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A B S T R A C T

Lithium metal-based batteries are attractive energy storage systems owing to the high theoretical capacity of
lithium metal anode and the known lowest potential among existing anodes. However, lithium anodes usually
suffer from severe growth of lithium dendrites, a main reason of safety concern. Engineering the structure of
separators could be an effective solution for resolving this issue. Herein, we demonstrate that eggshell
membrane (ESM) extracted from waste eggshell is a promising candidate as high-performance separator.
Furthermore, we have developed a biomimetic and economic strategy to produce large-area and flat regenerated
ESM (RESM) to overcome the size and shape limits of raw ESM. The ESM and RESM are highly lyophilic to
electrolytes; their well-distributed pores and high electrolyte uptake allow fast ion-diffusion; and their high
mechanical and thermal stability ensure the safety and cyclability of batteries. Most impressively, the
nanoporous structure and the negatively-charged surface of ESM and RESM separators can effectively suppress
the formation of lithium dendrites, even after long-term cycling under high rate. Lithium-ion batteries, lithium-
sulfur batteries, and sodium-ion batteries using RESM separators all show boosted rate capability and cycling
retention, outperforming commercial separators on almost all fronts. Even at a high temperature (120 °C),
lithium-ion batteries with RESM separators can still operate normally. Our findings indicate the nanoporous
RESM film can meet most if not all requirements of an ideal separator for metal ion batteries.

1. Introduction

Since the application of batteries has been vigorously expanded into
new fields, such as smart electronics, clean-energy vehicles and grid-
scale storage, the search for portable, high capacity and safe electrical
energy storage technologies has become one of the paramount moti-
vators for battery material research [1–4]. Lithium metal-based
secondary batteries, including lithium–air, lithium–metal oxides and
lithium–sulfur batteries (LSBs), are attractive alternatives to conven-
tional lithium-ion batteries (LIBs), owning to the high theoretical
capacity of lithium metal anode (3860mA h g-1) and the lowest redox
potential among all existing anodes [5,6]. However, for the practical
use of lithium metal anode, the severe dendritic lithium formation on
the lithium metal surface should be suppressed [7,8]. During the
repeated charge-discharge cycling, the continuous uneven deposition

and stripping of lithium induce uncontrollable growth of lithium
dendrites, which can penetrate through the polymer separator and
form micro-short circuits between the positive and negative electrodes,
causing the serious safety issues including fire and even explosions [9–
12].

In recent years, although great efforts have been made on the
optimization of electrolytes [13–16], the achievements on suppressing
dendritic lithium growth are still limited, because normally lithium
metal cannot conformally contact the separator in microscale during
charge/discharge processes. Separators with well-designed nanostruc-
tures hold the key for suppressing the growth of lithium dendrites.
Traditionally, this problem was clumsily alleviated by using thicker and
more tortuous separators. However, such separators normally lead to
increased impedance loss, and still cannot fully suppress the dendritic
lithium growth [17]. Currently, the most widely-used commercial
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separators (such as CelgardTM-2400 shown in Fig. S1) are made of
polyolefin films [18–20], predominantly polyethylene (PE) or poly-
propylene (PP). Unfortunately, owning to the unsuitable morphology
and pore size distribution of commercial separators, the capability for
suppressing the formation and growth of lithium dendrites is very
limited. Moreover, polyolefin films usually suffer from insufficient
electrolyte wettability, low porosity and serious thermal shrinkage
[21–25], which are partially responsible for the relatively poor
electrochemical performance and poor safety of lithium metal-based
batteries. Previous reports have explored the modification of commer-
cial Celgard separator by coating with ceramic or polymer for improv-
ing the electrolyte affinity and resistance to thermal shrinkage [26–28].
It is ideal to design and fabricate novel separators that can solve all of
the above issues.

Based on the systematic evaluation in lithium metal-based bat-
teries, here we report that the pristine eggshell membrane (ESM)
extracted from waste eggshell is a promising candidate of separator
with remarkable properties. Moreover, to overcome the curved shape
and limited size of raw ESM, we further develop a biomimetic and
economic strategy to fabricate large-area and flat nanoporous regen-
erated ESM (RESM) film from pristine ESM. Interestingly, the
nanoporous RESM film can well inherit and even significantly enhance
the merits of raw ESM as battery separator. It should be noted that
although ESM film was investigated for using in energy related
applications, such as supercapacitor, synthesis template or starting
material [29–37], but the detailed intrinsic properties, regeneration
strategy and effects of ESM film for metal lithium-based secondary
batteries still have not been investigated. With the good electrolyte
wettability, high electrolyte uptake, good mechanical strength, high
thermal stability and well-distributed porous structure of RESM film,
the batteries with RESM film can exhibit greatly enhanced perfor-
mances than those with commercial Celgard separator in terms of
battery safety, reversible capacity, rate capability and long-term cycling
stability under high rates. Impressively, the three-dimensional nano-
porous and flexible RESM film can effectively suppress the dendritic
lithium growth during charge/discharge processes and maintain a
uniform ionic flux on the lithium metal surface.

2. Experimental section

2.1. Chemicals

The waste eggshells were collected from the canteen of Nanjing
University. All other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd, and were of analytical grade and used
without further purification.

2.2. Extraction of egg-shell membranes (ESM)

The waste eggshells were firstly cleaned with deionized water and
then immersed into HCl solution (1.0M) for 6 h to remove the hard
CaCO3 outer shells. Then, the resultant ESM were washed with
deionized water and dried at room temperature for 12 h.

2.3. Dissolution of ESM

The obtained ESM were cut into small pieces and then added into
an alkaline solution containing LiOH/NaOH/urea/H2O with the weight
ratio of 5:7:8:80 under stirring for 10min. Subsequently, the above
solution was stored under refrigeration (− 30 °C) until completely
frozen. Then, the frozen solid was thawed and stirred vigorously at
room temperature for about 6 h to achieve a transparent solution. After
that, the upper air bubbles were removed by centrifugation at
6000 rpm for 5min, and then the resultant solution was stored at 5 °C.

2.4. Preparation of regenerated egg-shell membranes (RESM)

The resultant ESM solution was dropped into a culture dish (made
of polytetrafluoroethylene, PTFE) with the liquid height of about 1.0
mm, and then the culture dish was placed in a water bath at 60 °C for
about 24 h. After thoroughly washing with deionized water for several
times, the culture dish was kept in the water bath (60 °C) again for
another 12 h. Finally, the as-grown RESM were peeled off by tweezers,
and dried in a vacuum oven at 40 °C for 24 h.

2.5. Characterizations

Field-emission scanning electron microscopy (SEM) images were
collected on a JEOL JSM-6480 scanning electron microscope. Nitrogen
adsorption-desorption isotherms were obtained through Brunauer–
Emmett–Teller (BET) analysis at 77 K on a Quantachrome Autosorb-
IQ-2C-TCD-VP instrument. The elemental compositions of the samples
were characterized by an element analyzer (CHN-O-Rapid). The FT-IR
spectrum was measured by Fourier transform infrared spectrometer
(Nicolet Nexus 470). The contact angles were observed with a dynamic
contact angle measuring device/tensiometer (OCA 30, DataPhysics
Instruments GmbH). Energy dispersive X-ray spectroscopy (EDX)
profiles were taken on a JEOL JEM-2100F transmission electron
microscope using an accelerating voltage of 200 kV. Powder X-ray
diffraction (XRD) patterns were recorded with an X-ray diffractometer
(Bruker D-8 Advance) using Cu Kα (λ = 1.5406 Å) radiation at a
scanning rate of 6° min-1. Raman analysis was performed on a Horiba
JY Raman spectrometer using a 473 nm laser source.
Thermogravimetric analysis (TGA) was performed on a NETZSCH
STA-449-C instrument under N2 atmosphere at a heating rate of
10 °Cmin-1.

2.6. Calculation methods

The stress versus strain profiles of the separator films were
measured using an Instron-3300 universal tensile tester at a speed of
10mmmin-1 using the samples with 1.0 cm in width and 8.0 cm in
length. The Young’s modulus was calculated by Eq. (1):

E = σ/ε (1)

where σ and ε represent the stress and strain of the separator,
respectively.

The electrolyte uptakes of separators were measured by immersing
into the designated battery electrolyte, and calculated according to Eq.
(2):

E d t t= (W − W )/Wuptake (2)

where Wt represents the weight of the separator, and Wd is the weight
of the separator after filled with electrolyte.

The porosity of the separators was calculated based on Eq. (3):

A tPorosity (%) = [1 − (W/ρ)]/( × ) (3)

where W is the weight of the separator, ρ is the density of the separator,
A is the area of the separator, and t is the thickness of the separator.

2.7. Preparation of carbon nanotube-sulfur (CNTs-S) composite as
cathode material for lithium-sulfur batteries (LSBs)

Briefly, 40mg of CNTs (TimeNano, China) was mixed with 60mg of
pure sulfur powder in an agate mortar. The mixture was transferred
into an autoclave and heated at 155 °C for 12 h. Then, the product was
further heated in a tube furnace at 200 °C for 30min under Ar
atmosphere to remove the excess sulfur.
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2.8. Preparation of hierarchical porous nitrogen-rich carbon (HPNC)
nanospheres as anode material for sodium-ion batteries (SIBs)

Typically, 264mg of zinc acetate dihydrate (Zn(Ac)2·2H2O) and
800mg of polyvinyl pyrrolidone (PVP) were dissolved into 40mL of
deionized water under stirring. Subsequently, 20mL of tripotassium
hexacyanocobaltate (K3[Co(CN)6]) (266mg) aqueous solution was
added into the above mixture solution under ultrasonication at 0 °C.
After stirring for 1 h, the mixture was aged for 6 h. Then, the precipitate
was collected by centrifugation, washed with deionized water, and
dried in a vacuum oven at 60 °C for 12 h. The powder was annealed at
700 °C for 2 h in N2 atmosphere with a heating rate of 2 °Cmin-1,
followed by etching successively in hydrofluoric acid (HF, 5 wt%) and
hydrochloric acid (HCl, 1.0M) solution. Finally, the product was
washed with deionized water and absolute ethanol for several times,
and dried at 60 °C in a vacuum oven.

2.9. Electrochemical tests of batteries

The working electrodes were prepared by mixing the active
materials, acetylene black and binder (polyvinylidene fluoride, PVDF)
with a weight ratio of 80:10:10 in N-methyl-pyrrolidinone (NMP), and
then stirred for 24 h to form a homogeneous electrode ink.

The LiFePO4/Li coin cells were assembled as a model of lithium
metal-based batteries. The active material was commercial LiFePO4

powder. The LiFePO4 electrode ink was spread on a copper foil and
dried in a vacuum oven at 60 °C to remove the solvent. The coin cells
(CR2032) were assembled in an Ar-filled glove box with the LiFePO4

working electrode and lithium foil as the counter electrode. The
electrolyte of LIBs used in this study was 1.0M LiPF6 in the mixture
of ethylene carbonate and diethyl carbonate (1:1 in volume) as the
electrolyte. The loading mass of LiFePO4 was about 1.6–1.8mg cm-2.

For the assemble of LSBs, the CNTs-S electrode ink was spread and
vacuum-dried on an aluminum foil to serve as the cathode. Lithium foil
was employed as the anode. The electrolyte of LSBs used in this study

was 1.0M lithium bis(trifluoromethane) sulfonimide and 0.1M LiNO3

in the mixture of 1,3 dioxolane and 1,2-dimethoxyethane (1:1 in
volume). The loading mass of sulfur was about 1.4–1.6mg cm-2.

For the assemble of SIBs, the HPNC electrode ink was casted and
vacuum-dried on a copper foil to serve as the anode. Sodium metal foil
was used as the cathode. The electrolyte of SIBs used in this study is 1.0
M NaClO4 solution in propylene carbonate (PC). The loading mass of
HPNC material was about 1.2–1.4mg cm-2.

For comparisons, Celgard film (CelgardTM-2400), ESM and RESM
were individually tested as the separators of the above batteries. The
electrochemical properties of batteries were measured on a LAND
battery test system (Wuhan LAND Electronics Co., Ltd.). The specific
capacities of batteries were calculated based on the total weight of
active materials.

3. Results and discussion

Fig. 1a shows the typical structure of bird or reptile eggs, which
usually possess three protective layers: the hard eggshell, the outer
ESM and the inner ESM. The hard eggshell is mainly composed of
CaCO3 crystals stabilized by protein matrix, while the outer and inner
ESM are primarily composed of a porous matrix of interwoven protein
fibers and polysaccharides (glycans) [38,39]. After the evolution by the
Mother Nature for billions of years, ESM has developed numerous
functions and merits including good protection ability of the fertilized
eggs from harsh external environment, great permeability for both air
and water, considerable cold/heat resistance and biocompatibility.
Fig. 1b presents the schematic illustration of the synthesis of RESM
film. Pristine ESM was extracted from waste eggshell through the
etching of CaCO3. Then the compositions of ESM were treated in
NaOH/urea/LiOH solution and completely dissolved, owing to the
swelling and solation of hydrophilic biomatters (proteins and glycans,
etc.) through the break of hydrogen bonds in the mixed alkali solution.
Finally, the dissolved compositions were re-assembled to RESM at
60 °C in a culture dish as the deposition substrate, forming a uniform

Fig. 1. (a) Structural diagrams of egg and eggshell. (b) Schematical illustration of the preparation process of RESM.
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two-dimensional membrane with nanoporous structures. Notably, the
RESM well-retained the intrinsic advantages of raw ESM, such as the
lyophilic nature, well-distributed pores and high thermal stability.
Unlike common polymer-based separators, the production of RESM
separators is a facile, economic, environment-friendly and sustainable
process that can turn waste into treasure.

The pristine ESM (Fig. S2) exhibits a naturally-formed “nonwoven
fabric” structure with curved shape, porous surface and an average
thickness of ~ 50 μm, mainly consisting of interconnected microfibers
with the diameter between 3 and 16 μm. The microfibers in ESM are
mostly composed of interwoven protein fibers and glycan chains [40],
which contribute to the good electrolyte wettability and can effectively
avoid the dendritic lithium growth and internal short-circuit during the
charge/discharge cycles (as detailed below). As shown in Fig. S2 and
Fig. S3, the interconnected microfibers formed abundant pores with
the sizes varied in the range of ~ 12 nm to several microns [41,42].

The RESM well preserved the original flexible structure of raw
ESM. Fig. 2a presents a photograph of RESM after cutting to a
rectangular shape, showing the large-area flat surface different from
the size-limited and curved surface of raw ESM. The morphology of
RESM was characterized by scanning electron microscopy (SEM,
Fig. 2b, c), indicating a porous microstructure consisting of bio-
microfibers and microrods re-assembled from original ESM. Notably,
the thickness of RESM can be finely tuned from several to hundreds of
micrometers by varying the solution concentration of dissolved ESM.

The surface areas and pore size distributions of both ESM and
RESM were examined by the N2 adsorption-desorption isotherms. As
indicated in Fig. S3, the measured specific surface areas of ESM and
RESM were 18.4 and 23.2m2 g-1, and the pore volume are 0.24 and
0.31 cm3 g-1, respectively. Moreover, the ESM and RESM show the
similar pore size distributions (13.5 nm for ESM and 15.6 nm for
RESM, respectively), and much smaller than that of commercial
CelgardTM-2400 (117 nm × 42 nm, technical data from the Celgard
LLC, USA). The compositions of RESM examined by elemental analysis

include C, N and H elements (31.9, 11.6 and 5.5 wt%, respectively),
comparable with those of pristine ESM (34.8, 10.7 and 6.1 wt.%,
respectively). Further Fourier transform infrared spectroscopy (FT-IR)
spectra of ESM and RESM films in Fig. S4 show the characteristic
peaks corresponding to -NH/-NH2 groups (3448 cm-1), -CH2 groups
(2932 cm-1), imine groups (1647 cm-1), and triazine groups (1535 cm-

1). These results confirm that ESM and RESM films possess a large
number of nitrogen-containing functional groups with high polarity
and lyophilicity, leading to strong affinity with Li+ and efficient
suppression of Li dendrite growth during electrochemical processes
[12]. The measured Young’s modulus of both ESM and RESM are
comparable (~ 560MPa), which is much higher than that of commer-
cial Celgard-2400 film (~ 300MPa), implying the ESM and RESM can
better retain the structural integrity and avoid the rupture under
physical disruption.

Small thermal shrinkage is essential for separators to achieve good
high-temperature stability [43–46]. The dimensional shrinkage of
Celgard film, ESM and RESM were measured at different temperatures
(Fig. 2d). Both ESM and RESM exhibited very small shrinkage as the
temperature increased to 180 °C, while the Celgard film showed an
obvious shrinkage at temperatures above 150 °C. Fig. 2e presents the
photographs of Celgard film, ESM and RESM after heating at 150 °C
for 0.5 h, demonstrating the much better structural retention of ESM
and RESM than that of Celgard film. Thermogravimetric analysis (TGA,
Fig. 2f) shows the ESM and RESM begin to lose weight at ~ 260 °C,
owing to the degradation of collagen and glycan chains. In contrast, the
Celgard film begins to decompose at ~ 180 °C, and has a large weight
loss of ~ 75% at 300 °C. These results indicate that the ESM and RESM
films have much higher thermal stability than commercial Celgard
separator.

Wettability and electrolyte uptake are important parameters for
separators [47–49]. The contact angles of deionized water and
secondary battery electrolytes (including the electrolytes of LIBs,
LSBs and sodium-ion batteries (SIBs), the chemical compositions are

Fig. 2. (a) Optical photograph of large-area RESM after cutting to a rectangular shape. (b, c) SEM images of RESM at different magnifications. (d) Dimensional shrinkage of Celgard
film, ESM and RESM at different temperatures. (e) Photographs of Celgard film, ESM and RESM after heating at 150 °C for 0.5 h. (f) TGA curves of Celgard film, ESM and RESM under
N2 atmosphere.
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detailed in the Experimental section of Supporting information) on the
surface of Celgard film, ESM and RESM were investigated, respectively,
as shown in Fig. 3. Compared to Celgard film, both ESM and RESM
show remarkably reduced contact angles for all tested liquids, suggest-
ing the much better lyophilic properties. Interestingly, the hydrophi-
licity of RESM (θ = 34.3°) is even higher than pristine ESM (θ = 78.8°),
probably due to the treatment in alkaline solutions and the variation of
surface texture after regeneration. Moreover, Fig. S5 shows that both
ESM and RESM can adsorb the above electrolytes much better than
Celgard film, and further verify that RESM are more lyophilic. The
higher electrolyte wettability of ESM and RESM can be attributed to

the highly lyophilic nature of collagen and glycan compositions. The
electrolyte uptake capacities of these films were also compared
quantitatively, as shown in Fig. 3m-o. The weight ratios of electrolyte
uptake increase rapidly at the initial stages and then slowly reach the
maximum levels. For the electrolytes of LIBs, LSBs and SIBs, the
maximum uptake capacities of ESM (320%, 280% and 300%, respec-
tively) and RESM (340%, 270% and 290%, respectively) are about two
times higher than those of Celgard film (135%, 150% and 155%,
respectively). Moreover, the porosity of ESM (43%, calculated with Eq.
S3) and RESM (48%) are higher than that of Celgard film (37%),
suggesting the better performance to hold sufficient electrolyte between

Fig. 3. (a-l) Contact angle images of Celgard film (a-d), ESM (e-h) and RESM (I-L) with (a, e, i) deionized water, (b, f, j) electrolyte of LIBs, (c, g, k) electrolyte of LSBs and (d, h, l)
electrolyte of SIBs, respectively. (m-o) The electrolyte uptakes of (m) Celgard film, (n) ESM and (o) RESM with different electrolytes.
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electrodes [50]. The highly porous and lyophilic microstructure of ESM
and RESM are the main reasons of greatly improved electrolyte uptake
capacities.

The outstanding properties of ESM and RESM are further demon-
strated in secondary battery tests, as exhibited in Fig. 4 and Figs. S6–
S14. The assessments of LiFePO4/Li cells with different separators
(Celgard separator, ESM and RESM) and all other identical conditions
are presented in Fig. 4. The first three galvanostatic charge/discharge
profiles of LiFePO4/Li cells with these separators at 0.5 C show similar
plateaus and almost overlapped curves at the 2nd and 3rd cycles

(Fig. 4a and Fig. S6). However, the LiFePO4/Li cells with ESM or
RESM separators exhibit much higher rate capability than those with
Celgard film separators, as shown in Fig. 4b. At a high rate of 10.0 C,
the discharge capacities of LiFePO4/Li cells with ESM and RESM
separators are 111 and 117mA h g-1, respectively, meanwhile those
with Celgard film separators only deliver a discharge capacity of only
83mA h g-1. The superior rate capabilities should be ascribed to the
high ionic conductivity and low interfacial resistance of ESM and
RESM [51,52], as evidenced by the Nyquist plots in Fig. S7, which
confirms that the LiFePO4/Li cells with ESM or RESM separators have

Fig. 4. (a) Galvanostatic charge/discharge profiles of LiFePO4/Li cells with RESM separators at 0.5 C within the potential range of 2.5–4.2 V vs. Li/Li+. (b) Rate capability of LiFePO4/Li
cells with different separators. (c) Cycling performance of LiFePO4/Li cells at 0.5 C under the default temperature of 25 °C and the corresponding Coulombic efficiency of LiFePO4/Li
cells with RESM. (d) Cycling performance of LiFePO4/Li cells at 0.5 C under an elevated temperature of 120 °C. (e) Long-term cycling stability comparison of LiFePO4/Li cells with
different separators at 5.0 C and the corresponding Coulombic efficiency of LiFePO4/Li cells with RESM.
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lower contact resistance and lower charge-transfer resistance than
those with Celgard film separators.

The cycling stability and high-temperature safety of these separa-
tors were examined. At a normal working temperature of 25 °C
(Fig. 4c), the LiFePO4/Li cells with Celgard film, ESM and RESM as
separators show comparable initial discharge capacities (130, 143 and
138mA h g-1 at 0.5 C, respectively) and good cycling stability (125, 133
and 140mA h g-1 after 100 consecutive cycles at 0.5 C, respectively).
However, the high-temperature tolerance of ESM and RESM are far
superior to Celgard film. As revealed in Fig. 4d, the LiFePO4/Li cells
with ESM or RESM separators can sustain stable charge/discharge
curves at even 120 °C. In contrast, those with Celgard film separators
cannot be charged/discharged properly, which should be ascribed to
the short circuit induced by the high-temperature shrinkage of Celgard
film (as noted above).

The long-term cycling performance of at high rates were also
investigated (Fig. 4e). The LiFePO4/Li cells with ESM and RESM
separators show significantly improved cycling stability compared to
those with Celgard film separators. At a high rate of 5.0 C, the LiFePO4/
Li cells with ESM and RESM separators present high initial discharge
capacities (133 and 126mA h g-1, respectively) and good stability (108
and 112mA h g-1 after 100 cycles, 92 and 100mA h g-1 after 200 cycles,
respectively). In contrast, the discharge capacity of those with Celgard
film separators is only 32mA h g-1 after 100 cycles.

To examine the severity of dendritic lithium growth, the surfaces of
lithium metal electrodes after long-term cycling under 5.0 C in
LiFePO4/Li cells with Celgard, ESM and RESM separators were

characterized (Fig. 5). As shown in Fig. 5a, the lithium electrode
cycled with commercial Celgard separator exhibit the extensive forma-
tion of rod-like lithium dendrites, which would continuously expose
fresh Li metal surfaces to the electrolyte, and thus, additional solid
electrolyte interphase (SEI) layers are generated and the electrolyte
solution are gradually consumed [6]. Moreover, lithium dendrites can
become isolated from the lithium electrode after long-term cycling with
Celgard separator, and the isolated lithium can then react with the
organic electrolyte, thus severely degrading the cycling performance.
The lithium electrode cycled with ESM separator (Fig. 5b) shows much
less dendritic morphology than that with commercial Celgard.
Remarkably, the lithium deposition in LiFePO4/Li cell with RESM
separator (Fig. 5c) are even more uniform and flat compared to that
with ESM separator. Furthermore, the surface morphology evolution of
commercial Celgard, ESM and RESM films after electrochemical tests
was also examined. As show in Fig. S15, the commercial Celgard
separator after long-term cycling exhibited very rough surface char-
acteristics with severely formed bulges, while ESM and RESM separa-
tors after electrochemical tests present much smoother surface char-
acteristics. Therefore, it can be concluded that both ESM and RESM
can effectively suppress the dendritic lithium growth by facilitating the
uniform distribution of Li+ over the entire lithium surface (Fig. 5d-f).
The effective suppression of dendritic lithium formation and growth
was also confirmed by the Li/Li symmetric cell tests. Fig. S16 compares
the voltage profiles of the Li/Li symmetric cells cycling at 0.5mA cm-2

with an areal capacity of 1.0mA h cm-2. It was observed that the Li/Li
symmetric cells with ESM and RESM separators exhibited much more

Fig. 5. (a-c) SEM images of lithium metal electrodes after long-term cycling under 5.0 C in LiFePO4/Li cells with (a) commercial Celgard, (b) ESM, and (c) RESM separators,
respectively. (d-f) Schematic illustrations of dendritic lithium growth on the lithium metal electrodes in the presence of (d) commercial Celgard, (e) ESM, and (f) RESM separators,
respectively.
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stable voltage profiles and lower overpotentials than those with
commercial Celgard separator. The Li/Li symmetric cell with commer-
cial Celgard separator displayed large voltage hysteresis, which could
be attributed to the increased impedance caused by the dendritic
lithium formation and growth [53,54]. The suppression of dendritic
lithium growth of ESM and RESM is mainly attributed to the
nanoporous structure of ESM/RESM and the enhanced interfacial
interactions between ESM/RESM and lithium metal electrodes. Unlike
commercial Celgard separator, the ESM and RESM have intrinsically
lyophilic compositions, thus can form a negative charge layer through-
out the surfaces. The electrostatic attraction between the negative
charge layers on ESM/RESM and the surface of positively charged
lithium metal strongly enhances the interfacial affinity and interaction.
Furthermore, superior to the micro-scale pores of Celgard separator,
the nano-scale porosity of ESM and RESM can greatly suppress the
growth of large-sized lithium dendrites. Therefore, the effective sup-
pression of lithium dendrite growth with ESM and RESM separators
can greatly enhance the cycling performance of LiFePO4/Li cells.
Additionally, the nanoporous structure of ESM and RESM can enable
better electrolyte retention, which may also play a key role on the
improvement of battery performance [55,56].

The advantages of ESM and RESM as promising separators for
LSBs and SIBs were also confirmed experimentally, as detailed in
Supporting Information and Figs. S8–14. The performances of ESM
and RESM separators in LSBs and SIBs are both remarkable and far
superior to Celgard film, demonstrating the enormous potential for
applications in next-generation secondary batteries. The enhanced
electrochemical performances can be mainly attributed to the structur-
al superiorities of ESM and RESM films, including higher mechanical
and thermal stability, better wettability, higher electrolyte uptake and
compact interfacial interactions between ESM/RESM separators and
lithium metals, as compared with those of commercial Celgard
separator.

4. Conclusions

In summary, we show that the ESM and RESM acquired from
abundant and renewable poultry sources can be used as close-to-ideal
battery separators that fully outperforming the existing mainstream
option. A key finding is the suppression of dendritic lithium growth
when using lithium metal electrodes, solving a long standing problem
in lithium metal based batteries. Finally, an effective method with high
compatibility to current technologies was developed to prepare large-
area and flat RESM from size-limited and curved ESM, making it a
reality to convert a bio-waste into a crucial component in energy
storage devices. Such membranes are very promise to improve the
safety and capabilities of various batteries.
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