
ness increases the separator resistance; therefore, the thickness
of PVDF composite layer of the composite separator prepared
in this paper is controlled at about 10 pm.

In order to investigate the morphology of the composite
separators, a series of PVDF/TEOS composite separator were
prepared with TEOS content varying from 0.1 to 1.0 wt%.
Figure 2 shows the SEM micrographs of the modified sepa-
rator surface, and it is found that the pore size of PVDF com-
posite layer increases slightly with TEOS content increasing.
Moreover, as is shown in Fig. 2, the composite separator has a
more uniform surface pore structure than pristine PVDF. The
uniform distribution of pore contributes to the battery perfor-
mance because the non-uniform distribution of pore leads to
the non-uniform current density and the active materials
which come in contact with the high-porosity regions would
have to work harder and invalid [21].

As shown in Fig. 3a, b, the PVDF composite separator has
a very smooth surface with the uniform micro-pore structure
and the pore size is about 0.2 um. In the presence of TEOS,
the pore size of composite separator becomes smaller.
Figure 3c, d shows the cross-section images of the composite
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Fig. 4 XRD patterns of pristine PVDF and PVDF/TEOS composite

separator

281
—— PVDF/TEOS composite separator © T~ §
. g g 2 <
—— PVDF composite separator 3 e 8
1 1 1 1 1 1 1 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number(cm™)

Fig. 5 FTIR spectrum of pristine PVDF and PVDF/TEOS composite
separator

separator, which has an asymmetric structure with a thick
finger-like pore layer and a thin skin layer. In general, the high
DMAC concentration in coagulation bath would delay the
liquid-liquid phase separation during the solvent and non-
solvent exchange process and it is beneficial for the formation
of a sponge-like pore [22]. But the finger-like pore forms in
the composite separator, which may be because the porous
substrate supports many channels for non-solvent and en-
hances the exchange rate of solvent and non-solvent.

To explore the effect of TEOS on the crystallinity of the
PVDF separator, the XRD patterns of both pristine PVDF
composite separator and PVDF/TEOS composite separator
were investigated. As shown in Fig. 4, it can be noted that
the diffraction peaks of 18.72°, 20.33°, and 26.72° can be
indexed as « phase of PVDF [23], and the diffraction peaks
of PVDF/TEOS composite separator are much broader and
the peaks are obviously weakened because the high dispersive
TEOS disrupts the ordered crystal during the solvent and non-
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Fig.6 Comparison of lithium-ion transference numbers of pristine PVDF
and PVDF/TEOS composite separator
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solvent exchange process, leading to the reduced crystallinity
and the expanded amorphous area of PVDF/TEOS composite
separator compared to the pristine PVDF composite separator.

Figure 5 is the FTIR spectrum of PVDF/TEOS and PVDF
composite separator. The vibrational absorption peaks at
1068.4 cmﬁl, 1411.6 cmﬁl, 796.5 cmfl, and 881.7 cm ! respec-
tively indicate the C—H bond linked with C—F bond in the PVDF
segment, C—F bond, the absorption peak of crystalline phase and
absorption peak of amorphous phase accordingly. As shown in
Fig. 5, the above-mentioned four kinds of vibration absorption
peaks exist in both the PVDF and PVDF/TEOS composite sep-
arator. However, the characteristic peaks appeared at 466.6 cm ™'
and 973.8 cm ' in the PVDF composite separator with TEOS
added. It can be seen from the literature that these are the vibra-
tional absorption peaks of Si-O-Si and Si-OH, respectively [24].
Combined with SEM and XRD analysis results, it can be con-
cluded that TEOS decomposes with water in the phase separation
process, but its decomposition product is too small or amor-
phous, resulting in the absence of decomposition products in
the SEM and XRD results.

The lithium-ion transference number is the percentage of
charge provided by lithium-ion migration during the cycling
of a lithium-ion battery over all ion transport charges, so the
value of the transport number is always less than 1. It is not
sufficient to evaluate the effect of Li-ion battery separators on
the battery’s rate performance depending on ionic conductivity

alone, because ionic conductivity includes the contribution of
both anions and cations. Hence, the product of the ionic con-
ductivity and the lithium-ion transference number is the indi-
cator that truly reflects the speed of lithium-ion transport in the
electrolyte-containing separator. Figure 6 shows a comparison
of lithium-ion transference numbers for the PVDF composite
separator with 0.7% TEOS added and Celgard 2400 separator.
It can be calculated from Eq. 4 that the lithium-ion transfer-
ence number of Celgard 2400 separator was 0.332, and the
PVDF composite separator added 0.7% TEOS was 0.481. The
lithium-ion transference number of the modified PVDF com-
posite separator is significantly higher than that of Celgard
2400 separator. This is mainly due to the fact that the modified
PVDF separator contains —C—F bond and Si—O-Si bond.

The AC impedance spectra of Celgard 2320, pristine PVDF,
and PVDF/TEOS composite separator are illustrated in Fig. 7,
respectively. It can be observed that the bulk resistance of
Celgard 2320, pristine PVDF, and PVDF/TEOS composite sep-
arators is 1.84, 1.94, and 1.86 2, respectively. According to
Eq. (1), the calculated ionic conductivity of Celgard 2320, pris-
tine PVDF, and PVDF/TEOS composite separator are 0.88,
1.17, 1.22 mS cm ", respectively, integrated with the thickness
of the membrane shown in Table 1 and the area of the blocking
electrode. The enhanced ionic conductivity and low internal re-
sistance of PVDF composite separator with the finger-like pore
structure will attribute to reduce the distance of the lithium-ion

Table 1  Ionic conductivity and liquid uptake of different separators

Properties Celgard 2320 PVDF composite separator PVDF/TEOS composite separator
Thickness (pm) 20 35 35

Liquid uptake (%) 75 160 200

Ionic conductivity (mS em Y 0.88 1.17 1.22
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Fig. 8 Rate capability (a) and cycling performance and columbic efficiency (b) of Celgard 2320 separator, pristine PVDF, and PVDF/TEOS composite

separator, respectively

migration in the separator and expand amorphous area which is
easily swollen by electrolyte [25]. However, under the condition
of using the same electrolyte solution, the ionic conductivity of
PVDF-HFP composite separator with TiO,, NaY, and SBA-15
added are 0.9, 107>, 0.5 mS cm ', respectively [26].

Figure 8a depicts the C-rate profiles of Celgard 2320 and
the composite separators, wherein the discharge specific ca-
pacity of PVDF/TEOS composite separator at 0.5 C, 1.0 C,
2.0C,3.0C, and 4.0 Crate is 154.9, 148.6, 144.8, 132.9, and
126.5 mAh g ', respectively, which are higher than those of
Celgard 2320 and pristine PVDF composite separator. This is
because the novel finger-like PVDF layer provides the ade-
quate liquid electrolyte retention and uniform pore distribu-
tion. At the same time, the PVDF amorphous area absorbs the
mass of electrolyte and improves the wettability of separator.

The cycling performance of the different separators are sum-
marized and compared in Fig. 8b. The discharge capacity
retention after the 100th cycle is found to be 90.0% for the
PVDF composite separator, 90.2% for the PVDF/TOES com-
posite separator, and 79.3% for Celgard 2320 separator, re-
spectively. This excellent cycling performance of the PVDF/
TOES composite separator may be ascribed to its highly de-
veloped porous structure, better affinity for liquid electrolyte,
and good electrolyte retention during cycling.

Conclusions

PVDF/TEOS composite separator with the novel finger-like
structure was successfully prepared via NIPS. The PVDF/
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TEOS composite separator has ion conductivity of
1.22mS ecm™ " at 25 °C and the lithium-ion batteries assembled
with the PVDF/TEOS composite separator exhibit good cy-
cling performance and rate capability compared with the com-
mercial separator. Hence, the facile preparation of PVDF/
TEOS composite separator provides a method to modify the
commercial separator for lithium-ion battery.
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