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ABSTRACT: High-potential lithium metal batteries (LMBs) are still
facing many challenges, such as the growth of lithium (Li) dendrites and
resultant safety hazards, low-rate capabilities, etc. To this end, electrolyte
engineering is believed to be a feasible strategy and interests many
researchers. In this work, a novel gel polymer electrolyte membrane, which
is composed of polyethyleneimine (PEI)/poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) cross-linked membrane and electro-
lyte (PPCM GPE), is prepared successfully. Due to the fact that the amine
groups on PEI molecular chains can provide the rich anion receptors and
strongly pin the anions of electrolytes and thus confine the movement of anions, our designed PPCM GPE owns a high Li+
transference number (0.70) and finally contributes to the uniform Li+ deposition and inhibits the growth of Li dendrites. In addition,
the cells with PPCM GPE as a separator behave the impressive electrochemical performances, i.e., a low overpotential and an
ultralong and stable cycling performance in Li∥Li cells, a low overvoltage of about 34 mV after a stable cycling for 400 h even at a
high current density of 5 mA/cm2, and, in Li∥LFP full batteries, a specific capacity of 78 mAh/g after 250 cycles at a 5 C rate. These
excellent results suggest a potential application of our PPCM GPE in developing high-energy-density LMBs.

1. INTRODUCTION
With the burgeoning demand for high-energy-density batteries
powering portable devices, new energy vehicles, and so on,
lithium metal batteries (LMBs), which are based on Li metal
anodes with a high theoretical specific capacity (3860 mAh/g)
and an extraordinarily low electrochemical potential (−3.04 V
vs standard hydrogen electrode), become one of the
alternatives of high specific energy storage devices.1 However,
the irreversible Li consumption because of the complex
interfacial reaction between the active Li and the electrolyte
and the possible growth of Li dendrites because of the uneven
deposition of Li decrease the battery capacity and shorten the
battery life and, more importantly, cause terrible safety hazards.
Therefore, the practical application of LMBs is still
retarded.2−7

To develop the safe and high-energy-density LMBs, a variety
of strategies including modification of the Li metal anode,
separator, and electrolyte were presented in the past 1920s.8−10

Among them, the polymer electrolytes used in LMBs, because
of their potentially excellent mechanical properties, high safety,
and stable electrochemical performances, are regarded as one
of the feasible approaches.11−13 Unfortunately, the polymer
electrolytes usually behave a low ionic conductivity and a small
Li+ transference number due to the disordered Li+ trans-
portation and strong Li+ solvation. Low ionic conductivity can
to a large extent affect the rate performance of LMBs, so fast
charge/discharge LMBs will be difficultly realized. Further-
more, a small Li+ transference number for electrolytes usually
contributed to an uneven Li deposition, which probably causes

the growth of Li dendrites and finally shortens the lifetime of
batteries.14 Therefore, regulation of polymer electrolytes with a
high ionic conductivity and Li+ transference number is very
meaningful. To this end, Cui and coworkers15 reported a cross-
linked poly(tetrahydrofuran) by introducing a loosened O−Li
coordination to lead to an ionic conductivity of 1.2 × 10−4 S/
cm and a Li+ transference number of 0.53 at room
temperature, finally improving the electrochemical perform-
ance of batteries. Liu and coworkers16 used a copolymer
polysiloxane grafted by bifunctional groups of the cyclic
propylene carbonate (PC) and combed poly(ethylene oxide)
(PEO) on the side chain of polysiloxane to realize that the
ionic conductivity can be tuned by adjusting the ratio of PC/
PEO and realize an ionic conductivity of 1.55 × 10−4 S/cm at
room temperature. Very recently, acrylonitrile- and vinylene
carbonate-induced poly(vinylene carbonate-acrylonitrile) gel
polymer electrolyte (PVN-GPE) realizes the strong polarity of
the cyano groups and ester groups of GPE, which finally
increases the Li+ transference numbers.17

Traditionally, the movement of anions usually dominates in
the polymer electrolyte,18 which results in a small Li+
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transference number. Therefore, to retard the movement of
anions, e.g., hexafluorophosphate anion (PF6

−) and bis-
(trifluoromethane)sulfonimide anion (TFSI−), and thus to
increase the Li+ transference number, introduction of anion
receptors is believed to be another feasible method,19 which
was demonstrated by an anion-trapping supermolecular
component incorporation into PEO-LiX,20 the urea calix
arene (C4A) and poly(ethylene glycol)-borate ester (B-PEG)
into the cross-linked Si doped-poly(ethylene glycol) (Si-
PEG),21 and a polydopamine and 1,3-dioxolane (PDA-DOL)
copolymerization-enhanced interaction between the −NH2−
and −NH− groups of PDA and DOL and TFSI−.22

Nonetheless, the design of the functional polymer electrolyte
is still facing some challenges, such as mechanical properties,
flexibility, and ionic conductivity.

Herein, a polyethyleneimine (PEI)/poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) cross-linked polymer
membrane (PPCM) by introducing PEI into PVDF-HFP and
the resultant PPCM-based gel polymer electrolyte (PPCM
GPE) were successfully designed. Due to the cross-linking of
PEI with PVDF-HFP and the novel fabrication method, our
designed PPCMs have a gradient pore structure, ordered
channels, and a uniform distribution of PEI on the PPCM.
Especially, due to the affinity of −NH2 and electrolyte anions,
PPCM GPE possessed a Li+ transference number of 0.70 at
room temperature, which largely boosts the rate capability and
life of batteries. For Li∥Li symmetric cells, the cells with
PPCM GPE had a very low and stable overpotential at
different current densities (1, 2, and 5 mA/cm2); even at 5
mA/cm2, the overvoltage of PPCM-based cells still can remain
stable within 34 mV for more than 400 h. Also, for a practical
Li∥LFP full cell, the cells with PPCM GPE had a remarkable
reversibility and a better rate performance, i.e., a specific
capacity of 106 mAh/g after 400 cycles at a 1 C rate with a
stable high Coulombic efficiency (CE) of above 99.5%; at a
higher rate of 5 C, the initial specific capacity reached 116
mAh/g, and the initial CE is as high as 96.8%, and after 250
cycles, a specific capacity of 80 mAh/g with a CE of above 97%
can be still delivered. The ex situ SEM results reveal the
uniform Li+ deposition on the surface of Li metal for the
PPCM GPE-based cells. Our excellent results suggest a feasible
route to boost the practical application of LMBs.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. PVDF-HFP was pur-

chased from Sigma-Aldrich (average Mw = 400,000, average
Mn = 130,000). PEI was bought from Aladdin Reagent
(Shanghai) Co., Ltd. (Mw = 10,000, 99%). Dimethyl sulfoxide
(DMSO) and ethanol were purchased from Shanghai Macklin
Biochemical Co., Ltd. LiFePO4 powder was supplied from
Shenzhen Kejing Technology Co., Ltd. PVDF was supplied
from Arkema (HSV900). Acetylene black was purchased from
Suzhou Sinero Technology Co., Ltd. N-Methylpyrrolidone
(NMP) and Li metal were purchased from Suzhou Dodo
Chemistry Technology Co., Ltd. The two electrolytes were
composed of 1 M Li hexafluorophosphate (LiPF6) in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1/1) (v/v) and
1 M bis(trifluoromethane)sulfonimide Li salt (LiTFSI) in
methoxymethane (DME)/1,3-dioxolane (DOL) (1/1) (v/v)
with 1% LiNO3, respectively, which were supplied from Dodo
Chemistry Technology Co., Ltd.

2.2. Preparation of the PPCM/PVDF-HFP Membrane
and GPE. In a typical experiment, the PEI was first dissolved

into DMSO solvent to obtain a solution with a concentration
of 100 mg/mL. Then, PVDF-HFP and DMSO with a mass
ratio of 3:17 were mixed at a water bath of 60 °C and a stir of 6
h to form a PVDF-HFP solution. Then, the solution was
transferred to a water bath of 40 °C for 10 min, and then PEI
solution was added quickly (PEI:PVDF-HFP mass ratio =
1:20). Next, the mixture was coated on a glass plate (100 × 90
× 1 mm) by a doctor blade. And the glass plate was placed on
a low-temperature copper block kept in a freezer at −80 °C for
more than 2 h (100 mm × 90 mm × 50 mm) and was pushed
slowly and uniformly to obtain a frozen film. After that, the
frozen glass plate was immersed in a low-temperature ethanol
(<0 °C) for 12 h to replace the DMSO in the film, and the
soaked film was peeled off from the glass plate and placed in an
oven at 60 °C for vacuum drying for 12 h Finally, the dried
film was cut into 18 mm wafer in diameter to obtain the final
PPCM. Using the same method, the PVDF-HFP membrane
was prepared and used as a reference.

The gel electrolyte was obtained by immersing the as-
prepared membranes in EC/DMC (1/1) (v/v) at 1.0 M Li
hexafluorophosphate (LiPF6) for about 15 min and was
followed by removing the excess liquid electrolyte from the
membrane surface with a dust-free paper.

2.3. Preparation of the LFP Cathode. LFP cathode
electrodes were composed of LFP powder, PVDF, and
acetylene black (their mass ratio: 8:1:1). The detailed prepared
process is as follows. First, PVDF was dissolved to NMP
solvent and was stirred at room temperature for 6 h to form a
solution. Then, the LFP powder and acetylene black were
mixed together in a mortar and then were dispersed to the
above PVDF solution and stirred for 12 h to make the evenly
mixed slurry. The well-mixed slurry was coated on the
aluminum foil by a doctor blade with a thickness of 100 μm
and then placed in an oven at 60 °C for vacuum drying for 24
h. Finally, the aluminum foil coated by the active material was
cut into 12 mm cathode plates in diameter. The loading mass
of LFP on the cathode electrode is about 3−4 mg/cm2.

2.4. Structural Characterization. The morphology and
microstructure of PPCM were observed by a field emission
scanning electron microscope (FESEM, Hitachi S-4800) under
a 3 kV acceleration voltage. Before the test, the sample of
section view was torn by two tweezers after freezing in liquid
nitrogen. At the same time, the mapping spectrum of nitrogen
distribution was recorded under an accelerating voltage of 10
kV. The Fourier transform infrared (FTIR) spectra were
measured on an infrared spectrometer (Thermo Scientific,
Nicolet iS50 series) with a wavenumber range of 600 to 4000
cm−1. Tensile tests were carried out on a Legendary 2366
INSTRON with a 50 N load cell at a tensile speed of 5 mm/
min. The stretched sample of the PEI/PVDF-HFP membrane
was made into 16 mm × 10 mm × 0.08 mm cuboid, and the
stretched sample of the PVDF-HFP membrane was made into
16 mm × 10 mm × 0.1 mm cuboid.

2.5. Electrochemical Measurements. The ionic con-
ductivities were tested by AC impedance spectroscopy using a
CHI760E electrochemical workstation (CH Instruments,
China). The symmetrical battery that PPCM was sandwiched
between two stainless steel (SS) electrodes was assembled, and
the AC impedance was measured over a frequency range of 0.1
Hz to 100 kHz with an amplitude of 10 mV. The ionic
conductivity (σ) was calculated by eq 1 at room temperature:

d R S/( )b= × (1)
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where d represents the thickness of the membrane, S
represents the effective area of the membrane, and Rb is the
ohmic resistance measured from the impedance spectrum.

The Li+ transference number (tLi+) was deduced by DC
polarization combined with AC impedance using a CHI760E
electrochemical workstation (CH Instruments, China). tLi+ was
measured by eq 2 at room temperature:

t
I V I R
I V I R

( )
( )Li

ss 0 0

0 ss ss
=+

(2)

where ΔV is the applied polarization voltage (10 mV), I0 and
Iss are the initial current and steady-state current, respectively,
and R0 and Rss are the initial interfacial resistance and steady-
state interfacial resistance, respectively.

The liquid electrolyte uptake was evaluated by calculating
the change rate of weight of the PPCM and PVDF-HFP
membrane before and after absorbing the electrolyte. The
detailed formula of the electrolyte uptake is based on eq 3:

r
m m

m
100%0

0
= ×

(3)

where r is the liquid absorption rate, m0 is the initial mass of
the membrane, and m is the mass of the membrane after
absorbing the liquid electrolyte and removing the excess
electrolyte on the surface.

The electrochemical performance of the coin cells was tested
using a battery testing system (Wuhan LANHE CT2001A).
The Li∥Li symmetric cells were composed of two Li plates
with a diameter of 15.6 mm and a thickness of 0.45 mm and 60
μL of liquid electrolyte (1.0 M LiPF6 in EC:DEC 1:1 vol %).
The coin cells were tested, adopting a capacity density of 1
mAh/cm2 and the current densities of 1, 2, and 5 mA/cm2,
respectively. The Li∥LFP full cells were composed of 80 μL of

liquid electrolyte (1.0 M LiTFSI in DME:DOL 1:1 vol % with
1.0 wt % LiNO3) using the Li plate as the negative electrode
and the prepared LFP cathode piece as the positive electrode.
The cycle performance of the Li∥LFP full cells was tested at
the rates of 1 C (1 C = 170 mA/g), 2 C, and 5 C between 2.0
and 4.0 V, respectively. All batteries were tested with a
standard coin cell (LIR2025) assembled in an argon-filled
glovebox (H2O or O2 ≤ 1.0 ppm).

3. RESULTS AND DISCUSSION
Figure 1a shows the schematic fabrication process of PPCMs
via a freeze-casting method.23 Our design is based on the
following supports. First, poly(vinylidene fluoride) (PVDF)
has good chemical and electrochemical stability and high
dielectric constant ε (∼8.4) due to its strong polar group C−F
bond.24,25 Second, the copolymerization unit of hexafluor-
opropylene (HFP) can break the regularity of the PVDF
macromolecular chain and thus decrease its crystallinity.26,27

Third, the liquid electrolyte filled in PPCMs is prone to
interact with the amorphous part of PVDF to form a gel
polymer electrolyte (PPCM GPE), which further promotes the
formation of a more adherent and stable interface between the
GPE and the Li metal surface.28−32 Therefore, for introduction
of PEI into PVDF-HFP, on the one hand, the primary amine
groups of PEI have a strong nucleophilicity and a strong
interaction with the C−F bond of PVDF to form a cross-linked
network structure, which can reduce the crystallinity of PPCM.
The lower crystallinity for PPCM can be further verified by
XRD and DSC (Figure S1). It can be found that the intensity
of the diffraction peak of XRD for the PPCM membrane is
much lower than that of the PVDF-HFP membrane in the
same peak position. Meanwhile, DSC curves show that the
PPCM membrane has a lower heat absorption peak than the

Figure 1. (a) Schematic fabrication process of PPCM; (b) possible formation mechanism of the PPCM cross-linked network structure and the
interaction between the PPCM and the electrolyte anion.
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PVDF-HFP membrane, which is probably ascribed to the
destruction of the regularity of the PVDF-HFP molecular chain
structure by PEI, also demonstrating the same conclusion. On
the other hand, the PEI molecular chain contains a great
number of amine groups (e.g., primary, secondary, and tertiary
amines), which can act as anion receptors to trap anions in the

electrolyte and thus limit the movement of anions (Figure 1b).
Both of them largely improve the ionic conductivity and Li+

transfer number of PVDF-HFP GPE and finally realize a high
performance of LMBs.

To reveal the morphology and microstructure of our
prepared PPCM, SEM and elementary mapping were collected

Figure 2. (a) Photograph for the PVDF-HFP membrane (left) and PPCM (right); (b) cross-sectional SEM image for PPCM; (e) surface SEM
image of PPCM and (d) a magnified SEM surface for PPCM; (c, f) mappings of the nitrogen element for the PPCM cross section and surface,
respectively.

Figure 3. (a) FTIR spectra of PVDF-HFP and PPCM membranes; (b) stress−strain curves of PVDF-HFP and PPCM membranes; (c) Nyquist
plots of SS/electrolyte/SS cells with PVDF-HFP GPE and PPCM GPE; (d) chronoamperometry curves with a polarization voltage of 10 mV (the
insets displayed the EIS plot before and after polarization) of the PPCM GPE cell.
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and are shown in Figure 2. Figure 2a shows the photographs of
PVDF-HFP and PPCM membranes, respectively. It can be
clearly observed that the PVDF-HFP membrane (left) appears
pure white, while the PPCM (right) appears pale yellow, which
indicates a uniform polymerization of the PVDF-HFP matrix
with PEI. The cross-sectional SEM image of PPCM shown in
Figure 2b indicates a loose porous structure and a thickness of
around 90 μm. Interestingly, an ordered micron-sized channel
can be clearly observed, which is in agreement with the
reported results.23 These ordered channels can be expected to
shorten the Li transport path and thus increase the ionic
conductivity. Also, a thin layer with nano-sized pores on the
top surface can be more clearly seen on the surface of PPCM
shown in Figure 2e. A magnified SEM image shown in Figure
2d revealed the fine and relatively uniform nano-sized
channels, and the pore diameter of the channels is about 200
nm, which is probably conducive to improve the Li+
transportation.

The similar structure and morphology can be also observed
in the PVDF-HFP membrane shown in Figure S2. To further
evaluate the effectiveness of PEI cross-linked with PVDF-HFP,
the elementary mapping for the nitrogen element was collected
and is shown in Figure 2c,f. The uniform distribution of the N
element in PVDF-HFP observed from cross-sectional and
surface mappings solidly demonstrated that PEI effectively
interacted with the PVDF-HFP polymer.

To further dig the interaction mechanism of PVDF-HFP and
PEI, the FTIR spectra of the PPCM and PVDF-HFP
membrane were collected, respectively. It is well-known that

the C−F bond of PVDF-HFP has strong polarity, while the
primary amine group (−NH2) on PEI molecular chains is
nucleophilic. Therefore, based on Figure 3a, it can be inferred
that the C−F bonds easily cross-link with the primary amine to
form C=N bonds by a combination of hydrogen and fluoride
and their FTIR spectrum. Also, a broad peak observed at the
position of 3400−3100 cm−1 belongs to the unreacted primary
amine stretching vibration peak, and the two other peaks at
2930 and 2830 cm−1 should owe to the stretching vibration
peaks of the C−H bond of PEI. The peaks shifted toward
lower wavenumbers possibly due to the interaction of
hydrogen bonds. The previously reported results concluded
that the peak at 1640 cm−1 should be the C=N bond,31−33

meaning an effective cross-linking between C−F bonds and the
primary amines in our PPCM. In addition, the peaks at 1572
and 1470 cm−1 for the bending vibration peaks of the N−H
bonds of primary and secondary amines, respectively, also
support the cross-linking reaction between PEI and PVDF-
HFP. In addition, the optical photographs of PVDF-HFP
solution and PPCM gel (Figure S3) further suggest a cross-
linking reaction between PEI and PVDF-HFP. At the same
time, the cross-linked network structure of PPCM increases the
absorption rate of the liquid electrolyte (Table S1), which
means more free volume for PPCM than that of PVDF-HFP,
which is beneficial to the Li+ transportation and the formation
of the uniform solid electrolyte interface (SEI).

The mechanical performance was also analyzed by stress−
strain curves of our PPCMs measured by the tensile test, and
the tested results are shown in Figure 3b. As seen, the

Figure 4. (a) Voltage−time curves of symmetric cells with PVDF-HFP GPE and PPCM GPE when measured at 1 mA/cm2 with 1 mAh/cm2; (b)
voltage−time curves of symmetric cells with PVDF-HFP GPE and PPCM GPE when measured at 5 mA/cm2 with 1 mAh/cm2; (c) SEM images of
the new Li plate; (d, e) SEM images of the Li plate of the PPCM GPE cell and PVDF-HFP GPE cell, cycled at 0.5 mA/cm2 with 1 mAh/cm2 for
400 h, respectively.
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elongation at break of our PPCM can reach 190%, slightly
lower than that of the PVDF-HFP membrane (210%), which is
able to resist volume changes during battery operation.
However, the maximum tensile strength of PPCM can arrive
at 3.57 MPa, much higher than that of PVDF-HFP (about 1.67
MPa), which is originated from the semicrystalline structure of
PVDF-HFP and its cross-linking with PEI. The high tensile
strength is beneficial to physically inhibit the growth of Li
dendrites upon cycling, finally improving the safety of LMBs.

To evaluate the positive function of the PEI additive on
improving conductivity and Li+ transference number, the SS/
electrolyte/SS symmetric cells were assembled and the data
collected by AC impedance spectroscopy were used to
determine the ionic conductivity. According to Figure 3c, the
ionic conductivities of PPCM and PVDF-HFP GPE are
estimated to be about 2.94 × 10−3 and 2.22 × 10−3 S/cm,
respectively. The improved ionic conductivity is probably
contributed by broken molecular chains in the crystalline part
of PVDF-HFP and reduction of the crystallinity of PPCM and
the increase of free volume because of the cross-linked network
structure of PPCM.17−21 In addition, the Li+ transference
number was obtained by using the Li/electrolyte/Li symmetric
cells by DC polarization combined with AC impedance, and
the result is shown in Figure 3d. Based on the data, the Li+
transference number can be estimated to be 0.70, which is
larger than that of PVDF-HFP (0.53, shown in Figure S4).

This improved value should attribute to the amine groups
(primary amine, secondary amine, and tertiary amine groups)
in the PEI molecular chain, which act as anion receptors to
restrict the movement of anions in the cross-linked network of
PPCM, thus reducing the interaction of anions with Li+. A
schematic diagram shown in Figure S5 reveals the interaction
between anions and PEI. At the same time, Li+ possibly
performs transition motion along with polar bonds freely,
which also led to the improvement of the Li+ transference
number.34 A high Li+ transference number can effectively
suppress the generation of interfacial polarization, which is
beneficial to more uniform Li deposition, improving electro-
chemical performance of LMBs.19,35

Based on the novel structures and physical properties
aforementioned, the cells with PPCM GPE are expected to
display an excellent performance. First, the interfacial stability
between the electrolyte and the Li metal was revealed by Li∥Li
symmetric cells, and the data collected by using the different
current densities with a same charge/discharge capacity density
of 1 mAh/cm2 are shown in Figure 4. As seen in Figure 4a, the
symmetric cells for PVDF-HFP GPE can last for 480 h at a
current density of 1 mA/cm2 and show a stable overvoltage of
60 mV, indicating a relatively stable interface between PVDF-
HFP GPE and Li metal. However, the cell for the PPCM GPE
cell shows an ultralow and a very stable initial overvoltage of 7
mV within tested 480 h, indicating a more stable SEI and fast

Figure 5. (a) Rate performance of Li∥LFP full cells of PVDF-HFP GPE and PPCM GPE; (b) Nyquist plots of Li∥LFP full cells of PPCM GPE
before and after the rate performance test; (c) discharge capacity and CE of Li∥LFP cells of PVDF-HFP GPE and PPCM GPE cycling at 1 C; (d)
discharge capacity and CE of Li∥LFP cells of PVDF-HFP GPE and PPCM GPE cycling at 5 C.
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kinetics for plating/stripping of Li. In addition, the interface
stability of the PPCM GPE cell is also better than that of the
PP separator (Figure S6). The excellent performance for
PPCM GPE can be further supported by a higher current
intensity of 2 mA/cm2 (Figure S7). More surprisingly, even at
a current density of 5 mA/cm2 (Figure 4b), an overvoltage of
22 mV for cells with PPCM GPE after 200 h and 34 mV after
400 h can be realized, while the cells with PVDF-HFP behaves
a highly fluctuate plating/stripping process and a much higher
overpotential. These excellent performances for PPCM are in
agreement with our expectation and support our inference that
the anion acceptor from PEI can effectively limit the
movement of TFSI− and lead to the uniform Li deposition,
finally enhancing the electrochemical performance of LMBs. A
more stable interface induced by the PPCM GPE can also be
demonstrated by an ex situ observed surface morphology of Li
metal from a cycled cell (Figure 4c,d and Figure S8).
Compared with the original Li plate with a flat surface and
some observed voids, the surface morphology of Li metal after
a cycling of 400 h for PPCM GPE is a ripple-like structure,
indicating a ripple-like Li deposition and a relatively flat
surface.

On the contrary, the surface of the cycled Li metal for
PVDF-HFP GPE shown in Figure 4e appears some
undulations and grooves and some little Li dendrites.
Furthermore, the components of the SEI layer on the cycled
Li metal for PPCM by XPS (Figure S9) suggest that the
surface of the SEI layer of Li metal contains Li2CO3, LiF,
TFSI−, and other inorganic substances.

The potential application of our PPCM GPE in LMBs with
LFP as cathodes was also evaluated. First, the rate performance
was conducted in turn at rates of 0.2, 0.5, 1, 2, and 5 C. It
could be found that the discharge specific capacity for PPCM
GPE cells was obviously higher than that of PVDF-HFP GPE
cells at the same rates (Figure 5a). Especially at a high rate, the
capacity retention rate of PPCM is higher as the rising rate,
indicating a better reversibility for PPCM GPE.

When the applied current density returns to 0.2 C, the
discharge capacity for PPCM GPE-based cells can go back to
the previous value and the capacity retention rate is as high as
99.9%, further proving a more stable interface for PPCM-based
cells. The AC impedance carried out by using the PPCM GPE
cells before and after the rate test, respectively, supports our
results (Figure 5b). It can be found that the interface
impedance value for PPCM GPE has a large decrease from
the original 300 ohm to 100 after being cycled. For a long
cycling test of Li∥LFP cells at a 1 C rate, the initial capacities
of the PVDF-HFP GPE cell and PPCM GPE cell were
basically the same (Figure 5c). However, the discharge
capacity also decreased rapidly and the CE for the PVDF-
HFP GPE cell began to fluctuate violently after 218 cycles; on
the contrary, the discharge capacity for the PPCM GPE cell
can still be kept at 106 mAh/g at 400 cycles. Similarly, the
cycling stability and specific capacity of the cell with PPCM
GPE are also better than those of the PP separator (Figure
S10). More interestingly, the excellent performance at a 5 C
rate for PPCM is significantly better than that of the cells for
PVDF-HFP (Figure 5d). The CE and specific capacity of the
PVDF-HFP cell decayed violently after 73 cycles. However, an
initial capacity of 116 mAh/g for the PPCM and a highly stable
CE of about 97% can be realized within the rest cycles. These
impressive results are consistent with the rate test and
symmetric cell test reflected. Therefore, our PPCM designed

by introducing PEI to cross-link with PVDF-HFP can
effectively inhibit the growth of Li dendrites and boost the
rate performance of LMBs.

4. CONCLUSIONS
In summary, PEI was successfully introduced into the PVDF-
HFP matrix to prepare a PPCM with a cross-linked network
structure. Benefiting from the amine groups of PPCM and a
novel cross-linked structure, a high Li+ transference number of
0.70 can be achieved. Due to the enhanced ionic conductivity
and Li+ transference number, our assembled cells with PPCM
GPE show impressive results and exhibit a potential practical
application for LMBs, such as Li/PPCM/LFP full cells.
Constructing anion receptor-rich porous polymer membranes
with a gradient pore distribution is a feasible route for
developing high-safety and high-rate LMBs.
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