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Separator is supposed to own outstanding thermal stability, superior wettability and electrolyte uptake,
which is essential for developing high-rate and safe lithium metal batteries (LMBs). However, commercial
polyolefin separators possess poor wettability and limited electrolyte uptake. For addressing this issue, we
put forward a composite separator to implement above functions by doping layered-silicate (talcum) into
polyvinylidene fluoride (PVDF). With significant improvement of electrolyte absorption benefiting from
the strong adsorption energy values (-1.64 ~ -1.70eV) between talcum and the electrolyte in lithium
metal batteries, PVDF/Talcum (PVDF/TM) composite separator owns a small contact angle and superior
electrolyte uptake. PVDF/TM composite separator with 10 wt% talcum (T-10) owns a tiny contact angle of
8°, while those of polypropylene (PP) and PVDF are 48° and 20° with commercial electrolyte. Moreover,
the addition of thermotolerant talcum endows the T-10 composite separator with great thermostability,
whose thermal shrinkage is only 5.39% at 150°C for 0.5h. The cell with LiFeO, cathode and the T-10
composite separator reaches 91.7 mAh/g in discharge capacity at 4.8 mA/cm? (10 C), far superior to that
with pure PVDF separator (56.3 mAh/g) and PP (51.4 mAh/g).

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Much effort has been made on the rechargeable lithium metal
batteries (LMBs) for ever-increasing demands of novel portable
electronics, long-range electric vehicles and solar/wind energy stor-
age, owing to their high operating voltage, zero memory effect and
long working lifetime [1-7]. However, the increasing demand for
higher energy requires continuous optimization of key components
in LMBs (cathode, anode, electrolyte and separator) [8,9]. As an in-
active component, placed between cathode and anode, separator
plays a vital role in capacity, cost-effectiveness, lifespan and safety
of LMBs [10-18].

Polyolefin-based materials, for instance, polyethylene (PE) and
polypropylene (PP), are used for commercial separators in LMBs
due to their high mechanical strength and low cost [19-21]. How-
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ever, the unsatisfactory thermal stability and wettability limit their
extensive application [22-24]. Massive research on polyvinylidene
fluoride (PVDF) or its copolymer as separator is ongoing to ad-
dress aforementioned issues, owing to its superior thermal sta-
bility and favorable wettability attributed to the strong electron-
absorbing functional groups and low degree of crystallinity [22,25-
28]. Nonetheless, their further development is limited in two as-
pects: (1) short circuit caused by the low mechanical strength
of PVDF-based separator associated with Li dendrites and robust
electrode; and (2) rapid decay of the discharge capacity resulted
from the high activity of Li anode [29,30]. The stable operation
of LMBs is still challenged with the unsatisfactory rate perfor-
mance and heatproof [31-33], low mechanical strength of PVDF-
based separators in LMBs [28,34]. To break through these bottle-
necks, massive strategies have been used to enhance the overall
performances of PVDF-based separators [35]. Recently, it has been
demonstrated that polymeric separators incorporated with inor-
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ganic particles (ZrO, [36], SiO, [37], Al;03 [38] and TiO, [39]) or
modified with inorganic particles via wet method exhibit enhanced
electrolyte uptake, mechanical strength and thermal stability. How-
ever, the electrolyte shows poor compatibility with the doped in-
organic molecules and cells assembled with these composite sepa-
rators exhibit poor rate performance, severe safety problems and
low discharge specific capacity [10,28]. Talcum is a type of lay-
ered silicate which is used as reinforcement material for plenty
of plastics, owing to its heat-resistance, acid-resistance and insu-
lation. Polymer incorporated with talcum shows excellent rigidity,
creep-resistance and stability even at high temperature compared
with those incorporated with calcium carbonate or magnesium
hydrate [40-42]. On one hand, layered silicate has been demon-
strated owning strong interaction and showing superior compati-
bility with the electrolyte [8,22]. Therefore, compared with inor-
ganic particles (ZrO,, SiO,, Al,03, and TiO,), talcum doped com-
posite separator can improve mechanical properties without sac-
rificing its rate performance and safety. On the other hand, the
layered structure of talcum leads to the parallel ion channels that
unify the direction of Lit flows. Thus, talcum doped composite
separator could improve the discharge specific capacity compared
with separators doped with other inorganic particles. Talcum is
widely used in composite polymers to reinforce the thermal sta-
bility and mechanical strength, reducing the cost at the same
time [43].

In our work, a high-rate, safe and low-cost half-cell is designed
with the LiFePO,4 cathode and the composite separator fabricated
by doping talcum into PVDF matrix via liquid phase method. As
compared with PVDF, PVDF/talcum (PVDF/TM) composite separa-
tor with 10 wt% talcum (T-10) owns tiny contact angle of 8° with
commercial electrolyte while that of the PVDF is 20°. T-10 achieves
the mechanical strength of 33 MPa while the PVDF is 15MPa, and
T-10 attains strain of 253% while that of PVDF is 107%. The cell
with LiFePO, cathode and T-10 can reach 91.7 mAh/g in discharge
capacity, higher than cell with PVDF separator (56.3 mAh/g) and
cell with the PP separator (51.4 mAh/g) at 10 C.

Talcum is a kind of layered silicate ore consisting of SiO, and
MgO with the ratio of 2:1, which is stable with the electrolyte
and the lithium when being doped with PVDF to form the com-
posite separator [37]. The crystal structure and the atomic con-
figuration of talcum are demonstrated in Figs. S1 and S2 (Sup-
porting information). The structural unit layer of talcum powder
consists of a magnesium oxygen octahedron sandwiched by two
silicon oxygen tetrahedra. After being incorporated into PVDF to
form the PVDF/TM composite separator, the parallel interlayers in
talcum provide active sites and uniform channels to transfer Li*
[22], accelerating the transport of lithium ions as demonstrated in
Fig. 1a. The T-10 composite separator exhibits a more porous and
uniform structure as compared with PVDF as demonstrated in Figs.
1b and f. The SEM images in Fig. 1c typically display the nanosheet
structure of talcum, which is clearly observed in the SEM of T-10
composite separator as depictured in Figs. 1f and g. The energy
dispersive spectral (EDS) mapping images of Mg and Si in the T-
10 composite separator show the uniform distribution of talcum
particles as illustrated in Figs. 1d and h. Moreover, the conclusion
is further confirmed with the EDS mapping image of O in T-10
composite separator as depictured in Fig. S3 (Supporting informa-
tion). The original electron image of EDS is depictured in Fig. S4
(Supporting information). The crystallinities of the talcum particles,
PVDF and T-10 separators are analyzed via XRD as depictured in
Fig. 1e. The characteristic peaks at 9.46° and 19.49° come from the
(001) and (101) planes of talcum, respectively. The peak at 28.62°
is attributed to quartz, which is commonly found in clays [22]. The
original peak at 20.42° of PVDF becomes wide and weak after the
addition of talcum, demonstrating that the addition of talcum de-
creases the crystallinity of the PVDF matrix slightly [44,45]. The
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FTIR spectra of T-10 composite separator and PVDF separator are
shown in Fig. 1i, where the peaks at 614 cm~! and 1402 cm~!
come from the o phase of PVDF [46,47]. The peaks that are rele-
vant to the stretching vibration of CF, groups appear at 485 cm~!
and 1181 cm~! [22,28]. The peaks at 3676 cm~! and 670 cm™! of
T-10 composite separator are attributed to the presence of talcum
particles.

The thermal distribution is determined with forward looking in-
frared radiometer (FLIR) as demonstrated in Figs. 2a-c. The T-10
and PVDF separators own the structural integrity, demonstrating
the expeditious heat transfer during the whole heating process as
shown in Figs. 2b and c, showing a higher thermal stability than
PP separators (Fig. 2a). Fig. S5 (Supporting information) shows that
PVDF/TM composite separators maintain the most structural in-
tegrity even after 30 min at 150°C, while PP experiences severe
shrinkage with the temperature increasing. Fig. S6 (Supporting in-
formation) demonstrates that after annealing samples at different
temperature, the thermal shrinkage of T-10 composite separator is
1.29% at 120°C and 5.39% at 150°C, respectively, far superior to
those of PVDF and PP separators. Separators with superior mechan-
ical strength can prevent the cell from short circuit, which is vital
for the safe operation of LMBs [1,7,48,49]. The mechanical behav-
ior was investigated with strain-stress analysis as demonstrated in
Fig. 2d. As the ratio of talcum in PVDF/TM increases, the mechan-
ical strength of PVDF/TM separators upgrades gently but all much
higher than PVDF separator. As for the toughness of these sepa-
rators, PVDF/talcum (PVDF/TM) composite separator with 5 wt%
talcum (T-5) owns nearly 400% elongation, four times than that
of PVDF, but sharply decreases with the continued addition of
talcum. Given comprehensive comparison on mechanical strength
and toughness of these composite separators, T-10 composite sep-
arator is chosen to be the ideal separator to carry on further in-
vestigation and comparison with PVDF and PP separators. Effi-
cient electrolyte absorption is of great significance for transport-
ing Li* [10,50-52]. Electrolyte uptake percentages are measured by
immersing the three separators in the commercial electrolyte for
one hour, respectively. PVDF-based separator demonstrates a much
higher electrolyte uptake percentage than PP, and T-10 composite
separator owns the highest uptake percentage of 200% while PVDF
of 150% and PP of 120% as demonstrated in Fig. 2e.

Thermogravimetric analysis (TGA) was conducted to further ex-
plore the heat endurance of T-10, PVDF and PP separators. The
above three separators are heated ranging from 25°C to 800°C
with the rate of 10°C/min. The TGA curves demonstrate that T-
10 composite separator starts to lose weight at 458 °C, while PVDF
at 427°C and PP at 289°C, respectively (Fig. 2f). Contact angle
measurements are conducted on above three separators to inves-
tigate the wettability of the separators. The commercial separator
PP owns the contact angle of 48° 4+ 1.05° due to its intrinsic hy-
drophobicity while PVDF with 20° + 1.02° as depictured in Figs. 2g
and h [53]. The T-10 composite separator owns the smallest con-
tact angle of 8° 4+ 1.01° due to the intrinsic hydrophilia of PVDF
and the strong compatibility of talcum with electrolyte (Fig. 2i)
[28]. Column diagram is used to make a striking contrast among
the three separators about contact angle (Fig. S7 in Supporting
information).

Rate performance of half-cell with LiFeO4 cathode and PP,
PVDF and PVDF/TM separators was investigated. The half-cell with
LiFeO4 cathode and Li anode (LFP/Li) with T-10, PVDF/talcum
composite separator with 20 wt% talcum (T-20), PVDF/talcum
(PVDF/TM) composite separator with 30 wt% talcum (T-30), PVDF
and PP separators at 0.2 C,0.5C, 1 C 2 C, 5 Cand 10 C are demon-
strated respectively in Fig. S8 (Supporting information). The cell
with T-10 composite separator reaches 91.78 mAh/g at 10 C with
the highest discharge specific capacity, far higher than those with
T-20, T-30, PP and PVDF separators. To further investigate the op-
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Fig. 1. Fabrication and morphological characteristics of PVDF and T-10 separators. (a) Schematic of PVDF separator, PVDF/TM composite separator and talcum. (b, c) SEM
images of PVDF and talcum particle, respectively. (d) Elemental mapping image of Mg-K in a specific acreage of T-10 composite separator. (e) XRD spectra of talcum, PVDF
and T-10 separators. (f, g) SEM images of T-10 composite separator at different magnification. (h) Elemental mapping image of Si-K in a specific acreage of T-10 composite

separator. (i) FT-IR spectra of T-10 and PVDF separators.
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Fig. 2. Heatproof/wettability and other physical performances of PP, PVDF and T-10 separators. (a-c) FLIR pictures of PP, PVDF and the T-10 separators. (d) Tensile curves of
PVDF, T-5, T-10, T-15, T-20, T-25 and T-30 separators. (e) Uptake percentage of the PP, PVDF and T-10 separators with commercial electrolyte for 1h. (f) TG curves of PP, PVDF

and T-10 separators. (g-i) Contact angles of PP, PVDF and T-10 separators.

timal proportion of talcum in PVDF, rate performance of the cell
with T-5 and PVDF/talcum composite separator with 15 wt% tal-
cum (T-15) composite separators are selected to compare with the
cells assembled with T-10 composite separator. As illustrated in Fig.
S9 (Supporting information), the cell with T-10 exhibits a discharge
specific capacity higher than those with T-5 and T-15 composite
separators. The rate properties of the cell assembled with PP, PVDF
and T-10 composite separators are selected to make a clear and
strong contrast in Fig. 3a. The cell with T-10 reaches discharge ca-

pacities of 154.4, 152.3, 149.5, 141.7, 117.7 and 89.8 mAh/g at 0.2 C,
0.5C 1C 2C 5Cand 10 C, respectively. In addition, the discharge
specific capacity of the cell with the T-10 recovers to 153.7 mAh/g
as 10 C rate returns to 0.2 C, which demonstrates especially stable
operation of LFP/Li with T-10 composite separator. On the contrary,
cell with both PVDF and PP delivers lower discharge capacity at all
rates. The upgraded discharge capacity of the cell assembled with
T-10 is attributed to the increased Li* channels by adding talcum
which is in good agreement with Fig. 1a. However, the rapid dete-
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Fig. 3. Electrochemical properties of battery with PP, PVDF and T-10 separators at room temperature. (a) Rate properties of the battery with PP, PVDF and T-10. (b) Cycling
properties of the battery with PP and T-10 at 10 C. (c) CV profiles of T-10, recorded with 0.2mV/s. (d) CV profiles of PP, PVDF and T-10, recorded with 0.2 mV/s. (e)
Electrochemical impedance spectroscopy (EIS) curves of the battery with PP, PVDF, T-10, PVDF (16 um) and T-10 (16 um) separators. (f) Charging/discharging plots of the
cell with PP, PVDF and T-10. (g-i) Charging/discharging plots of the cell with PP, PVDF and T-10, respectively. (j) Cycling properties and Coulombic efficiency of the battery
assembled with PP, PVDF, T-10, PVDF (16 um) and T-10 (16 um) separators at 0.5 C, respectively.

rioration of discharge capacity happens with excessive talcum par-
ticles as a consequence of the long Li* transfer path, giving rise
to the increased charge transfer resistance as demonstrated in Fig.
S10 (Supporting information) [22]. Given this, high-rate cycle-test
is conducted on T-10 and PP separators, and discharge capacity
of the battery with T-10 composite separator reaches 71.8 mAh/g
while that with PP separator reaches 59.5 mAh/g in the first cy-
cle as demonstrated in Fig. 3b. LFP/Li with PVDF/TM separators are
put on the working station using the cyclic voltammetry pattern
to confirm the electrochemical reactivity, and the peaks at 3.3V
correspond to the reduction and 3.6V correspond to the oxidation
as demonstrated in Fig. 3¢, respectively. The solid electrolyte inter-
phase (SEI) is formed during the first cycle of reduction at 3.3V,
and the other two peaks at 3.3V are attributed to the reduction
reactions of the battery. On the contrary, the three sharp peaks
at 3.6V are associated with the oxidization reactions, respectively.
The cell with T-10 composite separator shows no obvious fluctua-
tions, demonstrating the especial electrochemical stable of T-10 in
half-cell which also can be confirmed in long-cycle property in Fig.
3j. In addition, the CV profiles of cells with PP, PVDF, T-5, T-15, T-
20 and T-30 are depictured subsequently in Fig. S11 (Supporting
information). The CV curves about the first cycle of PP, PVDF and
T-10 are investigated in Fig. 3d, three CV curves show no differ-
ence, implying the addition of talcum in PVDF polymeric has no
effect on the redox reaction of the cell.

Thickness is a nonnegligible factor of the separator in lithium-
based batteries in terms of electrochemical performance and cost
[12]. Currently, the thickness of the academic separators is limited

to about 25pm in line with the commercial polyolefin separators.
The pursue of thinner separator is becoming urgent for achiev-
ing higher energy-density and safer lithium-based batteries [54].
Herein, 16 um PVDF and 16 um T-10 separators are fabricated and
assembled in the LMBs to investigate the internal resistance and
cycle stability as depictured in Figs. 3e and j. To acquire more di-
rect information on the interfacial impendence, the cells with PP,
PVDF, T-10, PVDF (16 um) and T-10 (16 um) separators are placed
on the work station to explore more interface impedance infor-
mation at open circuit voltage. For cells assembled with PP, PVDF
and T-10 separators, minimum semicircle distance is observed in
the cell with T-10 composite separator among the three Nyquist
curves, demonstrating the lowest transfer impedance, as depic-
tured in Fig. 3e. What is more, cells with 16 um PVDF and 16 pum
T-10 separators show a slight decrease compared with those with
25pm PVDF and 25 pm T-10 separators as demonstrated in Fig. 3e,
respectively. Results show that thin separator can reduce the in-
ternal resistance. The cells with separators sandwiched with stain-
less steel are fabricated to measure the ionic conductivity. The ion
conductivity of T-10, PVDF and PP is calculated according to Fig.
S$12 and Eq. S4 (Supporting information). The ion conductivity of
T-10 is 0.509 mS/cm. The symmetrical Li/Li cells with various sep-
arators are assembled and tested with 0.5mA/cm? current den-
sity to assess the capability of the separator in suppressing the
growth of Li dendrites. As demonstrated in Fig. S13 (Supporting
information), the cell with T-10 composite separator shows a sta-
ble voltage profile over 480h. In contrast, short circuit occurs on
the cells assembled with PP with dramatical voltage fluctuation af-
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Fig. 4. Electrochemical properties of cell with PP, PVDF and T-10 separators at elevated temperature. (a) EIS curves of the battery assembled with PP, PVDF and T-10 at 80 °C.
(b) Cycling properties of cell with PP, PVDF and T-10 at 1 C under 80 °C. (c-e) Charging/discharging plots of cell with PP, PVDF and T-10 at 80 °C. (f) Cycling performance of
cell with PP and T-10 at 1 C at 100 °C. (g) Coulombic Efficiency of cell with PP, PVDF and T-10 at 1 C under 80 °C.

ter 300 h. The lithium-ion transference numbers of various sepa-
rators are illustrated in Fig. S14 (Supporting information). The Li+
transference number is 0.534 for T-10 separator, which is slightly
larger than that of PP (0.509) separators. Fig. 3f illustrates the
charge/discharge plots of cell with PP, PVDF and T-10 separators
during the same first cycle at 0.5 C, respectively. Results show that
the cell with T-10 composite separator owns a discharge specific
capacity of 159.78 mAh/g, while PP of 154.67 mAh/g and PVDF of
153.69 mAh/g. The galvanostatic charging/discharging plots of the
cell assembled with PP, PVDF and T-10 separators at 0.5 C are de-
pictured in Figs. 3g-i. Cycle stability plays a vital role on the sta-
ble operation of the batteries. Cyclic analysis on the cell with PP,
PVDF, T-10, PVDF (16 um) and T-10 (16 pm) separators is conducted
at 0.24mA/cm? and the active material loading is 2.83 mg/cm?, as
depictured in Fig. 3j. The battery with T-10 composite separator re-
leases a higher discharge capacity of 122.6 mAh/g, which is main-
tained at 84% after 400 cycles, while those of the battery with
PVDF and PP separators are 73% and 76%, respectively. The cells
assembled with PVDF (16 um) and T-10 (16 um) separators deliver
a slightly higher discharge specific capacity compared with cells
with PVDF (25um) and T-10 (25 pum) separators. Especially, the cell
with T-10 (16 pm) exhibits a capacity that is maintained at 96% af-
ter 400 cycles while the cell with PVDF (16 um) overcharges after
300 cycles, which is depictured in Fig. 3j. LFP/Li half-cells with the
T-20 and the T-30 composite separators are also assembled to in-
vestigate the cycle stability, which is depictured in Fig. S15 (Sup-
porting information). The linear sweep voltammetry (LSV) is con-
ducted on symmetric Li cells with the T-10 and the PVDF separa-
tors. As shown in Fig. S16 (Supporting information), the cell with
T-10 and PVDF demonstrated nearly the same voltage sweep up to
4.5V. In conclusion, the existence of talcum in PVDF has no effect
on the electrochemical window.

Aiming to investigate the electrochemical performance of the
cell assembled with these separators at high temperature, batteries
with LiFPO4 cathode and PP, PVDF and T-10 separators are placed
on the work station to explore more interface impedance infor-
mation with open circuit voltage at 80 °C. The minimum semicir-
cle distance is observed in the cell with T-10 composite separator

among the three Nyquist curves, demonstrating the lowest trans-
fer impedance as depictured in Fig. 4a. The semicircle diameters
of PP, PVDF and T-10 under 80 °C in Fig. 4a are all smaller than
those at room temperature as depictured in Fig. 3e, demonstrat-
ing that the rising in temperature can speed up the transfer of
lithium ions [55]. The cycle property is conducted on LFP/Li bat-
teries with PP, PVDF and T-10 separators at 80 °C. In Fig. 4b, LFP/Li
battery with T-10 separator works extremely stable at 80 °C over
300 cycles, delivering 112.8 mAh/g discharge capacity with 68% re-
tention after 300 cycles. In contrast, LFP/Li battery with PVDF and
PP exhibits a sharp decrease in discharge capacity after only 120
cycles. The stable performance of LFP/Li battery with T-10 at ele-
vated temperature is attributed to the excellent thermal stability of
talcum, which is confirmed in Fig. 2c and Fig. S5. The coulombic ef-
ficiency of the cell with PP, PVDF and T-10 separators is depictured
in Fig. 4g, demonstrating that battery with T-10 shows a more sta-
ble and higher coulombic efficiency than those with PP and PVDF
separators. The galvanostatic charging/discharging plots of the cell
with PP, PVDF and T-10 separators at 1 C under 80 °C is verified
in Figs. 4c-e. For the initial cycle, the cell with the T-10 separa-
tor performs the discharge capacity of 165.92 mAh/g at 1 C under
80 °C, while 161.67 mAh/g and 163.69 mAh/g for PVDF and PP sep-
arator as demonstrated in Figs. 4c-e, respectively. The 200th cycle
galvanostatic charging/discharging plots of the cell with PP, PVDF
and T-10 separators are depictured in Fig. S17 (Supporting informa-
tion). The temperature is raised to 100 °C to investigate the cycle
stability of battery with the T-10 at higher temperature as depic-
tured in Fig. 4f. The battery with T-10 composite separator retains
40 mAh/g after 150 cycles at 100 °C while half-cell with PP shows
no discharge capacity after 80 cycles.

The enhanced electrolyte uptake featured with sharply de-
creased contact angle as confirmed in Figs. 2e and i is associ-
ated with the strong interaction between the talcum and the elec-
trolyte. The strong interaction between the talcum and the elec-
trolyte is verified with the DFT simulations as demonstrated in Fig.
S18 (Supporting information). The commercial electrolyte is rep-
resented by ethylene carbonate (EC), dimethyl ethylene carbon-
ate (DEC) and ethyl methyl carbonate (EMC). The results show
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that the adsorption energy values between the talcum and the
electrolyte are —1.65eV for talcum-EMC, —1.70eV for talcum-
EC and -1.64eV for talcum-DEC, which are much larger than
PVDF monomer/electrolyte (—0.02 ~ —0.08eV) as demonstrated
in Fig. S19 (Supporting information). Owing to the strong affin-
ity to EMC, EC and DEC, the separator doped with talcum shows
much more superior electrolyte uptake and wettability when com-
pared with the PP and the PVDF separators. The adsorption en-
ergy value of talcum-PVDF monomer (—1.65eV) as demonstrated
in Fig. S20 (Supporting information) is analogous with hydrogen
bond strength (—0.01 ~ —1.68eV), and much larger than van der
Waals forces (—0.004 ~ —0.04eV) [56], demonstrating the power-
ful interaction between the talcum and the PVDF. The optimized
model structure of electrolyte through PVDF and T-10 separators
are illustrated in Fig. S21 (Supporting information), respectively.
The strong interaction between the talcum and the electrolyte con-
tributes to the large amount of electrolyte absorption on the T-10
composite separator. In contrast, only few electrolyte molecule ad-
sorption on the PVDF as depictured in Fig. S21.

In summary, a polymer-based composite separator with high
wettability and heat resistance is fabricated by doping the
lamellated-clay (talcum) into PVDFE. Owing to the strong adsorp-
tion energy between the talcum and the electrolyte, the PVDF/TM
composite separator owns remarkable electrolyte wettability. The
enhanced mechanical strength and toughness of PVDF/TM compos-
ite separator are associated with the strong adsorption energy be-
tween the talcum and the PVDF monomer and the superior ther-
mal stability of the composite separator is attributed to the heat-
proof of talcum. The existence of talcum in PVDF/TM composite
separator leads to the parallel ion channels that unify the direction
of Lit flows, thus improving the discharge specific capacity. Espe-
cially, the cell with the T-10 composite separator reaches a remark-
able discharge capacity of 91.7 mAh/g while PVDF of 56.3 mAh/g
and PP of 51.4 mAh/g at 10 C, owns extremely small contact angle
of 8 with commercial electrolyte while PVDF of 20°, achieves the
mechanical strength of 33 MPa while PVDF of 15MPa, and attains
strain of 253% while PVDF of 107%, respectively. This work puts for-
ward a novel material to open up the world of the high-rate and
safer lithium metal batteries.
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