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ABSTRACT: The free transport of anions through commercial polyolefin
separators used in lithium metal batteries (LMBs) gives rise to concentration
polarization and rapid growth of lithium dendrites, leading to poor performance
and short circuits. Here, a new poly(ethylene-co-acrylic acid) (EAA) separator
with functional active sites (i.e., carboxyl groups) distributing along the pore
surface was fabricated, forming bioinspired ion-conducting nanochannels within
the separator. As the carboxyl groups effectively desolvated Li+ and immobilized
anion, the as-prepared EAA separator selectively accelerated the transport of Li+
with transference number of Li+ (tLi+) up to 0.67, which was further confirmed by
molecular dynamics simulations. The battery with the EAA separator can be
stably cycled over 500 h at 5 mA cm−2. The LMBs with the EAA separator have
exceptional electrochemical performance of 107 mAh g−1 at 5 C and a capacity
retention of 69% after 200 cycles. This work provides new commercializable
separators toward dendrite-free LMBs.
KEYWORDS: lithium anode, lithium metal battery, separator, poly(ethylene-co-acrylic acid), ion-selective nanochannels

■ INTRODUCTION
Lithium metal batteries (LMBs), using microporous polyolefin
separators to isolate anodes and cathodes, are excellent energy
storage devices for electric vehicles and powering portable
electronic devices due to their high power density.1−3

The separators, which provide pathway for ion migration
during the charging/discharging process, have a huge impact
on the performance of LMBs.4,5 Though the polyolefin
separators are dimensionally stable, their hydrophobic nature
affords high energy barriers for the entry and passage of
ions.6−8 In addition, with an inert polyolefin separator, the
anions in the electrolyte solution move faster than solvated Li+
ions, leading to low transference number of tLi+ = 0.2−0.4.9,10
Here, tLi+ is defined as μLi+/(μLi+ + μanion), where μLi+ and μanion
refer to the mobilities of Li+ and anion, respectively.11

According to the well-accepted nucleation mechanism of
lithium dendrites proposed by Sand and co-workers, lithium
dendrite deposition is closely related to tLi+, with a low tLi+
leading to rapid growth of lithium dendrites, resulting in short
circuiting and even explosion of LMBs.12−14

Currently, various inorganic nanoparticles and/or polymers
have been coated on the surface of microporous polyolefin
separators, or functional groups have been graft on porous
membrane by radiation to improve their electrolyte wett-
ability.15−19 However, these strategies only modify their outer
surface property and can not improve the inherent properties
of inert pores within the polyolefin separator,20,21 or such

processes require additional equipment, increase the cost and
may decrease the structural stability of the separator. Biological
ion channels provide ion conducting pathways to facilitate
ionic conduction across the hydrophobic bilayer lipid
membrane with high selectivity (Figure 1a).22,23 Functionality
of ion channels is realized through a circular arrangement of
proteins, which generates nanopores with a hydrophilic interior
and flexible ion selectivity filters.24 Inspired by biological ion
channels with high ion permeability and selectivity, a strategy
of introducing ion-conducting channels with polar “active
sites” throughout the scaffold of polyolefin-based separator is
proposed. The “active sites” in ion channels are expected to
increase the polarity of the embedded surface of pores and
provide interaction sites with ions, thus accelerating ion
transport and increasing the tLi+ of the battery.
Poly(ethylene-co-acrylic acid) (EAA) is a class of commer-

cially available copolymer consisting of inert full-carbon
backbone and polar side chain with carboxyl groups. In this
work, a novel EAA separator with polar carboxyl groups
alongside the pores’ surface has been fabricated by a facile
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template-leaching method. The as-prepared EAA separator
possesses good dimensional stability similar to commercial
polyolefin separator, which can stand against swelling by polar
electrolytes. Meanwhile, the ion channels with carboxyl groups
on the pores’ surface not only enhance wettability but also
immobilize anion through hydrogen bonding and accelerate
Li+ transport by desolvation effect, boosting tLi+ to 0.67. The
kinetic of ion transport within EAA separator was further
confirmed by molecular dynamics simulations. With increased
tLi+, stable Li plating/stripping and homogeneous solid
electrolyte interface (SEI) layer can be achieved by
accelerating the charge-transfer kinetics on the Li anode.
Batteries assembled with EAA separators can be stably cycled
for over 500 h under a current density of 5 mA cm−2. The cells
containing the EAA separator have an exceptional electro-
chemical performance of 107 mAh g−1 at 5 C and a capacity
retention of 69% after 200 cycles. Our research suggests that
this novel EAA separator with polar carboxyl groups placed
along the surface of its pores has great potential to serve as a
high-performance separator for LMBs.

■ RESULT AND DISCUSSION
Fabrication of EAA Separators. The preparation of EAA

separators using the template-leaching method with poly-
ethylene glycol (PEG) 2000 as the template is illustrated in
Figure 1a. While the skeleton of EAA is polyethylene, few
solvents can dissolve it at room temperature. After screening
various solvents and dissolution conditions, such as decahy-
dronaphthalene, toluene, and tetrahydrofuran (THF), THF
was chosen due to its good solubility toward both EAA and

PEG 2000 at 65 °C. Thus, a homogeneous film can be
prepared from EAA/PEG2000 blend by solution-casting. After
the film has been prepared and left standing at 60 °C for 1 min,
PEG 2000 was removed by immersing in ethanol bath to form
a porous structure within EAA. There are two advantages for
PEG 2000 as the pore generator agent. First, the viscosity of
the casting solution was increased with the addition of PEG
2000, which is beneficial for the formation of uniform film
during the solution-casting process. Second, the stronger
association of carboxyl group with PEG 2000 than that of the
nonpolar polyethylene backbone is beneficial to the formation
of nanoporous separators enriched with a −COOH group
along the pore walls after the removal of PEG 2000. Here, a
series of porous separators with different amounts of pore
generator PEG 2000 were fabricated. The as-prepared
separators are named as EAA71, EAA73, EAA75, and
EAA77, meaning the weight ratios of EAA and PEG 2000 in
casting solution are 7:1, 7:3, 7:5, and 7:7, respectively (Figure
S1). First, detailed characterizations of the nanoporous
separators (EAA75 was chosen as typical example) were
carried out using scanning electron microscopy (SEM). As
represented in Figure 1b,c, the surface morphologies of the
EAA75 separators on the air- and substrate-facing sides are
different. The substrate-facing sides of the separator have fewer
pores, while the air-facing sides represent a rougher
morphology. Although the surface morphologies of the two
sides of the separators are different, their sizes of pores are all
within the nanometer range and well-distributed on the
surface. To observe the overall film uniformity and pore-size
distribution inside the film, the cross-sectional morphology of

Figure 1. (a) Fabrication process of EAA separators. SEM images of (b) substrate-facing side and (c) air-facing side surfaces of EAA75 separator.
(d) Cross-sectional SEM image of EAA75 and (e) the corresponding EDX mapping of O. (f) Porosity and average pore size of EAA separators
prepared with different adding amount of PEG 2000. (g) Photographs of EAA75 separators under different bending conditions. (h) Photographs of
PE and EAA75 separators before and after drying−rewetting−drying process.
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EAA75 was investigated. As shown in Figure 1d, the EAA
separator possessed a highly connected and uniformly
distributed pore structure, ensuring the migration of Li+.
Meanwhile, energy-dispersive X-ray (EDX) mapping con-
firmed that the carboxyl group is evenly distributed alongside
the EAA separator (Figure 2e). Further, the influence of
adding amount of pore generator PEG 2000 on the porosity
and pore size of the nanoporous separators was investigated by
gas permeation method. As shown in Figures 1f and S2, the
porosity of EAA separators was continuously increased with
the increase amount of PEG 2000 (Table S1). The average
pore size became larger with more PEG 2000, indicating the
majority of pores are created by leaching of the PEG 2000, and
the dimension of the PEG 2000 clusters in the casting films
increased with the quantity of PEG 2000. As displayed in
Figure S3, the ionic conductivity of various EAA separators
increased with porosity. However, the strength decreased with
increased porosity. To balance the electrochemical perform-
ance and strength, EAA75 separator was chosen for the
following studies. As illustrated in Figure 1g, EAA75 is an
opaque film as the result of light scattering by nanopores, and
it is flexible enough to maintain its original shape after curling.
It is worth noting that the as-prepared EAA75 separator
possesses high dimensional stability. For some porous
separators fabricated by either a dry or wet process, pore
collapse occurs due to capillary forces acting on the pore
surface during the drying−rewetting−drying process, which is
a drawback for their application and storage.25−27 Impressively,
the EAA75 separators retain their opacity due to remaining
pores after the drying−rewetting−drying process (Figure 1h).
The preserved porous structure was further confirmed by SEM
images (Figure S4). Furthermore, the pore size distribution of
EAA75 after drying−rewetting−drying process was also

measured, and it is in the same range as that of the original
EAA75 (Figure S5), which demonstrates the structure stability
of EAA75. It is supposed that the inert polyethylene skeleton
has low affinity with the solvents and thus efficiently reduces
the strength of capillary forces. This property is beneficial for
further surface modification of the EAA75 porous separator.
The above results clearly suggest the capability of the as-
developed template leaching method for the fabrication of
uniform EAA separators with high dimensional stability.
Characterizations of EAA75 Separator. Due to the

polar carboxyl groups of EAA75, the as-obtained separator
yields improved electrolyte wettability. Figure S6 shows the
contact angles of liquid electrolyte on EAA75 and commercial
PE separators. As expected, the contact angles of both sides
(41.0° and 40.3°) of EAA75 porous separator were lower than
PE (44.7°), illustrating a better wettability of EAA75 to the
liquid electrolyte. Owing to the better wettability, larger pore
size, and higher porosity, the electrolyte uptake of EAA75 is
173%, higher than that of PE (Table S2). Additionally, the
linear sweep voltammetry (LSV) curves shows that PE and
EAA75 can stably operate at a voltage of U = 2.5−3.9 V,
showing the electrochemical stability of both separators
(Figure 2a). As shown in Figure S7, thanks to improved
wettability, the ion conductivity of EAA75 reaches 0.49 mS
cm−1, higher than that of PE (0.33 mS cm−1), providing a
better electrochemical performance.
The carboxyl groups not only endow EAA separator with

good electrolyte wettability and high electrolyte uptake but
also provide “active sites” to interact with cations and anions in
the electrolyte. Solid-state NMR measurements were carried
out to investigate the interaction between EAA75 separator
and electrolyte. Here, PE separator was used as a blank
comparison. For sample preparation, PE and EAA75 porous

Figure 2. (a) LSV curves of Li/separator/stainless steel cells with different separators. Solid-state 7Li NMR (b) and 19F NMR (c) spectra of PE and
EAA75 separators. Chronoamperometry profiles of PE separator (d) and EAA75 separator (e). Inset are the AC impedance spectra before and after
polarization. (f) Calculation of activation energy (Ea) from Nyquist plots.
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separators were first soaked in liquid electrolytes for 10 min.
LiPF6 salt was adsorbed onto the separators after removing the
solvents. The resulting films were further dried and subjected
to measurements. As shown in Figure 2b, there is one sharp
peak (−1.8 ppm) and one broad peak (−3.0 ppm) in the 7Li
NMR spectrum of EAA75, which is distinct from the PE
sample (−1.5 ppm). It is suggested that the peak at −1.8 ppm
represents Li+ around polyolefin backbone, like that of PE
porous separator. The front-field-shifted peak at −3.0 ppm
represents Li+ near the carboxyl group, suggesting the EAA75
separator had a strong interaction with Li+. The above result
suggests that the carboxyl groups on the pore surface act as
active sites for the transport of Li ions. Similarly, 19F NMR
further indicates the interaction between −COOH and PF6− in
Figure 2c. It can be seen that there are two peaks (−74.2 ppm
and −75.4 ppm) in the 19F NMR spectrum of PE, from PF6−.
Interestingly, peaks with different chemical shifts of −73.8
ppm, −74.5 ppm, −75.0 ppm, −75.8 ppm, and −76.1 ppm
were observed for EAA75 sample, suggesting the −COOH
units provide different environments for PF6−. It is supposed
that the −COOH units form hydrogen bonding and act as
anchor for PF6−.

28

Effects of EAA75 Separator on Suppressing the
Growth of Lithium Dendrite. The EAA75 separator can
not only delay the dendrite nucleation by increasing the tLi+ but
also benefit stable Li plating/stripping by accelerating the
charge-transfer kinetics, lowering nucleation overpotential, and
decreasing the internal resistance. According to the Sand’s time
(tSand), the onset of dendrite nucleation of EAA75 separator
can be delayed with increased tLi+. The tLi+ of PE and EAA75
was estimated through chronoamperometry and electro-
chemical impedance spectroscopy (EIS) analysis to be 0.29
and 0.67, respectively, as shown in Figure 2(d,e). The higher
tLi+ of EAA75 is mainly due to the carboxyl groups alongside
the pore surface of the separator. While the carboxyl groups

have unshared electron pairs, it is helpful to the desolvation of
Li+ and increase the mobility of Li+ in battery. Here,
temperature-dependent EIS measurements were carried out
to investigate the Li+ desolvation of EAA75 separator (Figure
S8). The activation energy (Ea) of ion desolvation can be
obtained by the linear fitting ln(Rct−1) vs 1/T according to
Arrhenius formula:29

=R A E RT1/ exp( / )ct a (1)

As shown in Figure 2f, the activation energy of EAA75
separator is 44.56 kJ mol−1, lower than that of PE separator (Ea
= 59.26 kJ mol−1). The lower Ea of EAA75 separator means the
faster Li+ migration and the carboxyl groups are beneficial to
the desolvation of Li+, resulting the faster ion transfer
kinetics.29−31 Furthermore, the hydrogen bonding between
PF6− and −COOH decreases the concentration polarization
through anchoring the PF6− to alleviate the concentration
polarization.
To further understand the observations, we modeled the

experimental systems by classical molecular dynamics simu-
lations,32,33 as displayed in Figure 3. Two systems were
simulated and compared with the experiments. Both systems
were formed by a flat EAA separator (132 nm2) consisting of
an identical 23:1 ethylene to acrylic acid monomer molar ratio,
covered by liquid electrolyte. In the liquid electrolyte, there are
6,000 ethylene carbonate and 3,380 diethyl carbonate
molecules (1:1 volume ratio). The liquid electrolyte also had
830 Li+ and PF6− ion pairs (1 M concentration of LiPF6). The
compositions of the modeled systems matched the conditions
in the real EAA separator. In one system, we used the correct
partial charges of the (overall neutral) carboxyl groups to
model the separator surface (polar system). In the other
system, all partial charges of carboxyl groups in the separator
were set to zero to mimic a free solvent with no coupling to the
separator (the nonpolar system).

Figure 3. (a) Atomistic molecular dynamics simulations of Li+ (blue spheres) and PF6− ions (pink and gold knucklebones) with EAA polymer
separator (teal and red). Inset: Interaction of ions with carboxyl group on EAA separator. (b) Average velocity of Li+ ions and PF6− ions migrated
on the surface of the nonpolar and polar separators with an external electric field. (c) Calculated ratio between average transmission numbers of Li+
ions and PF6− ions on the surface of the nonpolar and polar separators with an external electric field.
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Both systems were simulated for over 100 ns in an electric
field of E = 1.3 MV/m. The particle-mesh Ewald (PME)
method was used to evaluate the long-range Coulombic
interactions. As compared in Figure 3b,c, in the nonpolar
system, PF6− ions had an average velocity of vPF6

= 1.016 m/s,
while Li+ ions had an average velocity vLi+ = 0.017 m/s.
Therefore, PF6− ions were moving and mostly responsible for a
total electric current of I = 4.6 × 10−7 A, while the Li+ ions
were practically static (pulled in opposite direction than PF6−).
In the polar system, PF6− ions had an average velocity of vPF6

=
1.41 m/s, and Li+ ions had an average velocity of vLi+ = 1.90 m/
s. Therefore, Li+ ions were moving much faster pulling PF6−
ions, which were probably affected more by the presence of the
separator. Here, Li+ ions were predominantly responsible for
the total electric current of I = 0.56 × 10−7 A. Therefore, we
show that Li+ ions are more mobile in EAA75, resulting in a
larger transference number. As the formation of dendrites is
directly related to a small Li+ transference number,12−14 these
separators can cause a reduced dendrite formation during
battery cycling. With the synergistic effect of desolvation and
hydrogen bonding, tLi+ can increases significantly in EAA75,
which can lead to excellent performance of these separators in
dendrite inhibition.
Overall, we expect that EAA75 separator can cause fast

metallic Li nucleation and uniform plating/stripping by
accelerating the charge-transfer kinetics, lowering nucleation
overpotential and decreasing the internal resistance. The

exchange current density (j0) is a key parameter reflecting
the kinetics of the electrochemical reactions on the separator/
anode interface, especially the charge-transfer kinetics of solid
electrolyte interphase (SEI).34−37 Here, j0 is calculated from
the linear fit of the Tafel plot (eq 2) at a voltage range of U =
115−175 mV, which is extracted from the measured cyclic
voltammetry (CV) curves using the Li||Li cells (Figure 4a)

= +a b jlog( ) (2)

where η is the overpotential, j is the current density, and a and
b are constants.
In EAA75, j0 = 0.16 mA cm−2, almost two times higher than

that of PE (0.09 mA cm−2). Higher j0 means faster
electrochemical kinetics, suggesting the carboxyl groups of
EAA75 separator lower the charge transfer barrier between Li
anode and separator. The EIS spectra further confirm the faster
kinetics of SEI. As shown in Figure S9, the EAA75 based
battery had a lower impedance of 75 Ω than PE (80 Ω). The
impedance of EAA75 increased to 200 Ω, while that of PE
increased to 270 Ω after 100 cycles at 1 C. The above results
indicate that cells assembled with EAA75 own a much more
uniform SEI after cycling and stable lithium deposition
behavior, which accounts for the lower impendence. Addition-
ally, according to the Butler−Volmer equation (eq 3), the
exchange current density can be viewed as a kind of idle
current for charge exchange across the interface, meaning the
lower j0, the more sluggish the kinetics, and hence the larger
the overpotential.38,39 In other words, the battery with a higher

Figure 4. (a) Tafel plots of the Li symmetric cells with PE and EAA75 separators. (b) Voltage profiles of Cu||Li cells with PE and EAA75 separators
at 0.5 mA cm−2 for 1.0 mAh cm−2. (c) Summary of exchange current density and nucleation overpotentials. Galvanostatic test of Li||Li symmetric
cells with PE and EAA75 separators at 0.5 mA cm−2 (d) and 5 mA cm−2 (e). SEM images of Li electrodes with EAA75 (f) and PE (g) after cycling
for 100 h at 0.5 mA cm−2 for 1.0 mAh cm−2.
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j0 has faster lithium ion kinetics and the overpotential for
lithium ion deposition can be lowered, resulting in more
uniform lithium deposition

= [ ]j j e ef f
0

(1 )
(3)

where j is the current density, j0 is the exchange current
density, η is the overpotential, and α and f are constant.
While j0 reflects the overpotential on the anode, Cu||Li cells

with PE and EAA75 separators were assembled to further
evaluate their nucleation overpotential and Li plating/stripping
performance. The nucleation process of metallic Li on Cu foil
was studied with the voltage profiles of Cu|PE|Li and Cu|
EAA75|Li cells, and the nucleation overpotential is determined
by the voltage difference between the lowest transient potential
and the stable cycling potential. A higher overpotential leads to
a larger nucleation energy barrier for metallic Li deposition,
and this is one of the critical reasons for the growth of
dendritic Li during plating.40,41 As shown in Figure 4b,c, first, a
sharp voltage drop to −55 mV was observed for Cu|EAA75|Li
cell at discharge rate of 0.5 mA cm−2, which corresponds to the
metallic Li nucleation process on Cu foil. Then, the voltage
gradually rises and becomes stable at −34 mV. The above
process involves mass transfer of Li ions through electrolyte, Li
ion−solvent dissociation, reduction of Li ions, and the
following electrocrystallization of formed Li atoms. From the
above curve, the overpotential for the metallic Li deposition in
the cell with EAA75 separator (Cu|EAA75|Li) is 20 mV. This
value is lower than that with PE separator (28 mV) (Cu|PE|
Li), indicating controllable nucleation kinetics for Li
deposition in the Cu||Li cell. Meanwhile, fresh and uniform
Li deposition is observed on the Cu foil with EAA75 separator.
However, some dark dots are present with the PE separator
(Figure S10), illuminating the inhomogeneous Li deposition.
The Li plating onto Cu foil with pristine PE and EAA75
separators were further investigated by SEM. Figure S11 shows
the top view SEM images of the morphologies for Li metal
deposited on Cu foil at a current density of 0.5 mA cm−2.
Needle-like dendrites were distributed on the Cu electrode of
Cu|PE|Li cell, while a flat Li deposition can be observed in Cu|
EAA75|Li cell, confirming the dendrite inhibition effect of
EAA75 because of the lower nucleation overpotential. These
results are in accordance with literature that the introduction
of poly(acrylic acid) (PAA) as electrolyte additive leads to
stable Li plating/stripping.42 In addition, Travas-Sejdic and co-
workers have shown that the presence of PAA controls the Pt

nanoparticle size and prevents aggregation during electro-
deposition.43

The Li dendrite inhibition performance and cycling stability
of the Li anode were further studied in Li||Li symmetric cells.
Li|PE|Li and Li|EAA75|Li cells were assembled in the
carbonate-based electrolyte (1 M LiPF6 in EC/DEC = 1:1
vol/vol) with different current densities. As presented in Figure
4d, it could be operated stably approximately 380 h with PE at
0.5 mA cm−2 for 1.0 mAh cm−2, and then the voltage increased
suddenly, which means a short circuit happened in the cell. In
contrast, the Li|EAA75|Li cell cycled over 1000 h without
apparent voltage fluctuation, illustrating a uniform Li plating/
stripping. Under a higher current density of 5 mA cm−2

(Figure 4e), the difference between PE and EAA75 is more
noticeable. While the cell with PE could be barely operated
and short circuit quickly, the cell with EAA75 shows
extraordinary cycling stability for over 500 h with a voltage
hysteresis of approximately 104 mV, illustrating a better cycling
performance and dendrite inhibition at higher current densities
with EAA75. Moreover, as displayed in Figure 4f,g, a dense and
flat layer can be seen in the EAA75 based cells but many creaks
are distributed on the Li anode with PE after cycling for 100 h
at 0.5 mA cm−2, indicating the formation of dendrites and
electrolyte consumption. We demonstrate that EAA75
separators possess a unique ability to inhibit dendrite growth
with the help of carboxyl groups. Improved cycling perform-
ance is attributed to the higher tLi+ of EAA75 and more
uniform pore size distribution, which allow for inhibition of
dendrite growth and homogeneous lithium plating. Moreover,
the faster anode kinetics of EAA75 facilitates the uniform
formation of SEI. Collectively, features of the EAA75
separators provide improved battery safety and cycling
stability.
EAA75 Separator for High-Energy-Density Batteries.

The efficient suppression of Li dendrites enables highly
improved battery rate capability. The commercial PE separator,
which has the same backbone structure as EAA, was chosen to
compare the electrochemical performance. As shown in Figure
5a,b, when assembled in LiFePO4||Li (LFP||Li) cells, the
discharge capacities of EAA75 separator are 151, 144, 132, 121,
109, and 98 mAh g−1 at 0.5, 1, 2, 3, 4, and 5 C, respectively.
Compared with the PE separator, the EAA75 separator retains
higher capacities at all rates, especially at high current density.
The above results suggest that the EAA75 separators possess
sufficient porosity for fast ion transport kinetics. Figure 5c
displays the cycling performance of the LFP|EAA75|Li and
LFP|PE|Li at 5 C. The initial capacity of EAA75 separator is

Figure 5. (a) Charge−discharge profiles of EAA75 assembled cells at different current densities. (b) Rate capability of LFP|PE|Li and LFP|EAA75|
Li cells. (c) Long-term cycling tests of LFP|PE|Li and LFP|EAA75|Li cells at 5 C.
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107.0 mAh g−1, while that of PE separator is 83.3 mAh g−1.
Meanwhile, the capacity decay of EAA75 separator (31%) is
much lower than that of PE (54%) after 200 cycles, displaying
the superior cycling performance of EAA75 separator at a 5 C
high rate. Furthermore, the Coulombic efficiency of PE
assembled battery fluctuated violently from the enlarged
image (Figure S12), and it appeared over 100% frequently,
which may cause temperature rising within the battery. The
cells assembling EAA75 and PE were disassembled after
cycling 200 circles at 5 C. As shown in Figure S13, the lithium
anode of EAA75 is smoother than that of PE, illustrating the
ability of EAA inhibiting lithium dendrites’ growth. Higher tLi+
and homogeneous SEI of EAA75 separator account for the
stable cell cycling at high rate, which extends Li dendrite
nucleation time and redistribute the Li+ flux for stable Li
plating/stripping. Additionally, the morphology of EAA75 after
cycling was also characterized in Figure S14, illustrating the
dimensional stability of EAA75.
To better understand how EAA75 separators inhibit the

dendrite growth, a simple but vivid scheme was proposed. As
shown in Figure 6, for commercial PE separators, due to its

nonpolar backbone, both Li+ and PF6− could simultaneously
transfer, but PF6− exhibits higher mobility compared with Li+,
resulting in a lower tLi+.

44 Therefore, concentration polarization
subsequently occur under an applied electric field, resulting in
uneven lithium deposition, especially at high rates.45,46 For
EAA75, the carboxyl groups are helpful to the desolvation of
Li+ and the increase of Li+ mobility, accounting for its superior
ion conductivity. Meanwhile, hydrogen bonding between PF6−
and carboxyl groups could inhibit PF6− crossing, leading to a
high tLi+ and efficiently suppressing dendrite growth. Moreover,
the uniform and proper pore size of EAA75 separator facilitates
the transport of Li+ and redistribution of Li+ flux. The
synergistic effect of the above factors leads to efficient
inhibition of lithium dendrites.

■ CONCLUSIONS
A novel nanoporous EAA75 separator with high dimensional
stability was fabricated through a simple template-leaching
method for LMBs, with a tLi+ of up to 0.67. Solid state NMR
and molecular dynamics simulations elucidated this increase,
attributing it to immobilization of PF6− anions and accelerated
transport of Li+ cations along the carboxyl groups distributed

on the pore surface. The EAA75 separator also demonstrated
stability during Li plating/stripping cycling by accelerating the
charge-transfer kinetics. Consequently, a long-term Li plating/
stripping cycle lifetime of 500 h was achieved at a high current
density of 5 mA cm−2. The EAA75 separator could improve
the rate capacity remarkably and deliver a discharge capacity of
107 mAh g−1 at 5 C without dendrite formation after 200
cycles. The results presented here provide a promising new
material for separators with potential for practical applications
in lithium batteries.

■ EXPERIMENTAL SECTION
Ethylene acrylic acid 6100 (EAA 6100) was purchased from SK
Chemistry, with acrylic acid content of 10 wt %. Polyethylene glycol
(PEG) 2000 and tetrahydrofuran (THF) was purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China). The liquid
electrolyte (1 mol L−1 LiPF6) in a mixed solvent of ethylene carbonate
(EC) and diethyl carbonate (DEC) with volume ratio of 1:1 was
purchased from Saibo Electrochemical Materials Network. Poly-
ethylene (PE) was obtained from Jiangsheng Material Co. (Hubei,
China).
Fabrication of EAA Separators. 0.7 g of EAA and various

amounts of PEG 2000 (0.1, 0.3, 0.5, and 0.7 g) were dissolved in 10
mL of THF with magnetic stirring at 65 °C. After stirring for 1 h, the
obtained solution was cast onto the glass substrate with a doctor blade
of 750 μm at 60 °C. After standing for 1 min, the substrate was
immersed into water to remove the THF and PEG 2000. The
obtained EAA separator was transferred into ethanol and then dried at
room temperature.
Characterization. The microstructure of the EAA separators were

characterized by scanning electron microscopy (SEM, Hitachi S-
4700). The contact angle was evaluated to compare the wetting
properties of the separators toward liquid electrolyte by using a
contact angle tester (OCA20). A capillary flow porometer (CFP-
1500AE) was employed to measure the pore diameter of separators.
The electrolyte uptake was evaluated by measuring the weight of

the membranes before and after immersing into the liquid electrolyte
(eq 4):

= ×m m
m

uptake 100%2 1

1 (4)

where m1 and m2 were the weight of the separator before and after
being immersed in the liquid electrolyte.
The porosity was obtained through measuring the weight of

membrane before and after immersing into n-butanol (eq 5):

=
×

×
m m

V
porosity 100%4 3

(5)

where m3 and m4 were the weight of separators before and after
immersed into n-butanol, V was the volume of separators, and ρ was
the density of n-butanol (ρ = 0.81 g cm−3).
Electrochemical Measurements. Ionic conductivity was eval-

uated by the electrochemical spectra (EIS) using Autolab (PGSTAT
302N), which can be calculated via eq 6:

=
×
d

R Sd (6)

where d, Rd, and S are the thickness of the separator, bulk resistance,
the area of the electrode, respectively.
The electrochemical stability was measured from liner sweep

voltammetry (LSV) from 2.5 to 5.0 V at a scan rate of 1 mV s−1.
Lithium ion transference number (tLi+) was evaluated by combining

chronoamperometry and EIS analysis using Li symmetric cells. tLi+ was
calculated according to eq 7:

=+t
I V I R
I V I R

( )
( )Li

s

s s

0 0

0 (7)

Figure 6. Schematic illustration of the Li deposition behaviors of LFP|
PE|Li and LFP|EAA75|Li cell.
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where I0 and Is are the initial current and steady-state current (where
the plot is flat), R0 and Rs are the interfacial resistance before and after
polarization, respectively, and ΔV is the potential difference (10 mV).
The battery performance of separators was examined by using the

LiFePO4/separator-liquid electrolyte/lithium coin-type cell, which
was assembled in a glovebox. The testing voltage was 2.5−3.9 V.
The Li||Li symmetric cells and Cu||Li cells were assembled with

different separators.
The Tafel plot was obtained from cyclic voltammetry (CV) curves

with a scan rate of 1 mV s−1, and the exchange current density was
calculated from the Tafel plot through Bulter−Vlomer equation.
Molecular Dynamics Simulations. Classical molecular dynamics

simulations were carried out to model the experimental systems. The
ethylene and acrylic acid monomers, diethyl carbonate and Li+ were
parametrized by the CHARMM36 force field, while ethylene
carbonate and PF6− were parametrized with CGenFF and Gaussian,
respectively. The systems were simulated in an NpT ensemble (T =
300 K, p = 1 bar) using a Langevin dynamics (γlang = 1 ps−1) in
NAMD 2.13. The particle-mesh Ewald (PME) method was used to
evaluate the long-range Coulomb interaction. The hydrogen bonding
and long-range Coulombic interaction were evaluated every 1 and 2
timesteps (time step of 1 fs), respectively. After 10,000 steps of
minimization, the systems were simulated in an electric field of E =
1.3 MV/m. Velocities and current measurements were extracted from
the final trajectories.
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