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A B S T R A C T 
 

A R T I C L E    I N F O R M A T I O N 

Lithium-ion batteries (LIBs) have faced safety and performance challenges due to 
aluminum oxide (Al2O3)-based composite separators. This review aims to give you a 
comprehensive summary of recent advances in the design, fabrication, and application 
of Al2O3-modified separators. With their high surface activity, excellent hydrophilicity, 
and excellent thermal stability, Al2O3 ceramics are widely used as separators to 
improve thermal resistance, electrolyte wettability, and ionic conductivity, while 
effectively preventing lithium dendrite growth and improving mechanical strength, 
among other properties. A variety of composite architectures are discussed, including 
polymer/Al2O3 blends, ceramic-coated polyolefin membranes, and 
nanocellulose/Al2O3 hybrids, which have superior electrochemical properties, high 
porosity, and robust antishrinkage properties. Various mechanisms explain how Al2O3 
contributes to improved separator performance, and the advantages of Al2O3-based 
systems in terms of safety, cycle stability, and rate performance are clearly 
demonstrated. Furthermore, the review outlines current challenges and provides 
perspectives on future research directions towards the practical implementation of 
Al2O3-based composite separators in high-performance LIBs of the future. 
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1. Introduction 

The LIB has been developed for a number of energy storage 
applications over the past few decades, including portable 
electronic devices and electric vehicles. Their high energy density, 
high power density, lightweight, flexibility, slow self-discharge, 
high charging rate, and long cycling life make them ideal for 
portable electronic devices and electric vehicles [1-4]. 
Nevertheless, the effect of the separator on LIB safety and 
performance will be critical. The separator physically isolates the 
electrodes and allows ionic transport between them [5-7]. It is 
widely used to separate liquids and solids by using polyolefin-
based separators, such as polyethylene (PE) and polypropylene 
(PP) [8, 9]. They are, however, relatively thermally unstable and 
limited in their wettability with liquid electrolytes, which 
compromises the safety and performance of the battery during high 
temperature or high-rate conditions [10, 11].  

Conventional separators are prone to thermal shrinkage and 
electrolyte affinity decline, increasing the risk of internal short 
circuits and capacity fade. Therefore, new separator technologies 
are urgently needed [9]. Among the potential solutions to these 
challenges is the use of composite separators incorporating Al2O3. 
Providing high surface activity, excellent hydrophilicity, and 
outstanding thermal stability, Al2O3 can effectively modify 
separators as an additive or coating. By integrating Al2O3 into 
separators, either as nanoparticle coatings, ceramic-polymer 
composite materials, or using advanced fabrication techniques, 
additional wettability, mechanical strength, and thermal resistance 
are enhanced. The improvements address safety risks as well as 
enhance electrochemical performance by increasing rate capacity 
and extending cycle life [9, 12]. Advances in Al2O3-based 
composite separator fabrication techniques, such as 
electrospinning and dip coating, have been recently demonstrated. 
In this way, tailored pore structures can be achieved, as well as 
high porosity and uniform Al2O3 distribution, which will increase 
ionic conductivity and reduce the barriers to lithium-ion migration 
[13, 14]. As well as improving performance, composite separators 
based on Al2O3 offer practical benefits for large-scale 
manufacturing. In order to achieve consistent quality and desirable 
electrochemical properties, low-cost and scalable fabrication 
techniques are used to manufacture separators. As a result, 
commercial and industrial applications are increasingly requiring 
high-performance LIBs [14]. Al2O3 has been incorporated into 
separator structures via a variety of strategies, including coating 
polyolefin membranes, electrospinning fibers, and engineering 
multidimensional pores [9]. Using Al2O3-based composite 
separators, the growth of lithium dendrites was suppressed, and 
self-discharge was reduced while structural integrity was 
maintained under demanding operating conditions [13]. 

It has been several years since Al2O3-based composite 
separators emerged, but some challenges remain. Ceramic content 
must be maximized, mechanical flexibility maintained, and 
interfacial stability ensured for long-term use [15, 16]. This paper 
discusses developments in Al2O3 composite separators. This article 
covers different types of separators, their roles in battery 
performance, and battery chemistry. Next, Al2O3 and its 
composites are investigated as separators. In LIBs, composite 
separators made from Al2O3 were evaluated for their effectiveness. 

 
2. Lithium-ion batteries: Fundamentals and 
components 

The LIB is widely recognized for its remarkable capacity to 
store energy, making it a crucial component in portable electronics, 

electric vehicles, and renewable energy technology [17]. To grasp 
the operations and potential applications of these batteries, one 
must understand their fundamentals and components. When 
lithium ions are charged and discharged, the electrolyte facilitates 
the movement of lithium ions between the positive and negative 
electrodes. In addition to the electrolyte, the LIB contains several 
other essential components [18]. Electrolytes serve as conductors, 
allowing ions to flow while blocking electrons. The positive 
electrode typically comprises lithium metal oxides, such as lithium 
cobalt oxide, that supply lithium ions [19]. During charging, the 
negative electrode is usually made of graphite or other carbon-
based materials that host lithium ions. Permeable membranes 
separate the two electrodes, allowing lithium ions to travel between 
them while preventing electron movement. Furthermore, current 
collectors ensure efficient energy flow within the battery by 
collecting and distributing electrical current. A successful 
electrochemical reaction and energy storage process requires 
harmonious coordination of these fundamental components [20, 
21]. 

2.1. Lithium-ion batteries 

 LIBs have been an integral part of our daily lives since Sony 
Corporation introduced them in 1991. Currently, LIBs are the 
primary source of power for electric vehicles and portable 
electronics. LIBs have reached 260 W/h/kg and 700 W/h/L/1 at 
cell level after rapid growth for the past 27 years [22, 23]. LIBs are 
the result of decades of concentrated research on solid-state 
chemistry of materials. The field has advanced significantly due to 
the discovery of new materials as well as an intensive study of the 
relationship between structure-composition-property-performance 
of these materials [24].  

Due to their high energy density and design flexibility, lithium-
based batteries, which account for 63% of sales in portable 
batteries worldwide, currently perform better than other 
technologies [25, 26]. There are several benefits to using lithium 
batteries over other battery chemistry. The batteries are safe and 
reliable, with no fear of thermal runaway and/or catastrophic 
meltdown, which are significant dangers with other lithium 
batteries. Some manufacturers offer batteries with a 10,000-cycle 
warranty, which is the highest in the industry. Battery technology 
that delivers highly efficient round-trip efficiency of up to 98% is 
gaining traction within the industry as a result of high discharge 
rates and continuous recharge rates upwards of C/2 [27]. 

2.2. Components and working principles of lithium-ion 
batteries   

There is a separator, an organic electrolyte, and a cathode in a 
LIB. These electric contacts are formed by laminating cathodes, 
anodes, and separators by pressing. Carbon graphite, conductors, 
PVDF binder, and additives are combined with copper to create 
the anode. An aluminum plate coated in active cathode materials, 
electric conductors, PVDF binder, and additives serves as the 
cathode [28]. LIB separators consist of polyolefin membranes that 
have thin micropores. Anodes and cathodes are separated by this 
membrane in order to prevent contact between them, while 
allowing Li ions to pass between the two. The separators can be 
classified into three main categories based on their production 
methods, each with a different morphology and characteristic that 
suits different battery types [29]. 

As shown in Fig. 1, lithium-ion batteries contain two electrodes 
separated by an electrolyte containing dissociated lithium salts, 
which is responsible for transporting lithium ions between the 
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electrodes [30, 31]. Typically, electrolytes are separated from 
cathodes and anodes by porous membranes that prevent physical 
contact. In order to charge the battery, electrons are injected into 
its anode with the help of an external electrical power source. 
While the cathode is releasing lithium ions, they move through the 
electrolyte to the anode and remain there. In this process, chemical 
energy is converted into electricity in the battery. During 
discharging, the lithium ions move back to the cathode across the 
electrolyte, releasing electrons in the outer circuit to carry out the 
electrical work [32, 33]. In current LIBs, the active powder 
materials (graphite in the anode, and LiFePO4 in the cathode) are 
used mostly for portable applications (such as cell phones and 
laptops). Since lithium ions diffuse long distances in powder 
materials and electrode reactions are slow, current LIBs do not 
reach their full potential [31]. Therefore, advanced LIBs are 
needed to outperform current technologies and be capable of being 
used on a large scale. New energy-storage materials and electrodes 
are needed to achieve these benefits [34]. 

 

Fig. 1. Schematic of a lithium-ion battery [30]. 

2.3. Role of separators in battery performance 

LIBs, in particular, function as multiple vital components that 
directly affect safety, efficiency, and longevity with separators 
playing a crucial role [35]. As a matter of principle, separators 
physically separate cathodes from anodes in order to prevent short 
circuits from forming, which can result in hazardous conditions 
such as thermal runaway [36]. Lithium ions must pass through 
pores in separators during charge and discharge cycles to function, 
facilitating the vital ionic transport required for battery operation 
[37]. In order for a battery to produce and store electrical energy 
efficiently, it must simultaneously function as an electrical 
insulator and an ionic conductor (Fig. 2) [38, 39]. 

There is a significant relationship between the separator 
properties and key performance metrics such as cycle life, energy 
densities, power densities, and battery safety. In order to resist 
thermal shrinkage and mechanical corrosion, the separator must be 
mechanically strong, chemically resistant, and thermally stable 
[35, 40]. By improving thermal tolerance and reducing thermal 
runaway risks, advanced separators, such as those containing ultra-
high molecular weight polyethylene (UHMWPE) or inorganic 
materials, can improve battery performance and lifespan [41]. 

Separators also serve as a shutdown device when the battery 
malfunctions at elevated temperatures. Fusing and blocking ion 
transport effectively stops the battery from operating. The thermal 
response in LIBs is a crucial safety feature that mitigates the risk 
of fires or explosions. [39]. 

The separator should facilitate ion transport through its pores, 
enhance interfacial compatibility, and improve the safety of LIBs. 
Recent research and development initiatives focus on enhancing 
electrolyte management of separators, reducing internal resistance, 

and improving electrode compatibility [42]. As a result of these 
advancements, battery performance improves, cycling life is 
prolonged, and the battery operates safely. Through numerical 
modeling and simulation studies, next-generation separators can 
be developed with superior performance and safety characteristics, 
guiding research into separator behavior under different conditions 
[9, 43]. 

 

Fig. 2. Schematic illustration ofLIBs and the role of separators in battery 
performance [44]. 

 
3. Separator materials for lithium-ion batteries  

The materials used in LIBs separators include polyolefin 
membranes, polymers, composites with inorganic coatings, and 
natural mineral materials. Various materials have been researched 
and evaluated to optimize separator performance for next-
generation lithium-ion batteries [41]. 

3.1. Requirements for separators 

Battery safety and electrochemical performance are determined 
by the separator, a passive component of LIBs. Separators should 
contain interconnected parameters [45]. This section outlines the 
parameters of a basic separator and explains how to enhance 
separator properties to improve battery safety [46]. 

For specific applications, it is essential to consider several 
factors when selecting a separator. Additionally, the material 
properties must remain consistent and stable throughout the 
expected lifetime of the application, as well as have optimal initial 
properties. The performance attributes listed above are crucial for 
achieving high energy and power densities in applications that 
require these characteristics [40]. 

3.2. Traditional separator materials 

LIBs play a pivotal role in their safety and efficiency by using 
traditional separator materials. A porous polymer film is typically 
used as the separator material, but PE and PP are also available 
[40, 47].  

Various battery applications require separators fabricated from 
PE, which are mechanically strong and thermally stable. Battery 
operation requires high temperatures, and they have a melting 
point of around 130-140 °C. Electrolytes and separators based on 
PE exhibit good chemical resistance, which prevents unwanted 
chemical reactions.  

As for PP-based separators, they are excellent, dimensionally 
stable, and resist shrinkage better than other types. In comparison 
to PE, PP has a higher melting point, typically around 165 °C, 
allowing it to be used for high-temperature batteries. When 
batteries are assembled, PP-based separators are known for their 
high puncture strength, helping to prevent short circuits [48].  

In both types of separators, the electrical resistance is low, 
allowing efficient ionic transport between electrodes within the 
battery. They facilitate ion movement within batteries by 
absorbing and retaining liquid electrolyte [49]. Traditional 
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separator materials have limitations. Batteries can short-circuit and 
melt because of thermal shrinkage. In addition, chemical reactions 
and mechanical stresses may deteriorate their mechanical integrity 
over time, which can impact their long-term performance and 
lifespan [47].  

Researchers continuously develop separator materials that are 
thermally stable, puncture-resistant, and shrink-resistant to address 
these limitations. These advancements aim to improve LIB safety, 
performance, and reliability across various applications [40]. 

3.2.1. Latest advancements in separator technology 

In recent years, LIB technology has improved regarding 
temperature stability, ionic conductivity, and compatibility with 
high-energy-density chemistries. Despite the advantages of 
polyolefin separators, this type of material presents several 
challenges, including poor electrolyte wettability, limited thermal 
stability, and significant shrinkage at elevated temperatures. As a 
result, batteries made from lithium-ion can be compromised [50]. 

3.2.1.1. Advanced polymer materials 

Compared to traditional polyolefin membranes, nanofiber 
membranes made from Polyacrylonitrile (PAN) and 
Polyvinylidene Fluoride (PVDF) offer superior thermal stability 
and porosity. However, the limited interactions among fibers result 
in these materials being less mechanically robust with respect to 
electrolyte wettability and thermal resistance [51]. 

A range of polymers that exhibit excellent heat resistance, 
mechanical strength, and chemical stability is examined. These 
polymers include aromatic polyamides, polyimides, polyethylene 
terephthalate (PET), polyether ether ketone (PEEK), cellulose, and 
fluorine-containing polymers. Specifically, aromatic polyamides 
are compatible with polar electrolytes and have high dielectric 
constants, which promote lithium salt ionization and enable them 
to function as wet separators [41]. 

3.2.1.2. Composite and coated separators 

Polyolefin separators can enhance thermal and electrolyte 
wettability by coating them with inorganic particles such as SiO2, 
Al2O3, TiO2, and ZrO2 [41, 52]. In the process of coating the 
separator, however, the separator thickness increases, potentially 
increasing internal resistance and reducing battery capacity. As 
well as particle detachment, particle collisions may lead to internal 
short circuits as well [41]. There are several natural minerals that 
are used as composite separators, such as halloysite nanotubes, 
attapulgite, sepiolite, montmorillonite, zeolite, and diatomite. In 
addition to excellent thermal and mechanical stability, these 
minerals provide ion transport via their unique nanopore structure, 
as well as environmental friendliness and cost efficiency. Thermal 
shrinkage and safety issues related to polyolefin separators are also 
addressed [53]. 

3.2.2. Al2O3-based separators in lithium-ion batteries 

The advancement of Al2O3-based separators has become 
significant in LIB technology thanks to their remarkable 
combination of high thermal stability, electrolyte wettability, 
corrosion resistance, rigidity, and safety [54-56]. Ceramic 
materials, including Al2O3, are utilized as modified additives for 
separator materials. These serve as coatings on conventional 
polyolefin membranes and composite materials. In addition to their 
high surface activity, Al2O3 also demonstrates notable 
hydrophilicity, which enhances electrolyte uptake and ionic 

conductivity [57, 58]. With their ability to resist thermal shrinkage 
and maintain dimensional integrity at elevated temperatures, 
Al2O3-coated separators outperform traditional polyolefin 
separators like PP or PE [9].  

Therefore, they have a significantly lower risk of short circuits 
during thermal runaway. Alumina particle separators exhibit high 
puncture strength due to their hardness, which limits dendrite 
penetration and enhances mechanical robustness [59]. In addition 
to improving cell safety and cycle life, the ceramic coating also 
boosts the separator's mechanical strength and compatibility with 
various liquid electrolytes. 

Separators made from Al2O3 help suppress lithium dendrite 
growth, a critical safety concern for lithium-metal batteries [60, 
61]. As well as offering improved performance at low, mid, and 
high temperatures, Al2O3 separators can also be used in solar 
panels. The high energy density, improved safety, and long-term 
reliability of lithium-ion batteries are attributes that make Al2O3-
modified separators attractive for next-generation lithium-ion 
batteries [60]. 

 
4. Al2O3-based composite separators (AlCS) 

Ceramic-based composite separators comprised of Al2O3 
particles and polymers provide excellent thermal stability, 
mechanical robustness, electrolyte wettability, and 
electrochemical properties. Advanced energy storage systems can 
benefit from their safety and efficiency features by using them as 
battery separators [13, 62]. Table 1 shows the effects of some 
Al2O3-based separators in lithium batteries. 

4.1. Fabrication techniques of AlCS   

Lithium-ion and lithium-metal batteries use Al2O3-based 
composite separators as they are thermally stable, mechanically 
strong, and electrochemically efficient. Separator structures can 
incorporate Al2O3 either as a coating or as a component of 
composite membranes through several fabrication techniques. In 
addition to coating methods, electrospinning is also an important 
manufacturing technique. By using these methods, separator 
properties can be precisely controlled, scalability can be achieved, 
and integration into existing battery manufacturing processes can 
be made possible. 

4.1.1. Coating methods   

AlCSs are becoming more and more popular in lithium-ion and 
lithium-metal batteries because they enhance thermal stability, 
electrolyte wettability, mechanical strength, and safety overall. 
Separators are manufactured using various methods, which differ 
in uniformity, scalability, and performance of Al2O3 particles.  

Among the most commonly used techniques is blade coating. 
This method requires dispersing Al2O3 nanoparticles in water and 
adding binders and surfactants such as sodium carboxymethyl 
cellulose (CMC) and disodium laureth sulfosuccinate (DLSS) to 
produce a slurry.  

Utilizing a blade fitted with a controllable coating layer 
thickness, the slurry is then applied evenly to a polymer separator 
substrate, such as a nonwoven membrane made of PVDF or PAN. 
As soon as the Al2O3 layer is applied, the coated separator is baked 
in an oven until it is firmly adhered. Coatings can be as thin as a 
few micrometers and are porous and uniform, improving the 
electrolyte uptake as well as heat resistance. For laboratory 
experiments and industrial production, blade coating is preferred 
for its simplicity and cost-effectiveness [61]. 
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Table 1 
The effects of different types of Al2O3-based separators in lithium batteries. 

Separator type Structure/Composition Key effects in LIBs Ref. 
PE–Al2O3 (Al2O3-coated Polyethylene) PE separator coated with Al2O3 nanoparticles Enhanced puncture strength 

Thermal stability, wettability and ionic 
conductivity 
Slightly lower tensile strength 

[59] 

PAEK–Al2O3 Composite Electrospun PAEK membrane coated with 
crystalline Al2O3 nanoparticles 

Excellent thermal stability (no shrinkage at 150 
°C) 
High degradation temp (>500 °C), superior 
electrolyte uptake 

[9] 

ST@Al2O3-PE (Yolk-shell Ti-doped 
SiO2@Al2O3 on PE) 

Yolk-shell Ti-doped SiO2@Al2O3 particles with 
strong Lewis acid sites on PE 

Very high ionic conductivity 
High Li⁺ transference number (0.62) 
Stable cycling (>400 h at 1 ma/cm²) 
Improved Li plating/stripping 
Stabilizes Li metal anode 
Enhanced mechanical/thermal stability 

[63] 

PVDF/ Al2O3Composite Electrospun PVDF fibers with Al2O3 nanoparticle 
dip-coating 

High thermal stability (≤2% shrinkage at 140 °C) 
Good electrochemical properties, 
Low capacity loss after cycling 

[13] 

Al2O3/Nanocellulose-Coated 
Nonwoven 

Nonwoven PVDF/polyacrylonitrile coated with 
Al2O3 nanoparticles and nanocellulose 

Increased porosity 
High electrolyte uptake 
Reduced thermal shrinkage 
Mitigates Li dendrites 
Improved safety/stability 

[61] 

Al2O3-coated Polyolefin Nanotechnology, hybrid coatings, ALD Enhanced thermal stability & safety 
Lightweight, flexible, improved energy density 
Better barrier against dendrite growth 
Improved cycle life (up to 30% longer) 
More sustainable, recyclable 

[15] 

Al2O3 ALD-coated PE ALD of ultrathin Al2O3 on PE (Atomic Layer 
Deposition) 

Enhanced electrolyte wettability 
High ionic conductivity 
Low interface impedance 
Improved safety and performance 

[64] 

α- Al2O3 Coated PE 
(PDA@mAl2O3-PE) 

Polyethylene (PE), α-PE separator coated with α-
Al2O3 and polydopamine 

Superior thermal stability 
Mechanical strength 
Improved electrolyte wettability 
Enhanced cycling and rate performance 

[65] 

Al2O3/SiO2 Composite Ceramic Layer 
Separator 

Effect of Al2O3/SiO2 composite ceramic layers on 
performance of PP separators in lithium-ion 
batteries 

Retains more electrolyte 
Higher ionic conductivity 
Improved cell performance 

[66] 

Al2O3-Coated Separator with PEK-C 
Binder 

PP membrane coated with Al2O3 using 
phenolphthalein polyetherketone (PEK-C) binder 

Lower thermal shrinkage 
Improved electrochemical stability 
Slightly better capacity retention and safety 
compared to neat PP 

[67] 

Al2O3/TiO2-Coated PP Polypropylene (PP) base with ceramic 
(Al2O3/TiO2) coating 

Best improvement in thermal stability (shrinkage 
0.6% vs. 6% uncoated) 
92% capacity retention at 2C 

[68] 

MOF-Al2O3 Coating Separators MOF-Al2O3 Blended Coating on PE Separators Improved fast charge-discharge performance 
Higher capacity retention 
Lower interface resistance over long cycles 

[69] 

 

Fig. 3. Preparation of the PVDF/Al2O3 composite membrane via the dip-coating process [13]. 

Manufacturing on a large scale typically uses roll-to-roll 
processing. During continuous processing, the polymer separator 
advances through a coating station, where the Al2O3 slurry is 
sprayed on it or passed through a bath [68]. Following coating, the 
separator is dried, allowing the ceramic layer to be deposited 
evenly and rapidly over long lengths of material. Commercial 
battery separators are often produced using roll-to-roll coating 
because of its high throughput and precise control of coating 
thickness [14, 68]. 

In order to achieve optimal coating performance, it is crucial to 
select the right binders and additives for the coating slurry. A 
binder such as poly(vinylidene fluoride-cohexafluoropropylene) 
(P(VdF-coHFP)) is used to adhere the Al2O3 powder to the 
separator's surface and ensure mechanical integrity [61, 70]. Al2O3 
nanoparticles are dispersed more evenly in slurries containing 

surfactants. The composite separator can be made more 
hydrophilic and electrolyte-absorbent with the addition of 
nanocellulose [61]. 

Separators with Al2O3 coatings are more thermally stable than 
those without, which helps prevent thermal runaway and short 
circuits in batteries. A ceramic layer enhances the wettability of a 
separator's surface, thereby improving ionic conductivity and 
electrolyte absorption.  

In addition to prolonging battery life and ensuring battery 
safety, coated separators prevent mechanical deformation and 
dendrite penetration [68]. Al2O3-coated separators have been 
found to improve cycling stability, higher rate capability, and 
capacity retention over uncoated separators, according to 
electrochemical testing [61, 70]. Table 2 outlines the advantages 
of Al2O3-based separator coating techniques. 
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Table 2 
The advantages of Al2O3-based separator coating Technique. 

Technique Key features Advantages Ref. 
Blade Coating Slurry cast, 

thickness-controlled 
Scalable, uniform, 
precise 

[61] 

Dip-Coating Immersion in 
nanoparticle 
suspension 

Simple, conformal 
coating 

[13] 

Slurry/Tape 
Casting 

Water-based, uses 
surfactants and 
binders 

Eco-friendly, 
improved 
wettability 

[68] 

Roll-to-Roll 
Processing 

Continuous, 
industrial-scale 

High throughput, 
commercial-ready 

[68] 

With the use of blade coating, dip coating, and roll-to-roll 
methods, Al2O3 can be applied to polymeric separators to enhance 
their thermal, mechanical, and electrochemical properties. For 
next-generation lithium batteries to be safe and perform well, these 
improvements are essential [13, 61, 68, 70]. 

4.1.2. Electrospinning   

Al2O3 nanoparticle composite separators can be manufactured 
using electrospinning, a versatile and effective method. LIBs 
operate safely and efficiently when they have strong and durable 
composite separators that increase thermal stability, mechanical 
strength, electrolyte wettability, and electrochemical performance. 
Using electrospinning, porous nanofibrous membranes with 
controllable morphology are produced and are suitable for various 
battery applications. 

Direct electrospinning of polymer solutions containing Al2O3 
nanoparticles is one of the most common approaches. It is possible 
to create a homogeneous solution by mixing polymers such as poly 
(aryl ether ketone), polyimide, or polyvinylidene fluoride with 
Al2O3. Electrospun composite membranes containing ceramic 
nanoparticles are produced from this mixture using polymer 
matrices that include ceramic nanoparticles [9]. In addition to their 
high porosity, these membranes demonstrate excellent thermal 
stability, rarely shrinking at temperatures exceeding 150 °C. 
Moreover, they are capable of capturing more electrolytes and 
conductors than conventional membranes, which is essential for 
efficient ion transport [71]. 

In addition to electrospinning, tip-induced electrospinning 
(TIE) is also combined with dip coating (Fig. 4). This method 
involves electrospinning a PVDF membrane with Al2O3 
nanoparticles and then coating it with ultrafine PVDF nanofibers 
using TIE. With this approach, fiber morphology and surface 
properties are controlled in two steps, resulting in separators that 
are more thermally stable at 140 °C, exhibit less than 2% 
dimensional shrinkage, and demonstrate better electrochemical 
performance, including high ionic conductivity and stable cycling 
[13].  

 

Fig. 4. (a) Schematic diagram of the TIE setup. (b) Illustration of the TIE 
process [13]. 

Among the most advanced designs, composite structures 
consisting of Al2O3@PI/polyethylene/Al2O3@PI (APEAP) are 
employed. Electrospun polyimide nanofibers are coated with 
Al2O3 nanoparticles on the outer layers, while the polyethylene 
core offers protection from contamination. In addition to providing 

an anti-overheating thermal shut-down function, the Al2O3@PI 
layers provide high thermal resistance and mechanical durability. 
The core layer of these multilayer separators is typically coated 
with a metal or resin, resulting in membranes that are high-
performing electrochemically as well as being safe [71]. A 
comparison between Electrospinning techniques used on Al2O3-
based separators can be found in Table 3. 

Table 3 
The advantages of Al2O3-based separator electrospinning technique. 

Separator 
Type 

Electrospinning 
method Properties/Advantages Ref. 

PAEK–Al2O3 
Composite 

Direct blend 
electrospinning 

No shrinkage at 150 °C, 
>500 °C degradation 
temp, 89.4% porosity, 
3.15 mS/cm ionic 
conductivity 

[9] 

PVDF/Al2O3 
Composite 

Tip-induced 
electrospinning 
+ dip-coating 

<2% shrinkage at 140 
°C, 55.8% porosity, 2.23 
mS/cm ionic cond., high 
cycling stability 

[13] 

Al2O3@PI/P
E/ Al2O3@PI 
(APEAP) 

Needleless 
electrospinning 
+ calendaring 

Multilayer, thermal 
shut-down at 123 °C, 
high safety, excellent 
cycling performance 

[71] 

In comparison to conventional separators, electrospun 
composite separators based on Al2O3 offer a number of significant 
advantages. 

A battery's safety depends on its thermal stability, which 
prevents shrinkage and degradation at elevated temperatures. Its 
high porosity and large surface area make it an excellent electrolyte 
wettability and retention device. Therefore, it enhances ionic 
conductivity.  

By adding Al2O3 nanoparticles to the polymer matrix, the 
mechanical strength and dimensional stability of the material are 
both improved. LIBs benefit from these improvements by cycling 
more consistently, retaining capacity longer, and achieving higher 
rates. A multilayered design with thermal shutdown functionality 
adds another layer of safety by preventing thermal runaway. In 
addition to their outstanding properties, AlCS can be produced 
using electrospinning techniques.In next-generation energy 
storage applications, ceramic reinforcement combined with 
nanofibrous architecture can significantly increase battery safety, 
stability, and electrochemical performance [9, 71].  

4.2. Characterization AlCS 

A composite separator based on Al2O3 has excellent thermal 
stability. During a research study by Wu et al. [13], PVDF/Al2O3 
separators, which were exposed for one hour to 140 °C, showed 
less than 2% dimension shrinkage, while PAEK/Al2O3 separators 
did not suffer any change in shape when exposed for one hour to 
150 °C. Moreover, PAEK-Al2O3 separators uphold their structural 
integrity at temperatures exceeding 500 °C, in contrast to PP 
separators, which shrink under high temperatures [9].  

The porosity and morphology of the separator should also be 
considered when evaluating its performance. Using Al2O3 
nanoparticles refines the pore structure and creates a more uniform 
pore size distribution, facilitating ion transport. The porosity of 
PVDF-Al2O3 composites is approximately 56%, while the porosity 
of PAEK-Al2O3 separators is nearly 90%. Due to the high porosity, 
electrolytes are easily absorbed [9, 13, 14]. The higher ionic 
conductivity results from the improved electrolyte wettability due 
to Al2O3 nanoparticles. In batteries, enhanced ionic conductivity 
allows lithium ions to migrate through the electrodes more 
efficiently [9, 14]. Al2O3-based composite separators significantly 
improve battery cycling stability and rate capability, according to 
electrochemical characterizations. Batteries with these separators 
will maintain long-term high discharge capacities [9, 13, 14]. 
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5. Conclusion 

The use of AlCSs has enabled lithium-ion battery development 
to make significant progress, offering greater safety, stability, and 
performance. In addition to being highly thermally resistant, these 
composite membranes are also mechanically stronger and provide 
excellent electrolyte wettability, which contributes to superior 
ionic conductivity and stable electrochemistry. The structural 
integrity of these membranes at high temperatures reduces the risk 
of battery failure and thermal runaway, making them ideal for 
demanding applications. Additionally, incorporating alumina 
particles enhances the separator's effectiveness in suppressing 
lithium dendrite growth, thereby maximizing battery life. In 
general, Al2O3-based composite separators are promising vehicles 
for improving lithium-ion battery safety and efficiency. 

Further refinements in material design and fabrication 
techniques are required to optimize the properties of Al2O3-based 
composite separators. Advances in nanotechnology and coating 
methods will enable the creation of more uniform and thinner 
alumina layers, enhance ionic transport while maintain mechanical 
robustness. Hybrid materials that combine Al2O3 with other 
functional additives could lead to multifunctional separators, 
which may include improved thermal management and enhanced 
chemical stability. Additionally, as the demand for flexible and 
lightweight batteries grows, flexible Al2O3-based separators will 
become increasingly important. Environmental considerations will 
also drive research toward sustainable and recyclable separator 
materials, minimizing the ecological footprint of battery 
production and disposal. Ultimately, ongoing innovation in Al2O3-
based composite separators will play a crucial role in meeting the 
evolving performance, safety, and sustainability requirements of 
next-generation LIBs. In addition to optimizing the design and 
fabrication of Al2O3-based composite separators, refining the 
materials will further enhance their performance. The development 
of nanotechnology and coating techniques will boost ionic 
transport while maintaining the mechanical robustness of alumina 
layers. Furthermore, hybrid materials that combine Al2O3 with 
other functional additives could enhance thermal management and 
chemical stability, providing separators with multifunctional 
capabilities. As batteries become more flexible and lightweight, 
the need for developing flexible Al2O3-based separators will grow 
increasingly important. Additionally, environmental 
considerations will drive the creation of sustainable and recyclable 
separator materials, minimizing the ecological impact involved in 
recycling and disposing of batteries. To meet the ever-growing 
demands for performance, safety, and sustainability in next-
generation lithium-ion batteries, ongoing innovation in composite 
separators based on Al2O3 will be essential. 

 
Author contributions 

Naghmeh Abavi Torghabeh: Conceptualization, Writing – 
original draft, Writing – review & editing; Leila Bazli: 
Conceptualization, Writing – original draft, Writing – review & 
editing. 

 
Funding 

No funding was received for this study. 

 
Conflict of interest 

The authors declare no conflict of interest. 

 
Data availability  

No data is available. 

REFERENCES 
[1] M. Dubarry, A. Devie, Battery durability and reliability under electric 
utility grid operations: Representative usage aging and calendar aging, 
Journal of energy storage 18 (2018) 185-195. 
[2] H. Lee, M. Yanilmaz, O. Toprakci, K. Fu, X. Zhang, A review of recent 
developments in membrane separators for rechargeable lithium-ion 
batteries, Energy & Environmental Science 7(12) (2014) 3857-3886. 
[3] G. Zhu, K. Wen, W. Lv, X. Zhou, Y. Liang, F. Yang, Z. Chen, M. Zou, J. 
Li, Y. Zhang, Materials insights into low-temperature performances of 
lithium-ion batteries, Journal of Power Sources 300 (2015) 29-40. 
[4] E.S. Pampal, E. Stojanovska, B. Simon, A. Kilic, A review of 
nanofibrous structures in lithium ion batteries, Journal of Power Sources 300 
(2015) 199-215. 
[5] A.R. Nurohmah, M. Ayuningtyas, C.S. Yudha, A. Purwanto, H. 
Widiyandari, Synthesis and characterization of nmc622 cathode material 
modified by various cheap and abundant transition metals for li-ion 
batteries,(2022). 
[6] N. Muhammad, I. Mufti Reza Aulia Putra, Heat management on lifepo4 
battery pack for eddy current brake energy storage on rapid braking 
processes, Evergreen 9(2) (2022) 451-456. 
[7] B. Priyono, B. Rifky, F. Zahara, A. Subhan, Enhancing performance of 
li4ti5o12 with addition of activated carbon from recycled pet waste as anode 
battery additives,(2022). 
[8] J. Hassoun, S. Panero, P. Reale, B. Scrosati, A new, safe, high‐rate and 
high‐energy polymer lithium‐ion battery, Advanced Materials 21(47) (2009) 
4807-4810. 
[9] H. Li, D. Luo, J. He, F. Lin, H. Wang, L. Yu, W. Liu, J. Li, Crystalline Al 
2 O 3 modified porous poly (aryl ether ketone)(PAEK) composite separators 
for high performance lithium-ion batteries via an electrospinning technique, 
CrystEngComm 22(9) (2020) 1577-1585. 
[10] Y. Liang, L. Ji, B. Guo, Z. Lin, Y. Yao, Y. Li, M. Alcoutlabi, Y. Qiu, X. 
Zhang, Preparation and electrochemical characterization of ionic-
conducting lithium lanthanum titanate oxide/polyacrylonitrile submicron 
composite fiber-based lithium-ion battery separators, Journal of Power 
Sources 196(1) (2011) 436-441. 
[11] T.-H. Cho, M. Tanaka, H. Onishi, Y. Kondo, T. Nakamura, H. Yamazaki, 
S. Tanase, T. Sakai, Battery performances and thermal stability of 
polyacrylonitrile nano-fiber-based nonwoven separators for Li-ion battery, 
Journal of Power Sources 181(1) (2008) 155-160. 
[12] N. Kalhori, M. Mousavi-Kamazani, F. Hormozi, Rheological properties 
and thermal conductivity of water-based drilling fluid containing SiO2 and 
Al2O3 nanoparticles, Journal of Composites and Compounds 5(14) (2023) 
1-5. 
[13] D. Wu, L. Deng, Y. Sun, K.S. Teh, C. Shi, Q. Tan, J. Zhao, D. Sun, L. 
Lin, A high-safety PVDF/Al 2 O 3 composite separator for Li-ion batteries 
via tip-induced electrospinning and dip-coating, RSC advances 7(39) (2017) 
24410-24416. 
[14] L. Ding, N. Yan, S. Zhang, R. Xu, T. Wu, F. Yang, Y. Cao, M. Xiang, 
Low-cost and large-scale fabricating technology for high-performance 
lithium-ion battery composite separators with connected nano-Al2O3 
coating, ACS Applied Energy Materials 5(1) (2021) 615-626. 
[15] H. Liu, C. Liu, Y. Zhou, Y. Zhang, W. Deng, G. Zou, H. Hou, X. Ji, The 
application of Al2O3 in separators and solid electrolytes of lithium-ion 
battery: a review, Energy Storage Materials(2024) 103575. 
[16] S. Askari, M. Ghashang, G. Sohrabi, Synthesis and mechanical 
properties of Bi2O3-Al4Bi2O9 nanopowders, Journal of Composites and 
Compounds 2(5) (2020) 171-174. 
[17] G.G. Njema, R.B.O. Ouma, J.K. Kibet, A review on the recent advances 
in battery development and energy storage technologies, Journal of 
renewable energy 2024(1) (2024) 2329261. 
[18] H. Du, Y. Wang, Y. Kang, Y. Zhao, Y. Tian, X. Wang, Y. Tan, Z. Liang, 
J. Wozny, T. Li, Side reactions/changes in lithium‐ion batteries: mechanisms 
and strategies for creating safer and better batteries, Advanced Materials 
36(29) (2024) 2401482. 
[19] A.K. Koech, G. Mwandila, F. Mulolani, P. Mwaanga, Lithium-ion 
battery fundamentals and exploration of cathode materials: A review, South 
African Journal of Chemical Engineering 50(1) (2024) 321-339. 
[20] B. Babu, Carbon–based Materials for Li‐ion Battery, Batteries & 
Supercaps 7(3) (2024) e202300537. 
[21] V.K.H. Bui, M.K. Kumar, M. Alinaghibeigi, S. Moolayadukkam, S. 
Eskandarinejad, S. Mahmoudi, S. Mirzamohammadi, M. Rezaei-khamseh, 
A review on zinc oxide composites for energy storage applications: solar 
cells, batteries, and supercapacitors, Journal of Composites and Compounds 
3(8) (2021) 182-193. 
[22] R. Schmuch, R. Wagner, G. Hörpel, T. Placke, M. Winter, Performance 
and cost of materials for lithium-based rechargeable automotive batteries, 
Nature energy 3(4) (2018) 267-278. 

https://doi.org/10.1016/j.est.2018.04.004
https://doi.org/10.1016/j.est.2018.04.004
https://doi.org/10.1016/j.est.2018.04.004
https://doi.org/10.1039/C4EE01432D
https://doi.org/10.1039/C4EE01432D
https://doi.org/10.1039/C4EE01432D
https://doi.org/10.1016/j.jpowsour.2015.09.056
https://doi.org/10.1016/j.jpowsour.2015.09.056
https://doi.org/10.1016/j.jpowsour.2015.09.056
https://doi.org/10.1016/j.jpowsour.2015.09.059
https://doi.org/10.1016/j.jpowsour.2015.09.059
https://doi.org/10.1016/j.jpowsour.2015.09.059
https://doi.org/10.5109/4794168
https://doi.org/10.5109/4794168
https://doi.org/10.5109/4794168
https://doi.org/10.5109/4794168
https://doi.org/10.5109/4794171
https://doi.org/10.5109/4794171
https://doi.org/10.5109/4794171
https://doi.org/10.5109/4794188
https://doi.org/10.5109/4794188
https://doi.org/10.5109/4794188
https://doi.org/10.1002/adma.200900470
https://doi.org/10.1002/adma.200900470
https://doi.org/10.1002/adma.200900470
https://doi.org/10.1039/C9CE01557D
https://doi.org/10.1039/C9CE01557D
https://doi.org/10.1039/C9CE01557D
https://doi.org/10.1039/C9CE01557D
https://doi.org/10.1016/j.jpowsour.2010.06.088
https://doi.org/10.1016/j.jpowsour.2010.06.088
https://doi.org/10.1016/j.jpowsour.2010.06.088
https://doi.org/10.1016/j.jpowsour.2010.06.088
https://doi.org/10.1016/j.jpowsour.2010.06.088
https://doi.org/10.1016/j.jpowsour.2008.03.010
https://doi.org/10.1016/j.jpowsour.2008.03.010
https://doi.org/10.1016/j.jpowsour.2008.03.010
https://doi.org/10.1016/j.jpowsour.2008.03.010
https://doi.org/10.61186/jcc.5.1.1
https://doi.org/10.61186/jcc.5.1.1
https://doi.org/10.61186/jcc.5.1.1
https://doi.org/10.61186/jcc.5.1.1
https://doi.org/10.1039/C7RA02681A
https://doi.org/10.1039/C7RA02681A
https://doi.org/10.1039/C7RA02681A
https://doi.org/10.1039/C7RA02681A
https://doi.org/10.1021/acsaem.1c03137
https://doi.org/10.1021/acsaem.1c03137
https://doi.org/10.1021/acsaem.1c03137
https://doi.org/10.1021/acsaem.1c03137
https://doi.org/10.1016/j.ensm.2024.103575
https://doi.org/10.1016/j.ensm.2024.103575
https://doi.org/10.1016/j.ensm.2024.103575
https://doi.org/10.29252/jcc.2.4.2
https://doi.org/10.29252/jcc.2.4.2
https://doi.org/10.29252/jcc.2.4.2
https://doi.org/10.1155/2024/2329261
https://doi.org/10.1155/2024/2329261
https://doi.org/10.1155/2024/2329261
https://doi.org/10.1002/adma.202401482
https://doi.org/10.1002/adma.202401482
https://doi.org/10.1002/adma.202401482
https://doi.org/10.1002/adma.202401482
https://hdl.handle.net/10520/ejc-chemeng-v50-n1-a32
https://hdl.handle.net/10520/ejc-chemeng-v50-n1-a32
https://hdl.handle.net/10520/ejc-chemeng-v50-n1-a32
https://doi.org/10.1002/batt.202300537
https://doi.org/10.1002/batt.202300537
https://doi.org/10.52547/jcc.3.3.6
https://doi.org/10.52547/jcc.3.3.6
https://doi.org/10.52547/jcc.3.3.6
https://doi.org/10.52547/jcc.3.3.6
https://doi.org/10.52547/jcc.3.3.6
https://doi.org/10.1038/s41560-018-0107-2
https://doi.org/10.1038/s41560-018-0107-2
https://doi.org/10.1038/s41560-018-0107-2


8 N. Abavi Torghabeh et al./ Journal of Composites and Compounds 7(2025) 1-8 

[23] R. Marom, S.F. Amalraj, N. Leifer, D. Jacob, D. Aurbach, A review of 
advanced and practical lithium battery materials, Journal of Materials 
Chemistry 21(27) (2011) 9938-9954. 
[24] A. Manthiram, A reflection on lithium-ion battery cathode chemistry, 
Nature communications 11(1) (2020) 1550. 
[25] D.M. Babiker, Z.R. Usha, C. Wan, M.M.E. Hassaan, X. Chen, L. Li, 
Recent progress of composite polyethylene separators for lithium/sodium 
batteries, Journal of Power Sources 564 (2023) 232853. 
[26] L.S. Fard, N.S. Peighambardoust, H.W. Jang, A. Dehghan, N.N.K. 
Saligheh, M. Iranpour, M.I. Rajabi, The rechargeable aluminum-ion battery 
with different composite cathodes: A review, Journal of Composites and 
Compounds 2(4) (2020) 138-146. 
[27] J.-M. Tarascon, M. Armand, Issues and challenges facing rechargeable 
lithium batteries, nature 414(6861) (2001) 359-367. 
[28] J. Xu, H.R. Thomas, R.W. Francis, K.R. Lum, J. Wang, B. Liang, A 
review of processes and technologies for the recycling of lithium-ion 
secondary batteries, Journal of Power Sources 177(2) (2008) 512-527. 
[29] L. Gaines, J. Dunn, Lithium-ion Batteries: Advances and applications, 
Elsevier Amsterdam, The Netherlands, 2014. 
[30] B. Fakić, A. Kumar, M. Alipour, A. Abbas, E. Ahmadi, N. Nikzad, P. 
Shafiee, Carbon-based materials and their composites as anodes: A review 
on lithium-ion batteries, Journal of Composites and Compounds 4(11) 
(2022) 124-139. 
[31] A. Manthiram, A.V. Murugan, A. Sarkar, T. Muraliganth, 
Nanostructured electrode materials for electrochemical energy storage and 
conversion, Energy & Environmental Science 1(6) (2008) 621-638. 
[32] N. Chawla, N. Bharti, S. Singh, Recent advances in non-flammable 
electrolytes for safer lithium-ion batteries, Batteries 5(1) (2019) 19. 
[33] S. Goriparti, E. Miele, F. De Angelis, E. Di Fabrizio, R.P. Zaccaria, C. 
Capiglia, Review on recent progress of nanostructured anode materials for 
Li-ion batteries, Journal of power sources 257 (2014) 421-443. 
[34] X. Zhang, L. Ji, O. Toprakci, Y. Liang, M. Alcoutlabi, Electrospun 
nanofiber-based anodes, cathodes, and separators for advanced lithium-ion 
batteries, Polymer Reviews 51(3) (2011) 239-264. 
[35] D.R. Rajagopalan Kannan, P.K. Terala, P.L. Moss, M.H. Weatherspoon, 
Analysis of the Separator Thickness and Porosity on the Performance of 
Lithium‐Ion Batteries, International Journal of Electrochemistry 2018(1) 
(2018) 1925708. 
[36] H. Hao, T. Hutter, B.L. Boyce, J. Watt, P. Liu, D. Mitlin, Review of 
multifunctional separators: Stabilizing the cathode and the anode for alkali 
(Li, Na, and K) metal–sulfur and selenium batteries, Chemical Reviews 
122(9) (2022) 8053-8125. 
[37] Q.-Q. Gu, H.-J. Xue, Z.-W. Li, J.-C. Song, Z.-Y. Sun, High-performance 
polyethylene separators for lithium-ion batteries modified by phenolic resin, 
Journal of Power Sources 483 (2021) 229155. 
[38] J. Choi, P.J. Kim, A roadmap of battery separator development: Past and 
future, Current Opinion in Electrochemistry 31 (2022) 100858. 
[39] A. Li, A.C.Y. Yuen, W. Wang, I.M. De Cachinho Cordeiro, C. Wang, 
T.B.Y. Chen, J. Zhang, Q.N. Chan, G.H. Yeoh, A review on lithium-ion 
battery separators towards enhanced safety performances and modelling 
approaches, Molecules 26(2) (2021) 478. 
[40] V. Deimede, C. Elmasides, Separators for lithium‐ion batteries: a 
review on the production processes and recent developments, Energy 
technology 3(5) (2015) 453-468. 
[41] H. Fang, R. Wang, T. Yan, Y. Yan, The High-performance Separators in 
the Power Lithiumi-on Batteries, E3S Web of Conferences, EDP Sciences, 
2021, p. 01008. 
[42] M. Yuan, K. Liu, Rational design on separators and liquid electrolytes 
for safer lithium-ion batteries, Journal of Energy Chemistry 43 (2020) 58-
70. 
[43] Y. Song, L. Sheng, L. Wang, H. Xu, X. He, From separator to 
membrane: Separators can function more in lithium ion batteries, 
Electrochemistry Communications 124 (2021) 106948. 
[44] L. Li, Y. Duan, Engineering Polymer-Based Porous Membrane for 
Sustainable Lithium-Ion Battery Separators. Polymers, 15 (18), 3690, 2023. 
[45] C. Costa, E. Lizundia, S. Lanceros-Méndez, Polymers for advanced 
lithium-ion batteries: State of the art and future needs on polymers for the 
different battery components, Progress in Energy and Combustion Science 
79 (2020) 100846. 
[46] Z. Liu, Y. Jiang, Q. Hu, S. Guo, L. Yu, Q. Li, Q. Liu, X. Hu, Safer 
lithium‐ion batteries from the separator aspect: development and future 
perspectives, Energy & Environmental Materials 4(3) (2021) 336-362. 
[47] X. Huang, Separator technologies for lithium-ion batteries, Journal of 
Solid State Electrochemistry 15(4) (2011) 649-662. 
[48] W. Lin, F. Wang, H. Wang, H. Li, Y. Fan, D. Chan, S. Chen, Y. Tang, Y. 
Zhang, Thermal‐Stable Separators: Design Principles and Strategies 
Towards Safe Lithium‐Ion Battery Operations, ChemSusChem 15(24) 
(2022) e202201464. 
[49] Y. Li, H. Pu, Y. Wei, Polypropylene/polyethylene multilayer separators 
with enhanced thermal stability for lithium-ion battery via multilayer 
coextrusion, Electrochimica Acta 264 (2018) 140-149. 

[50] X. Dai, X. Zhang, J. Wen, C. Wang, X. Ma, Y. Yang, G. Huang, H.-M. 
Ye, S. Xu, Research progress on high-temperature resistant polymer 
separators for lithium-ion batteries, Energy Storage Materials 51 (2022) 
638-659. 
[51] Y. Li, Y. Zhao, Y. Yang, Z. Wang, Q. Yang, J. Deng, Functional 
separators for long-life and safe Li metal batteries: a minireview, Polymers 
14(21) (2022) 4546. 
[52] L. Li, Y. Duan, Advances in Lithium-Ion Battery Separators: A Review 
of Engineering Polymeric Porous Membranes,(2024). 
[53] F. Liu, X. Chuan, Recent developments in natural mineral-based 
separators for lithium-ion batteries, RSC advances 11(27) (2021) 16633-
16644. 
[54] Z. Zhang, Y. Lai, Z. Zhang, K. Zhang, J. Li, Al2O3-coated porous 
separator for enhanced electrochemical performance of lithium sulfur 
batteries, Electrochimica Acta 129 (2014) 55-61. 
[55] H.-S. Jeong, D.-W. Kim, Y.U. Jeong, S.-Y. Lee, Effect of phase 
inversion on microporous structure development of Al2O3/poly (vinylidene 
fluoride-hexafluoropropylene)-based ceramic composite separators for 
lithium-ion batteries, Journal of Power Sources 195(18) (2010) 6116-6121 
[56] H.-S. Jeong, S.C. Hong, S.-Y. Lee, Effect of microporous structure on 
thermal shrinkage and electrochemical performance of Al2O3/poly 
(vinylidene fluoride-hexafluoropropylene) composite separators for lithium-
ion batteries, Journal of Membrane Science 364(1-2) (2010) 177-182. 
[57] Q. Liu, M. Xia, J. Chen, Y. Tao, Y. Wang, K. Liu, M. Li, W. Wang, D. 
Wang, High performance hybrid Al2O3/poly (vinyl alcohol-co-ethylene) 
nanofibrous membrane for lithium-ion battery separator, Electrochimica 
acta 176 (2015) 949-955. 
[58] C. Shi, P. Zhang, L. Chen, P. Yang, J. Zhao, Effect of a thin ceramic-
coating layer on thermal and electrochemical properties of polyethylene 
separator for lithium-ion batteries, Journal of Power Sources 270 (2014) 
547-553. 
[59] Y. Runjie, L. Tingting, Z. Jialiang, W. Zegang, Y. Guoqing, L. Fengqin, 
H. Tao, Z. Hongliang, Evaluation and comparison of the physical and 
electrochemical properties of lithium-ion battery separators, Chinese 
Journal of Engineering 46(1) (2024) 73-80. 
[60] G. Sharma, Improved Synthesis and Thermal Stability of Electrode-
supported α-alumina Separator for Lithium Ion Batteries, Arizona State 
University2016. 
[61] D.-M. Shin, H. Son, K.U. Park, J. Choi, J. Suk, E.S. Kang, D.-W. Kim, 
D.Y. Kim, Al2O3 ceramic/nanocellulose-coated non-woven separator for 
lithium-metal batteries, Coatings 13(5) (2023) 916. 
[62] J.H. Jo, C.-H. Jo, Z. Qiu, H. Yashiro, L. Shi, Z. Wang, S. Yuan, S.-T. 
Myung, Nature-derived cellulose-based composite separator for sodium-ion 
batteries, Frontiers in Chemistry 8 (2020) 153. 
[63] T. Zhou, W. Tang, J. Lv, Y. Deng, Q. Liu, L. Zhang, R. Liu, Yolk–Shell 
Structured ST@ Al2O3 Enables Functional PE Separator with Enhanced 
Lewis Acid Sites for High‐Performance Lithium Metal Batteries, Small 
19(48) (2023) 2303924. 
[64] J. Gong, S. Shi, S. Cheng, K. Yang, P. Zheng, Y. Xu, J. Chai, Y. Zheng, 
Z. Liu, M. Xie, High-performance and safe lithium-ion battery with precise 
ultrathin Al2O3-coated polyethylene separator, Applied Surface Science 659 
(2024) 159918. 
[65] H. Chen, B. Ren, Y. Wang, M. Liu, H. He, L. Chai, J. Jia, X. Yang, J. 
Chen, B. Li, The fabrication of high-performance α-Al2O3 coated PE 
separator for lithium-ion batteries based on multiple hydrogen bonds, 
Electrochimica Acta 465 (2023) 142985. 
[66] H. Liu, J. Xu, B. Guo, X. He, Effect of Al2O3/SiO2 composite ceramic 
layers on performance of polypropylene separator for lithium-ion batteries, 
Ceramics International 40(9) (2014) 14105-14110. 
[67] E. Shekarian, M.R. Jafari Nasr, T. Mohammadi, O. Bakhtiari, M. 
Javanbakht, Enhanced wettability and electrolyte uptake of coated 
commercial polypropylene separators with inorganic nanopowders for 
application in lithium-ion battery, Journal of Nanostructures 9(4) (2019) 
736-750. 
[68] D. Parikh, C.J. Jafta, B.P. Thapaliya, J. Sharma, H.M. Meyer III, C. 
Silkowski, J. Li, Al2O3/TiO2 coated separators: Roll-to-roll processing and 
implications for improved battery safety and performance, Journal of Power 
Sources 507 (2021) 230259. 
[69] L.-Y. Yang, J.-H. Cao, W.-H. Liang, Y.-K. Wang, D.-Y. Wu, Effects of 
the separator MOF-Al2O3 coating on battery rate performance and solid–
electrolyte interphase formation, ACS Applied Materials & Interfaces 
14(11) (2022) 13722-13732. 
[70] W.-K. Shin, Y.-S. Lee, D.-W. Kim, Hybrid composite membranes based 
on polyethylene separator and Al2O3 nanoparticles for lithium-ion batteries, 
Journal of Nanoscience and Nanotechnology 13(5) (2013) 3705-3710. 
[71] W. Yang, Y. Liu, X. Hu, J. Yao, Z. Chen, M. Hao, W. Tian, Z. Huang, F. 
Li, Multilayer nanofiber composite separator for lithium-ion batteries with 
high safety, Polymers 11(10) (2019) 1671. 
 
 
 

 

https://doi.org/10.1039/C0JM04225K
https://doi.org/10.1039/C0JM04225K
https://doi.org/10.1039/C0JM04225K
https://doi.org/10.1038/s41467-020-15355-0
https://doi.org/10.1038/s41467-020-15355-0
https://doi.org/10.1016/j.jpowsour.2023.232853
https://doi.org/10.1016/j.jpowsour.2023.232853
https://doi.org/10.1016/j.jpowsour.2023.232853
https://doi.org/10.29252/jcc.2.3.5
https://doi.org/10.29252/jcc.2.3.5
https://doi.org/10.29252/jcc.2.3.5
https://doi.org/10.29252/jcc.2.3.5
https://doi.org/10.1038/35104644
https://doi.org/10.1038/35104644
https://doi.org/10.1016/j.jpowsour.2007.11.074
https://doi.org/10.1016/j.jpowsour.2007.11.074
https://doi.org/10.1016/j.jpowsour.2007.11.074
https://toc.library.ethz.ch/objects/pdf03/e01_978-0-444-59513-3_01.pdf
https://toc.library.ethz.ch/objects/pdf03/e01_978-0-444-59513-3_01.pdf
https://doi.org/10.52547/jcc.4.2.7
https://doi.org/10.52547/jcc.4.2.7
https://doi.org/10.52547/jcc.4.2.7
https://doi.org/10.52547/jcc.4.2.7
https://doi.org/10.1039/B811802G
https://doi.org/10.1039/B811802G
https://doi.org/10.1039/B811802G
https://doi.org/10.3390/batteries5010019
https://doi.org/10.3390/batteries5010019
https://doi.org/10.1016/j.jpowsour.2013.11.103
https://doi.org/10.1016/j.jpowsour.2013.11.103
https://doi.org/10.1016/j.jpowsour.2013.11.103
https://doi.org/10.1080/15583724.2011.593390
https://doi.org/10.1080/15583724.2011.593390
https://doi.org/10.1080/15583724.2011.593390
https://doi.org/10.1155/2018/1925708
https://doi.org/10.1155/2018/1925708
https://doi.org/10.1155/2018/1925708
https://doi.org/10.1155/2018/1925708
https://doi.org/10.1021/acs.chemrev.1c00838
https://doi.org/10.1021/acs.chemrev.1c00838
https://doi.org/10.1021/acs.chemrev.1c00838
https://doi.org/10.1021/acs.chemrev.1c00838
https://doi.org/10.1016/j.jpowsour.2020.229155
https://doi.org/10.1016/j.jpowsour.2020.229155
https://doi.org/10.1016/j.jpowsour.2020.229155
https://doi.org/10.1016/j.coelec.2021.100858
https://doi.org/10.1016/j.coelec.2021.100858
https://doi.org/10.3390/molecules26020478
https://doi.org/10.3390/molecules26020478
https://doi.org/10.3390/molecules26020478
https://doi.org/10.3390/molecules26020478
https://doi.org/10.1002/ente.201402215
https://doi.org/10.1002/ente.201402215
https://doi.org/10.1002/ente.201402215
https://doi.org/10.1051/e3sconf/202130801008
https://doi.org/10.1051/e3sconf/202130801008
https://doi.org/10.1051/e3sconf/202130801008
https://doi.org/10.1016/j.jechem.2019.08.008
https://doi.org/10.1016/j.jechem.2019.08.008
https://doi.org/10.1016/j.jechem.2019.08.008
https://doi.org/10.1016/j.elecom.2021.106948
https://doi.org/10.1016/j.elecom.2021.106948
https://doi.org/10.1016/j.elecom.2021.106948
https://doi.org/10.3390/polym15183690
https://doi.org/10.3390/polym15183690
https://doi.org/10.1016/j.pecs.2020.100846
https://doi.org/10.1016/j.pecs.2020.100846
https://doi.org/10.1016/j.pecs.2020.100846
https://doi.org/10.1016/j.pecs.2020.100846
https://doi.org/10.1002/eem2.12129
https://doi.org/10.1002/eem2.12129
https://doi.org/10.1002/eem2.12129
https://doi.org/10.1007/s10008-010-1264-9
https://doi.org/10.1007/s10008-010-1264-9
https://doi.org/10.1002/cssc.202201464
https://doi.org/10.1002/cssc.202201464
https://doi.org/10.1002/cssc.202201464
https://doi.org/10.1002/cssc.202201464
https://doi.org/10.1016/j.electacta.2018.01.114
https://doi.org/10.1016/j.electacta.2018.01.114
https://doi.org/10.1016/j.electacta.2018.01.114
https://doi.org/10.1016/j.ensm.2022.07.011
https://doi.org/10.1016/j.ensm.2022.07.011
https://doi.org/10.1016/j.ensm.2022.07.011
https://doi.org/10.1016/j.ensm.2022.07.011
https://doi.org/10.3390/polym14214546
https://doi.org/10.3390/polym14214546
https://doi.org/10.3390/polym14214546
https://videleaf.com/wp-content/uploads/2024/05/Advances-in-Lithium-Ion-Battery-Separators-A-Review-of-Engineering-Polymeric-Porous-Membranes.pdf
https://videleaf.com/wp-content/uploads/2024/05/Advances-in-Lithium-Ion-Battery-Separators-A-Review-of-Engineering-Polymeric-Porous-Membranes.pdf
https://doi.org/10.1039/D1RA02845F
https://doi.org/10.1039/D1RA02845F
https://doi.org/10.1039/D1RA02845F
https://doi.org/10.1016/j.electacta.2014.02.077
https://doi.org/10.1016/j.electacta.2014.02.077
https://doi.org/10.1016/j.electacta.2014.02.077
https://doi.org/10.1016/j.jpowsour.2009.10.085
https://doi.org/10.1016/j.jpowsour.2009.10.085
https://doi.org/10.1016/j.jpowsour.2009.10.085
https://doi.org/10.1016/j.jpowsour.2009.10.085
https://doi.org/10.1016/j.memsci.2010.08.012
https://doi.org/10.1016/j.memsci.2010.08.012
https://doi.org/10.1016/j.memsci.2010.08.012
https://doi.org/10.1016/j.memsci.2010.08.012
https://doi.org/10.1016/j.electacta.2015.07.104
https://doi.org/10.1016/j.electacta.2015.07.104
https://doi.org/10.1016/j.electacta.2015.07.104
https://doi.org/10.1016/j.electacta.2015.07.104
https://doi.org/10.1016/j.jpowsour.2014.07.142
https://doi.org/10.1016/j.jpowsour.2014.07.142
https://doi.org/10.1016/j.jpowsour.2014.07.142
https://doi.org/10.1016/j.jpowsour.2014.07.142
https://dx.doi.org/10.13374/j.issn2095-9389.2023.01.16.004
https://dx.doi.org/10.13374/j.issn2095-9389.2023.01.16.004
https://dx.doi.org/10.13374/j.issn2095-9389.2023.01.16.004
https://dx.doi.org/10.13374/j.issn2095-9389.2023.01.16.004
http://www.singetz.com/Sharma_asu_0010N_16205-9a2418210eed1777c1de6f6cb0245bea.pdf
http://www.singetz.com/Sharma_asu_0010N_16205-9a2418210eed1777c1de6f6cb0245bea.pdf
http://www.singetz.com/Sharma_asu_0010N_16205-9a2418210eed1777c1de6f6cb0245bea.pdf
https://doi.org/10.3390/coatings13050916
https://doi.org/10.3390/coatings13050916
https://doi.org/10.3390/coatings13050916
https://doi.org/10.3389/fchem.2020.00153
https://doi.org/10.3389/fchem.2020.00153
https://doi.org/10.3389/fchem.2020.00153
https://doi.org/10.1002/smll.202303924
https://doi.org/10.1002/smll.202303924
https://doi.org/10.1002/smll.202303924
https://doi.org/10.1002/smll.202303924
https://doi.org/10.1016/j.apsusc.2024.159918
https://doi.org/10.1016/j.apsusc.2024.159918
https://doi.org/10.1016/j.apsusc.2024.159918
https://doi.org/10.1016/j.apsusc.2024.159918
https://doi.org/10.1016/j.electacta.2023.142985
https://doi.org/10.1016/j.electacta.2023.142985
https://doi.org/10.1016/j.electacta.2023.142985
https://doi.org/10.1016/j.electacta.2023.142985
https://doi.org/10.1016/j.ceramint.2014.05.142
https://doi.org/10.1016/j.ceramint.2014.05.142
https://doi.org/10.1016/j.ceramint.2014.05.142
https://doi.org/10.22052/JNS.2019.04.015
https://doi.org/10.22052/JNS.2019.04.015
https://doi.org/10.22052/JNS.2019.04.015
https://doi.org/10.22052/JNS.2019.04.015
https://doi.org/10.22052/JNS.2019.04.015
https://doi.org/10.1016/j.jpowsour.2021.230259
https://doi.org/10.1016/j.jpowsour.2021.230259
https://doi.org/10.1016/j.jpowsour.2021.230259
https://doi.org/10.1016/j.jpowsour.2021.230259
https://doi.org/10.1021/acsami.2c00390
https://doi.org/10.1021/acsami.2c00390
https://doi.org/10.1021/acsami.2c00390
https://doi.org/10.1021/acsami.2c00390
https://doi.org/10.1166/jnn.2013.7254
https://doi.org/10.1166/jnn.2013.7254
https://doi.org/10.1166/jnn.2013.7254
https://doi.org/10.3390/polym11101671
https://doi.org/10.3390/polym11101671
https://doi.org/10.3390/polym11101671

	1. Introduction
	2. Lithium-ion batteries: Fundamentals and components
	2.1. Lithium-ion batteries
	2.2. Components and working principles of lithium-ion batteries
	2.3. Role of separators in battery performance

	3. Separator materials for lithium-ion batteries
	3.1. Requirements for separators
	3.2. Traditional separator materials
	3.2.1. Latest advancements in separator technology
	3.2.1.1. Advanced polymer materials
	3.2.1.2. Composite and coated separators
	3.2.2. Al2O3-based separators in lithium-ion batteries



	4. Al2O3-based composite separators (AlCS)
	4.1. Fabrication techniques of AlCS
	4.1.1. Coating methods
	4.1.2. Electrospinning

	4.2. Characterization AlCS

	5. Conclusion
	REFERENCES

