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HIGHLIGHTS

® The commonly used modification methods for separator of lithium batteries are summarized, which include surface coating, in situ

modification and grafting modification.

e The adhesion of coating materials with the separators and wettability of the modified separators prepared from the three methods are

compared.

e The challenges and future directions of separator modification are provided.

ABSTRACT The growing demands for energy storage systems, electric vehi-
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cles, and portable electronics have significantly pushed forward the need for safe i SR 4 by A

and reliable lithium batteries. It is essential to design functional separators with —_— ‘% S

improved mechanical and electrochemical characteristics. This review covers the

Surface coating Grafting modification In situ modification
improved mechanical and electrochemical performances as well as the advance- Material and process cost
ments made in the design of separators utilizing a variety of techniques. In terms T G
of electrolyte wettability and adhesion of the coating materials, we provide an performance available for use

overview of the current status of research on coated separators, in situ modified

separators, and grafting modified separators, and elaborate additional performance Thickness of the Adhesion of the

. .. . . . coating layers coating layers
parameters of interest. The characteristics of inorganics coated separators, organic

. . . . Separator porosit
framework coated separators and inorganic—organic coated separators from differ- parator porosity
ent fabrication methods are compared. Future directions regarding new modified materials, manufacturing process, quantitative analysis

of adhesion and so on are proposed toward next-generation advanced lithium batteries.
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1 Introduction

For a more sustainable society, it is now critical to develop
renewable, clean energy as well as effective energy conver-
sion and storage systems. Because of their high energy den-
sity and low redox potential, lithium batteries as one type
of Secondary batteries are widely utilized in energy storage
systems [1]. Lithium-ion batteries were first developed and
commercialized by Sony in 1991 [2]. However, the energy
density of the state-of-the-art lithium-ion batteries, which
use graphite anodes and insertion compound cathodes, has
achieved its maximum (~ 150 Wh kg™") [3]. Theoretically,
lithium metal batteries offer a more appealing and higher
energy density. The unstable solid electrolyte interphase
(SEI) of the lithium anodes and severe lithium dendrite
growth readily lead to short circuits and rapid, uncontrolled
discharge of the battery, causing a series of safety issues [4].
Lithium-sulfide batteries and lithium-oxygen batteries also
form multiple lithium sulfides and lithium oxide interme-
diate products during the cycling process, which seriously
passivates the lithium anodes, resulting in a decline in cycle
efficiency and battery performance [5]. In addition, the over-
heating of lithium batteries causes fire and explosion acci-
dents. For instance, fast charging and rapid heating might
cause the liquid electrolyte to burn, which is extremely dan-
gerous for human life and health. Although extending the
energy density and cycle life of lithium batteries is a popular
objective, cost and safety are also receiving a lot of atten-
tion. Improving the physical and chemical characteristics of
battery components proves to be a successful and efficient
route.

Until now, tremendous advances have been made in opti-
mization of electrodes for improved performance of lithium
metal batteries, including the creation of artificial SEI,
modulation of the anode’s three-dimensional structure, and
control of the cathode’s surface structure. Recently, there has
been a greater focus on the role separators play in regulating
ion transport and, consequently, the behavior of lithium dep-
osition. Uniform and fast transport of Li* through separators
is essential to reduce the risk of local overcharge and growth
of lithium dendrite [6]. Ion flux distribution is greatly influ-
enced by the chemical composition and pore structure of
the separators [7], and micro-channels within the separa-
tors facilitate the migration of Li*. It has been demonstrated
that separators can significantly increase the cycle life of
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lithium batteries. Lithium battery separators have advanced
quickly since the turn of the twenty-first century due to the
widespread use of lithium batteries. Figure 1 illustrates the
increase in pertinent research publications as well as papers
on different separators used in battery systems.

At present, there are reviews on different types of separa-
tors [1, 8], their fabrication technologies [1, 9], safety issues
[9] and functional design [1], but the impact of various
modification techniques on the performance of functional
separators has not been particularly investigated. Thus, this
paper aims to present a comprehensive and concise review
of the latest development of functional separators based on
different modification methods. We will explore the influ-
ence of different modified separators on the battery perfor-
mance from the perspective of coating, in-situ, and grafting
functionalization methods. Emphasis is generally placed on
electrolyte wettability and adhesion of the coating materi-
als of the functional separators, and additional performance
parameters of interest will be elaborated. We hope to provide
guidance for the future design of new functional separators.

2 Basic of Separators

The separator, one of the most critical components of
lithium battery, is placed between the positive and nega-
tive electrodes. It plays the following important roles: (1)
prevent contact between the positive electrode and negative
electrode and thus avoid short circuits of the battery; (2)
provide channels for rapid Li* transport [1, 8, 10-12]. The
currently used separators are usually classified into three
types, microporous polyolefin separators, non-woven separa-
tors, and inorganic composite separators [13]. Microporous
polyolefin separators, such as polyethylene (PE), polypro-
pylene (PP) separators, and three-layer composite separators
composed of PE and PP, are the mostly used commercial-
ized separators due to their high mechanical properties and
excellent dimensional stability. The non-woven separator is
composed of randomly arranged fibers [14]. Cellulose [15,
16], polyvinylidene fluoride (PVDF) [17], aramid nanofiber
(ANF) [18], poly(acrylonitrile) (PAN) [19, 20], polyimide
(PI) [21, 22], polyetherimide (PEI) [23], poly(ether ether
ketone) (PEEK) [24], polybenzimidazole (PBI) [25] and
other materials [26] have been exploited to form fibrous
membranes through electrospinning and melt-blowing. By
integrating inorganic particles into a polymer matrix, the

https://doi.org/10.1007/s40820-024-01596-x
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formed inorganic composite separator combines the char-
acteristics of both materials. The relevant data of the com-
monly used separators that have been industrialized is shown
in Table 1.

One aspect that affects the uniformity of ions transport
through the separator is wetting ability [6]. Separators must
possess high porosity and good wettability toward liquid
electrolytes (LEs) to increase their uptake and retention rate
[27]. The separator with good wettability is conducive to
rapid electrolyte permeation, to fill the pores of the separator
and establish an efficient and fast lithium-ion transport chan-
nel [14, 28-32], as shown in Fig. 2a, which minimizes the
ion transfer resistance, enhances the ionic conductivity and
suppresses the lithium dendrites growth [33, 34]. Incomplete
filling of the pore space blocks the transport path of the pore
network and decreases the lithium-ion transport capacity of
the separator, as shown in Fig. 2b [6]. The interlayer or func-
tional separator with high porosity and excellent wettability
toward LEs regulates the transport behavior of Li* to the

greatest extent so that lithium-ion is uniformly deposited on
the surface of the lithium metal anode, thus inhibiting the
lithium dendrites growth and realizing homogeneous ionic
transport for long-cycling lithium batteries [7, 35].
However, the commercial polyolefin separators contain
abundant nonpolar —CH, and —CH; groups, resulting in
poor affinity for electrolytes [13, 36]. Inorganic composite
separators have the problem of uneven mixing of inor-
ganic particles with matrix, which leads to low structural
integrity, reduced porosity and ionic conductivity [37-39].
Numerous nonwoven-based separators have excellent
wettability and have been used in lithium batteries due
to their high porosity and specific surface area, but their
other properties such as mechanical strength still need
to be optimized [11, 14]. Based on this, the researchers
modify the separator using a variety of materials, such as
inorganic nanoparticles and polymers with abundant polar
groups [13, 40]. The modified separator exhibits good wet-
tability with LEs due to its polar structures and porous

Table 1 Summary of characteristics of some representative commonly used separators that have been industrialized

Separator Brand Thickness Porosity (%) Pore size (pm) Electrolyte contact Ionic conductivity
(pm) angle (mS cm™) at RT

PP Celgard 2400 25 41 0.043 - -

PP Celgard 2500 25 55 0.091 >90° -

PE Hipore 16 41 - - 0.61

PE Senior 9 43 0.045 >50° 1.04

Cellulose Cellulion 20 63 2.44 - 0.90

PI 20 91 - 10° 1.71

SHANGHAI JIAO TONG UNIVERSITY PRESS

@ Springer



128 Page 4 of 38

Nano-Micro Lett. (2025) 17:128

(a) Good wettability (c)

- Electrolyte Separator

(b) Poor wettability (d)

Good adhesion

Coating

Strong physical or
chemical interaction

sUbstrate

Poor adhesion

Coating
Dropped particles

Fig. 2 a, b Schematic illustration of the influence of separator wettability toward electrolyte on Li* transportation. ¢, d Schematic illustration of

the adhesion between the matrix film and the modified layer

structures. For surface-modified separators, the adhesion
between the matrix film and the modified layer is particu-
larly important (Fig. 2c, d), which refers to the dimen-
sion stability of the separators. The separators modified
by coating, in situ and grafting functionalization methods
can not only improve the wettability but also improve the
adhesion step by step. The differences between the three
functionalization methods are also compared, as shown in
Fig. 3. Except for electrolyte wetting ability and adhesive
properties of coating materials, chemical stability, thick-
ness, porosity, pore size, mechanical strength, thermal sta-
bility and electrochemical stability of the separators are
also important parameters affecting the performance of
batteries [41-45].

3 Coated Separators

The coating can facilely introduce functional layers, which
have high polarity and good compatibility with LEs on
the surface of separators. The commonly used methods
include blast-coating, vacuum filtration and dip-coating.
These methods enable large-scale and low-cost production
of surface functionalized membranes.

© The authors

3.1 Inorganics—Coated Separators

Inorganic ceramics, carbon-based nanomaterials, metal
nitrides and metal sulfides are largely exploited for surface
coating of separators. These inorganic modification lay-
ers always feature excellent wettability for LEs due to (a)
increased surface roughness and/or surface energy and (b)
uniform size at the nanoscale [46]. Meanwhile, the inor-
ganic coated layers also improve the thermal stability of
the separators to a certain extent. The characteristics and
electrochemical performance of inorganic-coated separa-
tors and their assembled lithium batteries are summarized
in Table 2.

3.1.1 Inorganic Ceramics

Inorganic ceramic materials generally refer to a class of inor-
ganic non-metallic materials made of natural or synthetic
compounds by forming and sintering at high temperature.
With the help of binder, SiO, [48-51], Al,O5 [52, 61, 81]
and other derivatives [54, 55, 63] are commonly used inor-
ganic ceramics for surface coated separators with improved
electrolyte uptake and ionic conductivity [82].

https://doi.org/10.1007/s40820-024-01596-x
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Fig. 3 Schematic showing three commonly used modification methods for separators of lithium batteries and their advantages and disadvan-

tages

For example, the surface coating of SiO, can be
achieved either by uniformly coating slurry containing the
commercially available SiO, on the separator surface [49],
or directly hydrolyzing tetraethyl orthosilicate to deposit
SiO, on the separator [48] (Fig. 4a). Through the latter
method, the coating thickness (lower than the directly
coated Si0O, [49]) and specific surface area of the ceramic
coating layer could be easily controlled by adjusting the
solution concentration and deposition time, and a contact
angle of less than 10° was achieved. The coated separators
showed significant electrolyte uptake and improved battery
performance. The amino-functionalized SiO, (N-SiO,)
coating layer with a thin coating thickness of 2.5 pm
(compared to 6 um in [48]) was fabricated on PE separa-
tor, which exhibited higher ionic conductivity of 0.81 mS
cm™! (compared to 0.61 mS cm™ in [49]), and excellent
electrolyte wettability. The contact angle decreased from
96.3° to 51.3° (Fig. 4b). Interestingly, N-SiO, particles

.] SHANGHAI JIAO TONG UNIVERSITY PRESS

also played a role as a HF scavenger, which effectively
inhibited electrolyte decomposition at high temperatures
and realized stable cycling of battery (88.5% capacity
retention after 200 cycles at 0.1C) [56]. Mixed coating of
two different ceramic materials on the polyolefin separator
can further improve the electrolyte wettability [51, 60].
Coating slurry with mixture of SiO, and Al,O; on the
PVDF fibrous membrane led to separators with excellent
electrolyte uptake (more than 350%) and remarkable ionic
conductivity (more than 2 mS cm™!), as shown in Fig. 4c.
Impressively, capacity retention of more than 80% after
100 cycles could be achieved for the assembled cells [57,
58]. Figure 4d showed separators coated with both Al,O4
and halloysite nanotubes (HNTs) had better wettability
than those coated with Al,O; alone. The HNTs with hol-
low structure not only reduced the weight increase, but
also provided fast ion transport channels for the modified
separators. Meanwhile, the positive charge on the surface

@ Springer
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Table 2 Summary of characteristics and electrochemical performance of the inorganic-coated separators

Separator Coating Porosity® Coating Electrolyte  Elec- Ionic conductiv-  Cyclic performance References
thickness mass frac- contact trolyte ity (mS cm™)
(pm) tion angle uptake  atRT

Inorganic ceramics

PE/WCDA-SiO, b - - - 310% 0.32 73.3% after 100 cycles at  [47]
0.5C (original) 81.6%
after 100 cycles at 0.5C
(modified)

PP/SiO, 6 - 20% <10° - - - [48]

PE/SiO, 10 - - - - 0.61 73% after 200 cycles at [49]
0.5C (original) 77%
after 200 cycles at 0.5C
(modified)

PP/Si0,/Al,0, - - - 120%  0.78 [50]

PP/Si0,/Al,0;4 - - - 21.7° (H,0) - - 64.7% after 400 cycles [51]
at 1C (original) 90.9%
after 400 cycles at 1C
(modified)

PIC/ALO4 - - - 0° - 1.64 - [52]

PP/SiO, 6 - 0° 346% 0.63 80.6% after 100 cycles [53]
at 1C (original) 87.4%

after 100 cycles at 1C
(modified)

PP/AI(OH); - 84% - - 127% 1.00 - [54]

PE/AIOOH 1.15 - - - - 6.56 94.6% after 100 cycles [55]
at 1C (original) 96.3%
after 100 cycles at 1C
(modified)

PE/N-SiO, 2.5 - 51.3° (H,0) 195% 081 88.5% after 200 cycles at  [56]
0.1C (modified)

PVDEF/Si0,/Al,04 0.2 68.1% - 18.9° 468% 2.24 71.6% after 100 cycles [57]
at 0.2C (PP) 86.4%
after 100 cycles at 0.2C
(modified)

PVDF/AlL,0,/Si0, - 61.8% - 18.3° 366% 2.06 78.4% after 100 cycles [58]
at 0.5C (PE) 81.3%
after 100 cycles at 0.5C
(modified)

PI/Si0,/Al,04 5 89.8% - - 519% 2.92 95.58% after 250 cycles  [59]
at 5C (PP) 98.76%
after 250 cycles at 5C
(modified)

PE/AlL,O;/HNTs 3 - - 9° 281% 0.67 84.4% after 200 cycles at  [60]
0.2C (original) 83.4%
after 200 cycles at 0.2C
(modified)

PE/AlL,O4 3 31.7% - 4.21° 170% 1.16 82.2% after 100 cycles at  [61]
0.5C (original) 91.5%
after 100 cycles at 0.5C
(modified)

PP/A1,04/TiO, 10 - - 15° - — _ [62]
PET/LLZO - 50% 87% 19.6° - 2.80 - [63]

PVA/ZrO, - 73% - 21.6° 420% 2.19 90% after 200 cycles at  [64]
0.2C (PE) 97% after
200 cycles at 0.2C
(modified)

© The authors https://doi.org/10.1007/s40820-024-01596-x
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Table 2 (continued)

Separator Coating Porosity® Coating Electrolyte  Elec- Ionic conductiv-  Cyclic performance References

thickness mass frac- contact trolyte ity (mS cm™)
(pm) tion angle uptake  atRT

PE/SnO, 2.7 - - 46.5° (H,0) 119% 0.72 - [65]

PP/Zeolite 4A 10 58% - 0° 270% 2.25 83.4% after 100 cycles at  [66]
0.5C (original) 96.2%
after 100 cycles at 0.5C
(modified)

PE/Si-0-Al, 0, - - - - 269% 0.68 16.0% after 400 cycles at  [67]
0.5C (original) 54.1%
after 1000 cycles at
0.5C (modified)

Carbon-based nanomaterials

PP/DLC 29 - - 29° - 0.69 71% after 1000 cycles at  [68]
5C (modified)

PP/LNS/CB 3.5 - - 0° - 0.59 86% after 500 cycles at [69]
1C (modified)

PP/GO - - - 15° (H,0) - 0.60 - [70]

PP/SFGS 20 - - 54.4° (H,0) - - - [71]

ANF/rGOF 15~20 - - - - - 89.07% after 2000 cycles [72]
at 50 C (modified)

PP/rGO/BNNSs 9.5 - - 10.97° - - 92.3% after 500 cycles at  [73]
4 C (modified)

PP/GO/Li-Al-LDH 12 - - 0° 233% 0.74 95.76% after 250 cycles  [74]
at 1C (modified)

PP/Fe;N@NG - - - 5.23° 116% 0.70 - [75]

PP/CFs 15 - - 0° - - 48.7% after 500 cycles at  [76]
0.5C (original) 64.5%
after 500 cycles at 0.5C
(modified)

ANF/ NiFe,0,-OCNT 1.6 - - 17.6° 253% 221 72% after 1000 cycles at  [77]
1C (modified)

Others

PP/CuS/graphene 20 - - 0° - - 62.1% after 200 cycles at  [78]
1C (modified)

PP/h-BN 2 - - 15.7° - - - [79]

PI/hBN 3 44.5% - 7.2° 63% - 73% after 300 cycles at [80]

1C (PP) 79% after 300
cycles at 1C (modified)

b

# “Porosity” is the entire separator’s, instead of the coating’s.

of HNT could adsorb anions and promote the Li* move-
ment. The assembled cells achieved capacity retention
rate of 83.4% after 200 cycles at 0.2C. This demonstrated
the more abundant polar functional groups in the coat-
ing layer, the better affinity with polar electrolytes. For-
tunately, the multi-material coating didn’t significantly
increase the separator thickness and presented a loosely
stacked porous structure [60]. Currently, ceramic-coated
separators based on SiO, and Al,O; are widely used in
commercial lithium batteries.

SHANGHAI JIAO TONG UNIVERSITY PRESS

means not mentioned

Generally, inorganic ceramics-coated separators suffer
from some shortcomings such as uneven separator thick-
ness, blockage of separator pores, interface incompatibility,
and brittleness. In addition, the binders melt or decompose
with the rising of temperatures, leading to the detachment
of the coating materials. Zhang et al. [61] fabricated Al,O;
ceramic-coated separators using an organic—inorganic com-
posite binder composed of polyvinyl alcohol-phosphate
inorganic (PVA-PIB). The organic binder has poor thermal
resistance and easily melts at high temperatures, leading to

@ Springer
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the shrinkage of the separator. The inorganic binder has poor
compatibility with the polyolefin matrix, resulting in poor
adhesion. Thus, the PVA-PIB organic—inorganic composite
binder overcame the above shortcomings simultaneously,
and the assembled cells had improved electrochemical per-
formance. Luo et al. [83] prepared a raspberry microparti-
cle polymer (RMP) binder with a soft inner core and hard
outer sphere. With this binder, the Al,O; could be firmly
attached to the PE separator. Meanwhile, the pore blockage
was avoided. Na et al. [84] activated the surface of polyole-
fin separator by ultraviolet ozone (UVO) plasma treatment.
Then through silane hybridization, SiO, nanoparticles were
coated on the separator surface. This work demonstrated
the fabrication of SiO,-modified separator without poly-
mer binder for the first time. In general, the ceramic and the
binder content of slurry for coating needs to be optimized to
prevent the plugging of separator pores. Also, molecular and
morphological designs of inorganic coatings have impact
on the separator’s wettability and thus battery performance.
Firmly attachment of ceramic coatings on the surface of
separator with enhanced wettability is a huge challenge.

© The authors

3.1.2 Inorganic Carbon-Based Nanomaterials

Inorganic carbon-based nanomaterials are widely used in
the field of clean energy storage and conversion because of
their unique crystal structure, rich chemical bond types and
good environmental adaptability, including graphene [70,
73], carbon fiber (CFs) [76], carbon nanotubes (CNTs) [77,
85] and other graphitic carbons. On the one hand, carbon-
based coatings can greatly enhance surface-wetting prop-
erties by changing the separator morphology and surface
polarity without reducing the lithium-ion transport flux.
On the other hand, their small pore sizes can decrease the
local current density and lithium surface reaction to inhibit
lithium dendrite formation. Meanwhile, carbon-based nano-
materials can synergistically improve the performance of
other additives [70].

When the two-dimensional graphene oxide (GO) nano-
material was exploited as a coating material, good elec-
trolyte wettability (contact angle 15°) could be achieved
for the coated separator [70]. The coated separator could
be further functionalized for improved performance. Kown

https://doi.org/10.1007/s40820-024-01596-x
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et al. [71] designed a GO-coated separator functionalized
with polyacrylic acid (PAA), which showed better electro-
lyte wettability (the contact angle decreasing from 68° to
54.4°), improved ionic conductivity, and more homogene-
ous Li* flux than the only GO-coated separator. When GO
was doped with other inorganic materials and applied as
coating materials, the obtained composite separator exhib-
ited excellent wettability (contact angle no exceeding 10°)
[73-75], high ionic conductivity (no less than 0.7 mS cm™)
[74, 75] and remarkable battery cycling performance. Yang
et al. [73] creatively designed B/N co-doping reduced gra-
phene oxide/boron nitride nanosheet, and exploited it for
separator coating. This coated separator assembled lith-
ium-sulfur batteries showed capacity retention of 92.3%
after 500 cycles at a current density of 4C. The Laponite
nanosheets and carbon black coated Celgard separator had
good thermal stability at 160 °C, amazing electrolyte wet-
tability (contact angle of nearly 0°), high ion conductiv-
ity (0.59 mS cm™") and good flexibility [69]. In addition,
the carbon material-modified separator showed promise in
inhibition of lithium dendrite growth. The fabricated GO
fibers were filtered on aramid paper, which were bonded
together by hydrogen bonding. The rGO-coated aramid
nanofiber (ANF) separator induced the formation of LiF,
thus stabilizing the SEI layer, as shown in Fig. 5a [72]. The
rGOF was able to capture of F~ produced by the decompo-
sition of LiPF electrolyte, and promoted the formation of
LiF rich SEI. The rGO/Li-Al-LDH composite nanosheets
coating could not only improve the wettability of the LEs
of the separator (contact angle of nearly 0°), but also pro-
vided additional ion channels, thus endowing more effi-
cient lithium-ion transport characteristics for the separator
[74]. The Fe;N-doped GO-coated separator inhibited the
growth of lithium dendrites by accelerating Li* transport
and adjusting Li* flux, as shown in Fig. 5b [75]. The CNT-
modified ANF separator also has excellent wettability [77].
Meanwhile, its conductive and catalytic characteristics with
NiFe,0, modification can efficiently enhance the conver-
sion of lithium polysulfides, as shown in Fig. 5c.

3.1.3 Other Inorganic Materials
Except for ceramic nanoparticles and inorganic carbon mate-

rials, some nitrides and sulfides are also exploited for sepa-
rator modification due to their unique characteristics, such

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

as high thermal stability and thermal conductivity. Thermal
conductive separators can be fabricated by surface coating
of hexagonal boron nitride (h-BN). In addition, the h-BN
coated polypropylene (PP) separator induced the formation
of SEI with more inorganic species and improved the cycling
performance of battery [79].

4 Summary

Introducing inorganic materials on the surface of separa-
tors effectively improves the electrolyte wettability and ionic
conductivity. However, inorganic materials still show some
shortcomings. Firstly, the coating thickness of separator
can hardly be tuned and can easily reach several microm-
eters, which greatly increases the weight of separators and
decreases the specific energy density of batteries. Secondly,
the polymer binders tend to block the pores of separators,
which sacrifice the ionic conductivity and power capabil-
ity of batteries. Lastly, the polarity difference and the weak
adhesion between the matrix separator and the coating layers
make the shedding problem difficult to ignore, which affects
the battery cycling life.

4.1 Organic Framework Coated Separator

Metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs) have attracted tremendous attention in
various areas due to their structural adjustability, extensive
specific surface area, and well-organized pores [86]. Com-
pared with the above inorganic nanomaterials, the porous
structures of organic frameworks are more regular and uni-
form, and their pore size is more controllable [87]. When
MOFs and COFs are coated on separators, their abundant
and ordered nanopores and relatively large specific surface
areas increases the contact area with electrolyte. Mean-
while, the nanopores can retain the electrolyte for a longer
time, resulting in good electrolyte wettability and reten-
tion capability. In addition, this structural characteristic
enables selective transport and uniform deposition of Li*
while improves the wettability and ionic conductivity of the
separators [87-91]. The characteristics and electrochemical
performances of some representative organic framework-
coated separators developed in recent years are summarized
in Table 3.
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A large number of C, O, and N atoms in the frame-
work structure provides active sites for further modifica-
tion [89], and some polar negatively charged groups such
as —SO;H, — COOH, and —F ions have been successfully
attached to the framework structure. Commonly, these
frameworks have been used for surface coating of the
commercial polyolefin separator. Hao et al. [92] carefully
designed MOFs containing both — NH, and — SO;™ groups.
It showed good cation-selectivity and excellent electrolyte
wettability with contact angle of 15.88°, as shown in Fig. 6a.
The intrinsic nanochannels and negatively charged intergran-
ular channels in the MOF structure limited the free migra-
tion of anions, and the rapid and uniform deposition of Li*
inhibited the lithium dendrites growth. The capacity reten-
tion ratio reached 98.08% after 50 cycles at 2C. The compos-
ite separator coated with TpPa-2SO;H COFs had both neatly
arranged nanochannels and rich functional groups. It pos-
sessed a suitable porous structure, high electrolyte absorp-
tion and improved electrolyte wettability, providing rich

© The authors

pathways for rapid Li* transport, as shown in Fig. 6b, ¢ [93,
98]. An et al. [94] designed a covalent organic framework
modified with lithium-philic carbonyl and carboxy groups
(COF-COOH) and coated it on PP (Fig. 6d). The COF-
COOH presented a crystalline two-dimensional structure
with abundant pores and a large number of lipophilic groups,
which was conducive to improving the electrolyte wettability
(contact angle 13.98°) and endowing high ionic conductiv-
ity (0.64 mS cm™) of the separator. At the same time, the
presence of negative charge sites in COF-COOH inhibited
the diffusion of anions in lithium salts through electrostatic
interaction, and Li" transference number increased to 0.70.
Yao et al. [98] used a cationic COF and weakly bonded
fluoride ion (F™) for separator modification, which not only
improved the electrolyte’s wettability but also constructed
a robust LiF-rich SEI, as shown in Fig. 6e. Interestingly,
the highly ordered crystalline covalent triazine frameworks
(CTF) also contributed to selective and fast transport of Li*,
as shown in Fig. 6f [100].

https://doi.org/10.1007/s40820-024-01596-x
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Table 3 Partial summary of characteristics and electrochemical performance of organic framework coated separators

Separator Coating Electrolyte  Elec- Ionic conductiv-  Li* trans-  Cyclic performance References
thickness  contact trolyte ity (mS cm™) ference
(pm) angle uptake  atRT number
PP/MOFs -2 15.88° - 0.26 0.68 98.1% after 50 cycles at 2C (modified) [92]
PP/UIO-SOLi 4 0° - 0.11 0.82 66.7% after 170 cycles at 0.1C (original) [93]
97.0% after 640 cycles at 0.1C (modi-
fied)
PP/Cr-MOFs 22 9.52° 250% 3.50 - - [94]
PE/COF-C16 14 16.02° - - - 90.0% after 800 cycles at 1C [95]
PP/COF-COOH 10 13.98° - 0.64 0.70 - [96]
PP/COF-F <10 12° - 0.76 0.87 80.1% after 2000 cycles at 5C [97]
PP/COF 5 26.9° 224% 0.24 0.65 88.5% after 200 cycles at 1C (original) [98]
97.8% after 200 cycles at 1C (modified)
PP/PA-COF 8.2 - - - 0.87 93.6% after 200 cycles at 0.5C [99]
PE/HC-CTF 1.5 41.2° 124% 0.67 0.60 16.8% after 300 cycles at 1C (original) [100]

45.4% after 1000 cycles at 1C (modi-

fied)
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4.2 Inorganic—Organic Coated Separators

Introducing hydrophilic polymers on the surface of separa-
tors can enhance their surface energy. Hydrophilic functional
groups in polymers improve electrolyte wettability to accel-
erate Li-ion conduction. Moreover, polymer coatings can
introduce highly electronegative functional groups, such as
carboxyl and sulfonates, and endue a net negative surface
charge on the surface of separators. It can not only retard
the migration of anions by electrostatic repulsive but also
enable the rapid transport of Li*, thus efficiently suppress-
ing the growth of lithium dendrites [101]. Poly-p-phenylene
terephthamide (PPTA) could be coated on the commercial
PP separator without binders. The electrolyte wettabil-
ity was greatly improved and the electrolyte contact angle
was reduced from 50° to 15° after coating [102]. Polymers
such as polytetrafluoroethylene (PVDF) [103, 104] and
poly(ethylene oxide) (PEO) [105] have also been used to
modify separators for improved wettability. However, the
thickness of the polymer coating is difficult to control, and
thick coating easily causes blockage of the separator pores
and reduction of ionic conductivity. The ionic conductivity
of polymers such as polydopamine [106] is also low, and
the mechanical properties are poor, which affects the battery
cycle performance. The characteristics and electrochemical
performance of some representative polymer-coated separa-
tors are summarized in Table 4.

To solve the shortcomings of inorganic material-coated
and polymer-coated separators, researchers devoted much
efforts to developing inorganic—organic composite-coated
separators. The composite coatings can effectively improve
the overall performance of the separators in high-energy
storage batteries. The characteristics and electrochemical
performance of inorganic—organic composite coated sepa-
rators are summarized in Table 5.

Coating slurries with both inorganic and organic mate-
rials on the surface of the separator is a commonly used
method [127]. For example, when polymeric surfactant
disodium laureth sulfosuccinate (DLSS) was introduced
into the Al,Oj5 slurry, the polymer with both hydrophilic
and hydrophobic groups not only enabled the coating with
water-based slurry, but also greatly improved the electro-
lyte wettability (contact angle decreasing from 199.27°
to 63.11°) and electrolyte uptake (100%) [117]. Li et al.
[118] grafted GO onto polyacrylamide (PAM), while
Zhang et al. [120] fabricated covalently bonded ceramic

© The authors

nanoparticles-poly(vinyl alcohol) (PVA) composites, and
then coated it on the separator. On the one hand, the polar
groups on the surface of the separator were increased, on
the other hand, the coating materials had tight adhesion
and uniformity of the coating materials was achieved.
Combined with high electrolyte wettability and ionic
conductivity, the cycling performance of the battery was
largely improved, as shown in Fig. 7a. Wang et al. [124]
prepared ZrO,@PI hollow core—shell microspheres and
coated it on the polyolefin separator, as shown in Fig. 7b.
The separator has excellent wettability and ionic con-
ductivity (0.68 mS cm™), and the hollow microspheres
reduced the surface weight density of the separator, result-
ing in a high overall energy density of the battery. Fu et al.
[125] coated core—shell structured SiO,-PZS (silica-poly
(cyclotriphosphazene-co-4,4'-sulfonyldiphenol)) nano-
particles on the separator, and the hydroxyl groups and
N, O atoms on the surface could coordinate with Li* to
enhance the dissociation of lithium salt (LiPF), thus fur-
ther enhancing the ionic conductivity (1.04 mS cm™!) and
showing higher wettability. Different from firstly fabrica-
tion of inorganic and organic composites and then coat-
ing on matrix separator, Tang et al. [106] coated the inor-
ganic material AIN on the separator at first, and then grew
polydopamine (PDA) in situ on the coating, as shown in
Fig. 7c. The combination of rigidity and flexibility of the
separator was realized by optimization of the modification
sequence. The integration of the two materials with dif-
ferent characteristics provided another strategy to enable
fast ion transport and enhanced wettability, benefiting for
uniform lithium deposition. Kim et al. [126] first depos-
ited organic polydopamine (PDA) on the PP separator, and
then modified the inorganic graphene (Gr) nanosheets. The
prepared three-layer separator had excellent electrolyte
wettability, enhanced coulombic efficiency and increased
capacity of lithium storage with 93.3% capacity retention
after 1000 cycles at 1C. With this separator, the interfacial
impedance between the electrode and the separator was
significantly reduced, as shown in Fig. 7d.

4.3 Section Summary
A variety of inorganic and organic materials can be easily

modified on the separator by surface coating. The adhesion
of inorganic materials on the commonly used polyolefin is

https://doi.org/10.1007/s40820-024-01596-x
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Table 4 Summary of characteristics and electrochemical performance of polymer-coated separators

Separator Coating Porosity* Electrolyte contact angle Elec- Ionic conductiv-  Cyclic performance References
thickness trolyte ity (mS cm™)
(pm) uptake  atRT

PE/PVDF-HFP - - - 140% 0.44 - [103]

PE/PMMA 2~3 - - 200% 0.52 - [107]

PE/PDA - - 39° 126% 0.41 - [27]

PE/EC 2~3 - - - 0.68 - [108]

PE/AN-co-MMA - - - 150% 2.06 83.0% after 50 cycles at [109]
0.2C (original) 86.3%
after 50 cycles at 0.2C
(modified)

PP/PDA - - <20° (water) 290% 1.30 94.2% after 100 cycles [110]
at 0.2C

Cellulose/PVDF-HFP — 65% 55¢ 280% 1.04 71.0% after 100 cycles [111]
at 0.5C (PP) 83.0%
after 100 cycles at 0.5C
(modified)

PE/PDA - - 39° 112% 0.30 94.9% after 100 cycles [40]
at 0.5C

PE/PEO - - - 76% 1.00 - [105]

PP/PI 8.16 53.05% 5° 208% 0.34 75.4% after 200 cycles [112]
at 1C (original) 80.1%
after 200 cycles at 1C
(modified)

PE/PBI 4 54% 10° 225% 0.60 93.9% after 100 cycles at  [113]
0.5C (original) 97.7%
after 100 cycles at 0.5C
(modified)

PE/PI - 60% 0° 400% 1.34 96.4% after 100 cycles [114]
at 1C

PVDF/PMIA - 83.97% - - 0.81 84.3% after 100 cycles at  [115]
0.2C 93.1% after 100
cycles at 0.2C

PEEK/PMMA - 64.1% 0° 173% 1.03 - [116]

b«

 “Porosity” is the entire separator’s, instead of the coating’s.

weak, and the binder tends to melt resulting in the block-
age of the pores. In some cases, the inorganic materials can
be coated without binder by preprocessing of the matrix
separator, such as ultraviolet electron beam irradiation. The
thickness of the polymer coating is not controllable, and
the falling-off problem still exists. It is expected that in situ
modification or grafting should be better strategies for poly-
mer coating. The coating of inorganic—organic composite
can combine the functions of both materials to a certain
extent, and has obvious improvement in wettability and ion
conductivity of the separators. In addition, the adhesion of
coating layer with the matrix separator and the dimensional
stability of the coated separator also increased, leading to
highly improved cycling stability of the assembled batteries.

SHANGHAI JIAO TONG UNIVERSITY PRESS

means not mentioned

5 In Situ Modified Separator

While surface coating is indeed a straightforward approach
that enhances wettability with electrolytes, thereby improv-
ing electrochemical performance, its effectiveness is con-
strained by the limited adhesion between the coating and the
base separator, as noted in previous studies [130—134]. In
contrast, in situ modification emerges as a superior alterna-
tive. This strategy not only achieves a comparable level of
surface wettability akin to surface coating but also ensures
a robust bond between the coating materials and the base
separator. Furthermore, surface coating typically covers only
the outer surface of the base separator. Conversely, coatings
formed through in situ modification can permeate the entire

@ Springer
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Table 5 Summary of characteristics and electrochemical performance of inorganic—organic coated separators

Separator Coating Porosity® Electrolyte  Elec- Ionic conductiv-  Cyclic performance References
thickness contact trolyte ity (mS cm™)
(pm) angle uptake  at RT

PE/A1,0,/DLSS 6 -b 63.11° 100% 0.85 89.2% after 400 cycles at 0.5C 93.6% [117]
after 400 cycles at 0.5C

PP/GO-g-PAM - - 0° 430% - - [118]

PE/AL,O,4/PHC 1.5 27% - 92% 0.93 83.4% after 350 cycles at 1C (origi-  [119]
nal) 87.6% after 350 cycles at 1C
(modified)

PP/SiO,-PVA - 50.5% 12.7° 201% 1.26 73.6% after 100 cycles at 0.5C (origi- [120]
nal) 91.0% after 100 cycles at 0.5C
(modified)

PE/AlL,O;/PDA 4 353%  0° 70% 0.71 - [121]

PE/PVDF-EC-A-SiO, 2 - 23.2° - 0.79 91.7% after 200 cycles at 0.5C (origi- [122]
nal) 95.7% after 200 cycles at 0.5C
(modified)

PE/SiO,-PMMA 5 - 6.1° 90% 1.08 94.6% after 100 cycles at 1C (origi-  [123]
nal) 95.4% after 100 cycles at 1C
(modified)

PE/ZrO,@PI 4 54.28% 0° 164% 0.68 75.1% after 200 cycles at 1C (origi-  [124]
nal) 84.4% after 200 cycles at 1C
(modified)

PE/SiO,-PZS 1.5 - 13.4° 155% 1.04 80.0% after 100 cycles at 2C (origi-  [125]
nal) 81.7% after 100 cycles at 2C
(modified)

PP/PDA@AIN 18 - 0° - 0.75 - [106]

PP/PDA/Gr-CMC 21 - - - - 58.0% after 1000 cycles at 1C (origi- [126]
nal) 93.3% after 1000 cycles at 1C
(modified)

PVDF/PAN/AL,O4/NC 5 - 0° (H,0) 395% 1.49 57.1% after 120 cycles at 0.5C (origi- [127]
nal) 65.9% after 120 cycles at 0.5C
(modified)

PPS/SiO,/PVDF-HFP — - - 230% 1.02 - [128]

PP/PI/AL,O4 2.5 - - - 0.95 100% after 350 cycles at 0.5C [129]

b«

 “Porosity” is the entire separator’s, instead of the coating’s.

surface, both external and internal, of the separator [135,
136]. Crucially, the uniformity of the in situ-grown coating
significantly minimizes interfacial resistance and facilitates
the homogeneous distribution of Li*. Additionally, in situ
modification has the advantage of producing thin coatings
while preserving the pore structure of the base separator, as
evidenced in various studies [137-140].

5.1 In Situ Formed Inorganic Modification Materials

Inorganic materials such as SiO, [56], ZrO, [141] and Al,O;
[142], among others, are widely favored as modification
materials owing to their notable enhancements in wettabil-
ity and thermal stability. Nevertheless, their weak interaction

© The authors

means not mentioned

with the base separator necessitates the use of organic bind-
ers to bolster adhesion. Furthermore, the incorporation of
ceramic particles can result in an unwanted increase in both
the thickness and weight of the separator [112, 143-145].
In situ modification can solve these problems because the
inorganic coating via in situ growth distributes uniformly
and adheres tightly to the base separator while not signifi-
cantly affecting the pore structure and separator thickness
[146, 147]. The characteristics and electrochemical perfor-
mance of in situ modified separators by inorganic materials
are listed in Table 6.

Atomic layer deposition (ALD) technology is a method
for depositing layers on the substrate surface in the form of
single atomic films. This method allows for the creation of

https://doi.org/10.1007/s40820-024-01596-x
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ultra-thin and conformal coating layers, which exhibit pre-
cise thickness control and exceptional uniformity. By utiliz-
ing ALD, inorganic materials can grow conformally within
the internal microstructure of the substrate. [157-160]. For
instance, Jung et al. [148] deposited the atomic layers of
Al,O; on the surface of PP separator by utilizing trimethy-
laluminium (TMA) and H,O as precursors. As shown in
Fig. 8a, the pore structure was almost unchanged because of
the slow growth rate of Al,O; on PP (increasing 1.2 A per
cycle). The Al,O; ALD coating significantly enhanced the
wettability and the LiPF, in pure propylene carbonate (PC)
could completely infiltrate the modified separator (after 50
and 100 ALD cycles). Therefore, the nano-Li,TisO,, (LTO,
anode)/LiFePO, (LFP, cathode) half-cell with after 50 ALD
cycles separator showed excellent cycling stability (a high-
capacity retention of 80% at 4C after 1000 charge—discharge
cycles). The ALD technology can precisely control the

)
* SHANGHAI JIAO TONG UNIVERSITY PRESS
B

thickness and uniformity of coating layers at the angstrom
level, but the required test device is expensive. Besides, a
pristine PP separator surface usually requires large numbers
of ALD cycles [161, 162]. Therefore, its large-scale applica-
tion is limited.

In situ hydrolysis of inorganic material precursor on
the nonwoven separator is also commonly used, forming a
unique core—shell structure to improve the wettability and
mechanical properties of nanofibers. For instance, Wu et al.
[152] proposed a novel idea of in situ nano-encapsulation
hydrolysis method to prepare uniform silica nanolayers on
polyimide (PI) nanofibers (Fig. 8b). First, they prepared PI
nanofibers through electrospinning, and then immersed it in
the silica precursor solution. After heating and hydrolysis,
the silicon grew uniformly and densely in situ on the surface
of the PI nanofiber and formed a core—shell structure. This
method can effectively encapsulate inorganic materials on

@ Springer
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Table 6 The characteristics and electrochemical performance of in situ modified separators by inorganic materials

Porosity* (%) Coating
mass frac-
tion (%)

Separator Coating
thickness

angle

Electrolyte
contact

Elec-
trolyte
uptake

ITonic conductiv- References
ity (mS cm™)

at RT

Cyclic performance

PP/ALO; (ALD) 6 nm 44 40.1 b

PVDF/AL,O; (ALD) 10 nm 87 - 22°

PE/PP/PE/AL,O4 5nm 49 8.5 34.5°

(ALD)

PP/TiO, (ALD) 1 nm 41 35 38.4°

PI/SiO, - 61 14.3 6.8°

PI/ZxO, - 83 7.65 18°

CNFs/Sn-MoS, - - - -

PP/CoSO,

12.1 pm - - -

PP/GDY <2pm - - -

80% after 1000
cycles at 4C

91% after 100 cycles
at 0.2C (original)
100% after 100
cycles at 0.2C
(modified)

75% after 100 cycles
at 1C (original)
85% after 100
cycles at 1C
(modified)

91% after 100 cycles
at 5C

88% after 100 cycles
at 1C

100% after 100
cycles at 1C

51% after 500 cycles
at 2C (original)
73% after 500
cycles at 2C
(modified)

46% after 500 cycles
at 1C (original)
62% after 500
cycles at 1C
(modified)

< 10% after 500
cycles at 1C
(original) 53%
after 500 cycles at
1C (modified)

[148]

350% 3.1 [149]

260% [150]

[151]
264% [152]

345% 3.73 [153]

[154]

[155]

[156]

@ “Porosity” is the entire separator’s, instead of the coating’s. ® “=”

the inner and outer surfaces of the separator without a sig-
nificant increase in thickness. Due to the coverage of hydro-
philic silica on the surface, the wettability of the separa-
tor (contact angle of only 6.8°) and the rate of electrolyte
absorption (absorbing liquid electrolyte completely in 5 s)
are significantly improved. The in-situ generated silica effec-
tively improves the wettability of the separator, which has a
positive impact on improving the transmission capacity and
efficiency of Li*. The NCM811/Li half-cell with modified
separator showed a high capacity of 146 mAh g~! at 5C, and
a 10% increase was achieved when compared with the PI
separator. Furthermore, the battery with PI/SiO, nanofiber
separator maintained a high-capacity retention rate of 88%

© The authors

means not mentioned

after 100 cycles at 1C. Similarly, Dong et al. [153] reported
a zirconium dioxide (ZrO,)-armored polymeric separator
by in situ hydrolysis of ZrOCl, on PI nanofibers, forming
a core—shell structure. The introduction of ZrO, shell lay-
ers promoted the wettability (contact angle of 18°) of the
separator and rate capability (128.6 mAh g~! at 5C) of the
assembled batteries.

Some special inorganic materials can be grown in situ on
separators through methods such as the hydrothermal reac-
tion. For instance, Lu et al. [155] prepared CoSO, hydrate
nano-architecture in situ on the surface of the PP separa-
tor through the hydrothermal reaction (Fig. 8c). The polar
CoSO, can catalyze the conversion of polysulfide during

https://doi.org/10.1007/s40820-024-01596-x
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charging and discharging, thus improving the utilization of
sulfur. Besides, Rich adsorption sites ensure sufficient Lit
transport while suppressing shuttle effects. Therefore, the
cell with the modified separator showed a high initial spe-
cific capacity of 807.7 mAh g~! and maintained a capacity
retention rate of 62.5% after 500 cycles at 1C.

Generally speaking, inorganic materials can significantly
enhance the wettability, thermal stability, and mechanical
properties of separators. However, there is a scarcity of
reports on the in situ modification of separators using inor-
ganic materials, potentially due to the intricate nature of
their in situ preparation process.

5.2 In Situ Formed Organic Framework Materials

When compared to other methods [163—167], the in situ
formation of MOF and COF materials on the separator
offers several advantages: it enhances adhesion to mitigate
stripping defects, reduces interfacial resistance, and enables
the attainment of thinner, more uniform coatings, thereby

SHANGHAI JIAO TONG UNIVERSITY PRESS

augmenting energy density. The characteristics and elec-
trochemical performance of in situ modified separators by
MOF as well as COF are listed in Table 7.

MOF was considered to be more effective candidates for
regulating Li* distribution and inhibiting lithium dendrites
[174-177]. For instance, the Zeolitic imidazolate framework
(ZIF), as a MOF subclass, features zeolite topologies gener-
ated from metal ions and imidazolate ligands. Because of
its high porosity, good thermal and chemical stabilities, the
feasibility of in situ growth on polymer substrates as well as
anion trapping capacity, ZIF had been selected as a repre-
sentative MOF to modify the separator [178—180]. Lin et al.
[168] prepared a functional separator, which ZIF-67 grew
in situ on both sides of the dopamine (DA) pretreated pol-
yarylene ether nitrile (PEN) separator (PEN@PDA) shown
in Fig. 9a. Specifically, based on the self-polymerization of
DA and the -7 interaction between PDA and PEN, PDA
tightly adhered to the surface of PEN while introducing
abundant reactive groups to couple with Co?* and 2-meth-
ylimidazole ligands. As a result of the stronger negative
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charge of the PEN@PDA separator, it effectively adsorbed
Co?* and formed active sites for ZIF-67 layer growth, which
facilitated the stable fixation of a homogeneous and defect-
free coating on the outer and inner surface of the separator.
As a highly porous material, the in situ growth of ZIF-67
increased significantly the porosity and overall specific
surface area of the separator. Therefore, the contact angle
between the electrolyte and modified separator was almost
0°. The electrolyte absorption rate of the separator reached
450%. After being treated at 50 °C for 500 min, 70 wt%
of the electrolyte within the separator can be maintained.
The above abilities of separator enabled its greatly improved

ionic conductivity compared with the base separator (from
0.86t0 1.57 mS cm_'). Besides, ZIF-67 endowed the separa-
tor with a uniform sub-nano/nanoporous structure and ability
to adsorb anions, which homogenized the concentration of
electrolyte at the electrode interface and guided uniform Li*
diffusion. It ultimately resulted in a stable SEI with high
ionic conductivity. Hence, the cell with the modified PEN
separator showed a high 7, ;" of 0.81, superior rate capability,
and cycle stability (specific capacity of 152 mAh g~! and
capacity retention of 96.3% after 240 cycles at 0.5C).

COF is a framework material with regular pores or holes
connected by organic units with covalent bonds [88, 181,

Table 7 The characteristics and electrochemical performance of in situ modified separators by MOF as well as COF

Separator Coating

thickness

Porosity® (%) Electrolyte
contact
angle

Electrolyte uptake Ionic conductiv-

Cyclic performance  References
ity (mS cm™)

at RT

PEN/PDA +ZIF-67 b - 0°

GO-PAN/MOF <10 nm - 0°

PP/Ni;(HITP),

340 nm - -

PVDF-PMIA/ZIF-8 - - 15.8°

PP/COF-SO;H 127 nm 16.4°

CNT/COF-2S - 49 0° -

PP/ 669 nm - 14.8° -

PDA +SWCNT + COF

PAN/CTP+LLZTO 100 nm 65.8 8.5°

450% 1.57

1908% 1.66

385% 0.64

83% after 240 cycles
at 0.5C (original)
96% after 240
cycles at 0.5C
(modified)

- 63% after 100 cycles
at 1C (original) 81%
after 600 cycles at
5C (modified)

- 38% after 100 cycles
at 0.2C (original)
84.1% after 500
cycles at 1C (modi-
fied)

75% after 300 cycles
at 0.2C (original)
73% after 300
cycles at 0.2C
(modified)

0.18 67% after 500 cycles
at 1C (original) 75%
after 500 cycles at
1C (modified)

- 53% after 500 cycles
at 1C (original) 84%
after 500 cycles at
1C (modified)

0.53 43% after 500 cycles
at 1C (original) 74%
after 500 cycles at
1C (modified)

33% after 500 cycles
at 0.5C (original)
70.3% after 500
cycles at 0.5C
(modified)

[168]

[169]

[170]

[171]

[136]

[172]

[173]

[140]

2 “Porosity” is the entire separator’s, instead of the coating’s. ® “~”” means not mentioned

© The authors
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182]. Zhao et al. [136] prepared a COF modified PP sepa-
rator by in situ interfacial polymerization, which not only
avoided significant increases in thickness and volume of
the separator but also reduced the interfacial resistance
(Fig. 9b). The PP separator was placed at the interface of
the dichloromethane (DCM) phase and the water phase, then
1,3,5-triformylphloroglucinol (Tp) molecules in the DCM
phase and 2,5-diaminobenzene sulfonic acid (Pa-SO;H)
molecules in the water phase met at the PP separator with
the diffusion of liquid flow. The COF consisted of Tp and
Pa-SO;H units grew in situ on both the inner and outer sur-
faces of the separator. The introduction of lipophilic groups-
sulfonic groups inhibits the shuttle of soluble polysulfides by
Coulomb repulsion while promoting lithium-ion migration.
Besides, sulfonic groups enhanced the wettability with elec-
trolyte (contact angle decreasing from 42.7° to 16.4°), which
resulted in a lower interfacial resistance and higher ionic
conductivity. With sulfonic groups and regular channels of
TpPa-SO;H COF, the modified separator showed better elec-
trochemical performance and battery performance than that
of PP separator. The initial specific capacity of the cell with
modified separator was 863.97 mAh g~! at 1C, increasing

by 56% compared with the PP separator (551.84 mAh g™ ).
Moreover, it was able to steadily work for 500 cycles with a
high-capacity retention of 75%.

In summary, MOF and COF are excellent modification
materials. Their regular channels regulate Li* transport, and
ultra-high specific surface areas improve wettability as well
as electrolyte absorption rate. The flexible structural design
expands the application range. Besides, in situ growth of
MOFs and COFs overcomes the problem of poor adhesion.

5.3 In Situ Formed Organic Modification Materials

To address the issue of poor wettability in commercial poly-
olefin separators, numerous hydrophilic polymers, including
PEO [183], polymethyl methacrylate (PMMA) [184], PVDF
[185], and PI [186], have been investigated. Most of these
polymers are applied to the separator surface through solu-
tion-based coating processes. However, these methods often
result in a reduction in porosity due to pore blockage and
limited control over coating thickness, ultimately leading to
a decrease in energy density [45, 107]. In situ modification

@ Springer



128 Page 20 of 38

Nano-Micro Lett. (2025) 17:128

emerges as a promising alternative strategy, as it preserves
the porous structure while enhancing the adhesion between
the coating and the base separator. The characteristics and
electrochemical performance of in situ modified separators
by organic modification materials are in Table 8.

Inspired by mussels that exhibit superior adhesion in
nature, researchers found that dopamine (DA) with both cat-
echol and amine groups can be used as the basis for strong
adhesion [195-197]. For instance, Choi et al. [27] reported
a kind of separator modified by polydopamine (PDA) in situ
by self-polymerization of DA in the buffered aqueous solu-
tion at pH 8.5 (Fig. 10a). In this way, a very thin coating
could be obtained, which would not cause pore clogging.
Due to the hydrophilic nature of PDA, the wettability (the
contact angle with water droplets decreasing from 108° to
39°) and the electrolyte uptake (increasing from 96% to
126%) of modified separator was significantly improved,
which led to a 78% increase in ionic conductivity (from 0.23
to 0.41 mS cm™'). Besides, the exceptionally strong adhe-
sion between the PDA and basement separator was benefi-
cial for long-term battery operation. Shi et al. [187] prepared
a thin PDA layer in situ on the surface of polyvinylidene
fluoride-hexafluoropropylene (PVDF-HFP) nano-fibers,
forming a unique core—shell structure. The modified sepa-
rator had contact angle with electrolyte of almost 0° and high
electrolyte uptake (254%). The ionic conductivity of modi-
fied separator was 1.40 mS cm~! which was much higher
than the PP separator (0.80 mS cm™"). Similarly, Zhou et al.
[188] reported a novel separator with well electrochemical
and mechanical properties by in situ modification of virgin
cellulose paper (CP) with PDA, thus reducing the contact
angle from 37° to 0°. Due to the sufficient hydrophilic func-
tional groups and their affinity for electrolytes on the modi-
fied separator, it exhibited a much higher electrolyte uptake
of 320 wt%. Therefore, it showed a higher ionic conductiv-
ity (1.29 mS cm™!) and excellent cycling stability without
significant capacity decay after 600 cycles at 5C. However,
the DA is not suitable for practical applications because it is
too expensive. Therefore, more coating materials similar to
DA were developed, such as tannic acid (TA) and pyrogal-
lic acid (PA) (Fig. 10b), which could be directly extracted
from natural materials [198, 199]. For instance, Wang et al.
[190] prepared PA coating on the surface of PP separator
by its in situ self-polymerization, successfully enhanc-
ing the hydrophilicity and electrochemical performance.
Similarly, Pan et al. [189] coated TA on PP separator by its

© The authors

in situ self-polymerization in weak alkaline aqueous solu-
tion, enhancing the wettability (the contact angle with water
droplets decreasing from 120° to 73°) and liquid electrolyte
uptake while maintaining the original pore structure.

Although the DA or similar materials (TA, PA) have been
used for modification of the separator surface and achieved
good results in improving wettability, they easily form
aggregates or depositions due to non-covalent interaction
including hydrogen bond and n-x staking among oligomers,
which causes uneven surface and inhomogeneous deposi-
tion of Li* on the surface of the lithium anode [200, 201].
Besides, this process takes a long time, not conducive to
large-scale application. Li et al. [189] found that the co-
deposition of DA and polyethyleneimine (PEI, 600 Da)
decreased the non-covalent interaction. The PP separator
was soaked in Tris—HCI buffer solution (pH=28.5, 50 mM)
including polyethyleneimine and dopamine with a mass ratio
of 1:1 for 1 h. This strategy not only destroyed the formation
of aggregates but also formed the thinner and more uni-
form coating with short coating time (Fig. 10c). The con-
tact angles with water droplets of PP, PP-DA, and PP-DA/
PEI separators were 114.4°, 58.7°, and 46.3°, respectively,
indicating that the introduction of PEI further improved the
surface hydrophilicity due to its higher nitrogen content.
The enhanced wettability brought a high electrolyte uptake,
contributing to increasing ionic conductivity and capacity.
Coincidentally, Zhang et al. [192] prepared a thin and uni-
form hydrophilic coating in situ through the layer-by-layer
assembly of TA/PEI (Fig. 10d). Immersing the separator
in solutions of TA and PEI in sequence, the self-assembly
of TA and PEI by hydrogen bonding interaction and oxida-
tion polymerization ensured the adhesion of the coating. In
addition, it controlled over the thickness of the coating at a
molecular level. The modified separator showed improved
wettability with electrolyte (the contact angle decreasing
from 45° to 12.7°), higher electrolyte uptake (increasing
42% compared with the PP separator), and faster penetration
rate. Besides, the nitrogen atoms could break off the solva-
tion sheath of lithium-ion to promote migration, increasing
the 7, ;" from 0.28 to 0.44.

DA can self-polymerize on the inert substrate surface
to form PDA, and it is considered as an excellent sur-
face modification material. Therefore, active sites can be
introduced on the surface of the base separator through
its self-polymerization without damaging the base separa-
tor structure. The active sites further triggered subsequent

https://doi.org/10.1007/s40820-024-01596-x
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Table 8 The characteristics and electrochemical performance of in situ modified separators by organic modification materials

Separator Coating Porosity® (%) Coating Contact angle Elec- Ionic conductiv-  Cyclic perfor- References

thickness mass frac-
tion (%)

trolyte ity (mS cm™) mance
uptake  at RT

PE/PDA -b - - 39° (H,0)

126% 0.41 [27]

PVDF/PDA <1 pm 72.8 11.7 0° (electrolyte) 254% 1.40 98.8% after 100 [187]

cycles at 1C

(original) 99.1%
after 100 cycles
at 1C (modified)

CP/PDA - - - 0° (electrolyte) 320% 1.29 <50% after 600  [188]

PP/TA - - - 72° (H,0)

cycles at 5C

(original) > 80%
after 600 cycles
at 5C (modified)

125% 0.46 91% after 200 [189]
cycles at 1C

PP/PA 800 nm 41 1.8 54.7° (H,0) 129% 0.57 91.6% after 200  [190]

cycles at 1C

(original) 97.7%
after 200 cycles
at 1C (modified)

PP/PEI+PDA - - - 46.3° (H,0) 144% 0.58 65% after 200 [191]

cycles at 0.2C
(original) 80%
after 200 cycles
at 0.2C (modi-
fied)

PP/PEI +TA - 61.6 - 12.7° (electrolyte) 140% 0.95 69.3% after 200 [192]

cycles at 1C

(original) 90.9%
after 200 cycles
at 1C (modified)

PP/PDA +PPFPA - - - 36.5° (electrolyte) 209% 0.83 52% after 700 [193]

cycles at 1C
(original) 83%
after 700 cycles
at 1C (modified)

PP/NCMP - - - <5° (electrolyte) 116% 1.10 40% after 400 [135]

cycles at 0.2C
(original) 76%
after 800 cycles
at 0.2C (modi-
fied)

PP/AI-CPP 800 nm - - 22.6° (electrolyte) 124% 0.51 40% after 500 [194]

cycles at 1C
(original) 61%
after 500 cycles
at 1C (modified)

b

# “Porosity” is the entire separator’s, instead of the coating’s.

modification of the separator. Zheng et al. [193] reported
an electronegative poly (pentafluorophenyl acrylate)
(PPFPA) polymer brush-grafted PP separator by a PDA-
assisted surface-initiated atom transfer radical polym-
erization (SI-ATRP) strategy (Fig. 11a). Concretely, DA

SHANGHAI JIAO TONG UNIVERSITY PRESS

means not mentioned

containing 2-bromoisobutyryl bromide (DA-Br) was intro-
duced to PP separator by bio-inspired self-polymerization
to produce the uniform coating layer containing initiator.
Afterward, the Br atom on the surface of coating induced
the ATRP reaction, thus achieving high-density PPFPA
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polymer brushes. The polar PPFPA polymer chains con-
tained abundant F and O atoms to improve the wettability
with electrolyte (the contact angle decreasing from 62.6°
to 36.5°). Besides, uniform PPFPA polymer brushes could
shape highly directed 1D Li* flux paths to induce rapid dif-
fusion and uniform deposition of Li*. The ionic conductiv-
ity of modified separator was significantly improved (twice
the ionic conductivity of PP). It thus contributed to the
uniform nucleation and deposition of Li metal and effec-
tively maintained the structural integrity of SEI in both
ether and carbonate electrolytes. Moreover, the LiFePO,/
Li half-cell assembled with the modified separator also
exhibited a high discharge capacity of 150.2 mAh g~!
(increasing 21% compared with the PP separator) and a
high-capacity retention rate of 83% after 700 cycles at 1C.

Expect organic materials like DA, conjugated micropo-
rous polymers (CMPs) can also modify separators through
in-situ polymerization. Yang et al. [135] proposed a strat-
egy of in-situ modification of polyolefin separator using an

© The authors

N-rich conjugated microporous polymer (NCMP), which
generated ultra-thin NCMP coating on the entire outer and
inner surface of PP (Fig. 11b). The NCMP coating had rich
N-containing groups (-NH, and -N =), uniform nanopores
(12.294 A) and n-conjugated structure, effectively sup-
pressing LiPS shuttle, molecular sieve effects and Coulomb
interactions. At the same time, the NCMP-PP separator has
good electrolyte wettability (the contact angle with elec-
trolyte < 5°) and high electrolyte absorption capacity. The
nanopores of NCMP with abundant N-containing groups
were larger than twice the Debye length of Li* (3.0 ;A),
which facilitated the passage of Li*. Meanwhile, the highly
electronegative n-electron cloud of the NCMP repelled the
passage of TFSI™ (7.9 A) via the Coulombic interaction. This
modified separator was able to generate a uniform Li* flux
between the separator and the surface of the lithium metal
anode, forming a stable SEI layer and smooth lithium anode
without dendrite. The assembled lithium symmetric cells
thus showed long-term cycling performance with a current

https://doi.org/10.1007/s40820-024-01596-x
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density of 1 mA cm~2. Therefore, Li-S battery exhibited
excellent rate performance (674 mAh g=!, 3C), high cycle
stability (0.028% capacity degradation per cycle at 0.2C for
800 cycles), and ultra-low self-discharge (3.4% capacity
degradation within 10 days).

The polymer electrolyte obtained by the separator-assisted
in situ process can also be regarded as a special process of
in situ modification of the separator. In this process, a less
viscous precursor in the liquid state consisting of low molec-
ular weight monomers, Li salt, initiator, or catalyst is added
to the base separator and assembled into a cell, thus the pre-
cursor polymerized inside the sealed cell, which can be seen
that the polymer modification coating is formed in situ on
the separator without adding liquid electrolyte. This method
can not only form a well contact between electrolyte and
electrode but also avoid organic solvent leakage and spon-
taneous combustion for high [202-205]. For instance, Guo
et al. [206] prepared a block copolymer electrolyte (BCPE)
consisting of RAFT polymerization of poly (ethylene glycol)

u\

| SHANGHAI JIAO TONG UNIVERSITY PRESS

methyl ether acrylate (PEGA) and carboxylic acid-catalyzed
ROP of caprolactone (CL), which were fabricated in situ in
cellulose separator. The block structure balanced the ability
of Li salt dissociation and Li* coordination while reduc-
ing the crystallinity of polymer, thus showing high ionic
conductivity (0.185 mS cm™!) and high 11,7 (0.59). Besides,
the compatibility between electrolyte and electrode was also
improved, promoting the rapid transport and uniform deposi-
tion of Li*. Therefore, it exhibited excellent cycling perfor-
mances, with a retention rate of 92% after 400 cycles at 1C.
In summary, in situ formation of organic materials rep-
resents an environmentally friendly, efficient, straightfor-
ward, and widely adopted modification method. Organic
compounds, such as dopamine (DA), are among the most
prevalent organic modification materials owing to their
robust self-polymerization capabilities and excellent adhe-
sion properties. Furthermore, they possess the ability to
introduce active sites conducive to additional modifications,
including self-assembly and ATRP polymerization.
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5.4 Section Summary

Overall, compared with coating modification, in situ modi-
fication has the following advantages: it enhances adhesion,
facilitates the creation of thinner and more uniform coatings,
preserves the pore structure, and reduces interface imped-
ance. However, its application is currently constrained by
the limited availability of polymerization materials and the
complexity of the processes involved.

6 Grafting Modified Separators

While in situ modification has indeed effectively improved
adhesion, the coating and the base separator are still pri-
marily bound through non-covalent interactions, resulting
in adhesion that is somewhat limited. Grafting modifica-
tion offers a solution by enabling the formation of chemical
bonds between the coating and the base separator, thereby
achieving stronger adhesion while simultaneously enhancing
wettability [8, 207, 208]. The characteristics and electro-
chemical performance of grafting modified separators by
inorganic modification materials are in Table 9.

6.1 Chemical Grafting Modification

Chemical grafting techniques can generate active sites on the
inert surface of separators through pre-treatments such as UV
radiation, plasma treatment, and chemical initiator decomposi-
tion [219-223]. These active sites facilitate the formation of
chemical bonds between modification materials and the sepa-
rator, leading to a robust and secure binding. Additionally, the
coating layers formed through these methods are extremely
thin, ensuring that the pore structure of the separator remains
well-preserved. [224, 225]. The inorganic modification materi-
als (e.g., Si0,, TiO,, Al,O;) show excellent ability to improve
wettability and reduce the risk of coating detachment during
battery assembly and charge/discharge by the chemical graft-
ing method. For instance, Zhu et al. [209] prepared a new TiO,
ceramic-grafted polyethylene (TiO,-grafted PE) separator by
electron beam radiation (Fig. 12a). The study indicated that the
TiO,-grafted PE separator not only showed improved wettabil-
ity (the contact angle with H,O decreasing from 112° to 89°)
and ionic conductivity (increasing from 0.32 to 0.5 mS cm™),
but also exhibited highly enhanced thermal stability. Besides,

© The authors

the thickness and pore structure of modified PE separator were
similar to original PE. Except for inorganic modification mate-
rials, the organic modification materials can also significantly
improve wettability by introducing polar groups (e.g., C=0,
COOH, NH,). For instance, Yin et al. [212] grafted acrylic
acid (AA) onto the surface of PP separator by an atmospheric
pressure glow discharge plasma jet (APGD-PJ) while retaining
the pore structure of the base separator. The introduction of
AA enhanced wettability, thus reducing the contact angle with
H,0 (decreasing from 112° to 75°), and the electrolyte uptake
of modified separator increased nearly 4 times compared
with the original PP separator. Furthermore, the cyclic stabil-
ity, discharge specific capacity, and Coulombic efficiency of
LiFePO,/Li half-cells assembled with modified PP separators
increased noticeably. Besides, the organic/inorganic hybrid
strategy was utilized to enhance the thermal dimensional sta-
bility, wetting ability, and electrochemical properties of separa-
tors. As shown in Fig. 12b, Liu et al. [214] grafted acrylamide
(AM) onto the PP separator by initiator decomposition, then
reacted with tetraethylorthosilicate (TEOS) to obtain SiO, par-
ticles and ultimately prepared a novel SiO,/PAM-grafted PP
separator. As a result, the modified separator demonstrated
superior wettability (the contact angle with H,O decreasing
from 105° to 37°) and better thermal stability compared with
the unmodified separator.

6.2 Further Modification after Chemical Grafting

After chemically grafting active groups on the surface of
the base separator, further modification is feasible. For
instance, Yang et al. [216] prepared a multifunctional lay-
ered separator by grafting the SO;~ group to induce self-
assembly (Fig. 12c). This study introduced the SO;~ group
on the surface of the PP separator first. Then, the strong
electrostatic interaction between SO;~ groups and NH;*
groups caused chitosan to tightly adhere to the surface
of the separator. Similarly, polystyrene sulfonate (PSS)
adhered to the surface of chitosan layer relying on the
electrostatic interaction and finally formed the nanoscale
self-assembled functional layers with nanoscale thickness.
The grafting layers significantly decreased the contact
angle from 46° to 7.4°. More importantly, the assembled
Li-LiNi, ¢Co, ;5Al, o5 full cells with modified separator
showed excellent cycling stability with a high-capacity
retention of 94.5% after 300th cycles at 0.5C under an

https://doi.org/10.1007/s40820-024-01596-x
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Table 9 The characteristics and electrochemical performance of grafting modified separators by inorganic modification materials

Coating Porosity® (%) Coating
thickness mass frac-
(pm) tion (%)

Separator

Contact angle

Elec-
trolyte
uptake

ITonic conductiv- References
ity (mS cm™)

at RT

Cyclic perfor-
mance

PE/TiO, b - -
PE/SiO, - - -
PP/FeOOH - - -

lyte)
PP/AA - - -

PP/CFP - - -

PP/PAM +SiO, 45 -

PP/PE/PP/ 0.6 - 28 -
Si0,+TEOS

W

PP-S/PPS+CTS  0.73 - -

PE/PEI+Si0, - 47.6 -

PE/PAA+7r0, - - -

89° (H,0)
79° (H,0)
19.7° (electro- - -

75° (H,0)

26.5°(electrolyte) — 0.99

37° (H,0)

7.4° (electrolyte) — 1.01

24.6° (H,0)

39° (H,0)

- 0.50 >90% after 100  [209]

cycles at 0.2C

>90% after 100  [210]
cycles at 0.2C

80.5% after 500  [211]
cycles at 5C

78% after 50 [212]
cycles at 0.2C
(original) > 90%
after 50 cycles
at 0.2C (modi-
fied)

53% after 800 [213]
cycles at 1C
(original)
87.6% after 800
cycles at 1C
(modified)

436% 143 - [214]

- 0.16 91% after 65 [215]
cycles at 0.2C
(original) 96%
after 65 cycles
at 0.2C (modi-
fied)

52% after 300 [216]
cycles at 0.5C
(original)

94.5% after 300
cycles at 0.5C
(modified)

79% after 100 [217]
cycles at 0.5C
(original)

90.1% after 100
cycles at 0.5C
(modified)

325% 0.51 - [218]

- 0.45

280% -

398% 0.49

b«

 “Porosity” is the entire separator’s, instead of the coating’s.

ultra-lean electrolyte condition of 4.8 g A h™!. Coinci-
dentally, Wang et al. [217] demonstrated a self-assembly
process of oppositely charged polymer polyethyleneimine
(PEI) and inorganic oxide SiO, for the construction of an
ultrathin layer on the surface of PE separator (Fig. 12d).
They treated PE separator by CO,-plasma to give rise
to carboxyl-activated surface, and constructed PEI/SiO,
ultra-thin layer on the surface of carboxylated PE sepa-
rator. Through the imidization between carboxyl groups
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means not mentioned

and amino groups, the interlayer cross-linking happened.
The electrolyte wettability of the modified separator was
significantly improved without obviously increasing in
separator thickness or blocking the original micropores
(contact angle with H,O decreasing from 124° to 24.6°).
Meanwhile, the modified separator demonstrated better
cycle performance for working about 100 cycles with a
high-capacity retention (90.1%) compared to the unmodi-
fied one (79.0%).
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6.3 Section Summary

In general, grafting modification is an effective method
that not only enhances the wettability of separators but
also addresses the issue of weak adhesion between the
coating and the base separator. However, most pre-
treatments, such as UV radiation, plasma treatment, and
high-energy radiation, necessitate complex and costly
equipment, making it challenging to achieve large-scale
production. Excessive pre-treatment can also lead to
significant damage to the porous structure, resulting
in decreased ion conductivity and mechanical strength.
Additionally, this damage to the pore structure causes
a reduction in the porosity of the modified separator
[226-230]. These limitations hinder the further applica-
tion of surface modification techniques (Fig. 13).

7 Conclusions and Outlook

7.1 Conclusions

In lithium batteries, the separator plays a crucial role as it
acts as a physical barrier between the positive and negative

© The authors

electrodes while also facilitating ion transport. Various prop-
erties of the separator, such as its thickness, pore structure,
wettability, mechanical properties, and dimensional thermal
stability, significantly impact the battery’s performance.
Given that traditional separators cannot meet the demands of
more advanced lithium batteries, the improvement of exist-
ing separators and the development of new separators are
urgent priorities. Researchers have made numerous attempts
to optimize traditional separators, and in this review, we have
summarized the three most commonly utilized modification
methods, focusing on enhancing wettability and adhesion.
Firstly, we discussed the coating modification of the sep-
arator and introduced different coating materials. Coating
modification is a simple and effective method to improve
electrochemical performance, and thus large-scale produc-
tion has been realized in industry. However, the weak adhe-
sion between the coating and the base separator, as well as
the uncontrollable coating thickness, lead to compromised
battery performance. Then, in situ modification was pro-
posed as an alternative strategy. Enhancement of adherence
is accompanied by a thinner and more uniform coating. As
a result, the performance of the battery was satisfactorily
improved. However, limited polymerization materials and

https://doi.org/10.1007/s40820-024-01596-x
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sophisticated processes limited its application. Lastly, sev-
eral chemical grafting modification strategies were listed.
Although the adhesion produced by this method was the
strongest among the three modification methods, it usu-
ally required complex and costly instruments, as well as
destroyed the separator structure.

In summary, a detailed comparison is made of the proper-
ties, such as wettability and adhesion, of modified separators
and the assembled batteries. The enhancement of wettability
can be directly observed in the improved electrochemical
performance. Notably, separators prepared through in situ
modification exhibit superior cyclic performance compared
to other methods, which may be attributed to their lower
interface impedance. However, it is evident that there is a
lack of quantitative analysis on the adhesion of coatings in
many studies. Additionally, there are also some sophisticated
modification methods that do not fall within the three cat-
egories discussed here, such as the combination of multiple
different modification techniques. methods.

7.2 Outlook

Based on the three modification methods of separator, the
following future directions are proposed toward future
advanced lithium batteries:

(1) New modified materials. At present, polyolefin sepa-
rators and coated polyolefin separators (coating materials

SHANGHAI JIAO TONG UNIVERSITY PRESS

including Al,O;, SiO,, boehmite, PVDF, aramid fiber, etc.)
are still the mostly used commercial separators. Although
further improvements are expected for these separators,
other modification materials usually stay in the laboratory
stage due to cost. Therefore, low-cost and high-powered
materials must be developed to promote the commercializa-
tion of advanced modified separators. For instance, poly(e-
caprolactone) (PCL) is a popular polymer in the field of
electrolytes with stable electrochemical window (~5 V),
high dielectric constant, weak interaction with Li*, low-
cost and environmentally friendly features. Few studies have
used PCL as coating materials to modify separators. Ye et al.
[231] innovatively used blended of PCL and PEO as coating
materials to modify the PP separator, significantly promoting
the cycle stability of battery. New functional coating materi-
als are expected to be developed.

(2) New manufacturing process. In addition to the devel-
opment of new materials, the new manufacturing process
also needs to be considered, which has a significant effect on
coating thickness and adhesion. At present, the thickness of
commercial coated separators is about 20 pm, which means
large quantity of coating material and reduced energy den-
sity of the battery. Besides, the coating materials are also at
risk of peeling. Therefore, developing new manufacturing
processes to decrease coating thickness and improve adhe-
sion is conducive to the development of advanced lithium
batteries. In the laboratory, researchers are no longer limited
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to single modification methods, but prefer the combination
of multiple modification approaches. It can be predicted that
the combination of multiple methods and materials may be
the development trend.

(3) Functional separators. In addition to the basic role
of the separator in transporting ions and preventing short
circuits, it is also expected to acquire other functions such as
inhibiting lithium dendrites, forming stable SEI and captur-
ing side reaction products. The non-uniform lithium flux in
lithium metal batteries is the main reason for the growth of
lithium dendrites. Therefore, the separator with the function
of promoting the uniform distribution of Li* can effectively
inhibit the growth of lithium dendrites. Materials with uni-
form nanochannels, including COF, MOF, brush polymer,
inorganic and organic porous materials, contribute to the
uniform distribution of Li*, and thus they are used as modi-
fied materials to endow the separators with lithium dendrites
inhibition ability. Besides, imparting the separator with cat-
ion selectivity is also an innovative strategy, which greatly
promotes the migration of Li* and inhibits anion diffusion,
achieving smooth lithium deposition [232-234]. The side
reaction between lithium metal and electrolyte results in the
formation of SEI. However, unstable SEI would cause the
unreacted lithium metal to be exposed to the electrolyte,
resulting in continuous decomposition of the electrolyte and
ultimately a decrease in battery life. Functional separator can
be designed to construct a stable SEI by sustained-release
strategy and form artificial SEI. Traditional separators can
be used as substrates to release active substances such as
inorganic salt and transition metal oxides, which slowly
dissolve in the electrolyte during the cycle and react with
lithium metal to form stable SEI. Another strategy is to
prepare reactive separators with the function of construct-
ing artificial SEI. In this method, the coating on the surface
of the separator that can react with lithium metal, such as
organic (lignosulfonate) and inorganic salt (boehmite, SnS,).
This in situ artificial SEI layer can protect the lithium anode
from electrolyte side reactions and inhibit the degradation
of liquid electrolytes. In the process of charge and discharge,
some by-products are inevitably produced (HF, transition
metal ion, polysulfide), which shuttle in the battery causing
capacity attenuation and battery life decline. They can be
suppressed by introducing specific groups or coatings on
the separator surface to inhibit or capture these products.

(4) Quantitative analysis of adhesion. Adhesion of coat-
ing is an important parameter in industry that deeply affects

© The authors

the safety and cycle stability of batteries. The coating with
poor adhesion may fall off from the separator, generating
cracks between the separator and the electrodes, thus result-
ing in increased internal impedance of the battery, uneven
current density distribution, inhomogeneous deposition of
lithium and lithium dendrite growth, seriously affecting the
performance of the battery. At present, few researchers have
conducted quantitative analysis of adhesion, and most of
them use qualitative methods, such as observing whether
the coating falls off by folding and bending the separator.
Therefore, we expect more studies to characterize adhesion
through quantitative analysis techniques (such as 180° peel
test).

(5) Security. With the rapid development of high-energy
density batteries, safety issues have become one of the
great challenges to be solved. Flammable organic solvents
in liquid electrolytes are one of the main factors affecting
the safety of batteries. Solid polymer electrolyte (SPE) is
considered as a good solution strategy due to the absence of
traditional organic solvents. In particular, the polymer elec-
trolyte is prepared by the separator-assisted in situ process
to effectively enhance the efficient Lit* transport between
anodes and cathodes [235]. Although there is a gap in
electrochemical performance between the SPE and liquid
electrolyte, SPE is considered as a promising development
direction for high-safety lithium-ion batteries in the future.
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