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1. Overview

1.1. Electrochemical Energy Storage

The net-zero emissions (NZE) outline a decarbonization pathway to
achieve global CO2 neutrality by 2050, fueled by clean energy

investments and electrification, visualized in
Figure 1. By 2030, clean energy jobs will rise
by 14 million, offsetting 5 million fossil fuel
job losses, though regional disparities and skill
mismatches risk exacerbating inequities. Global
GDP grows despite stark revenue declines for
fossil fuel producers (80% lower by 2050) and
import-dependent economies (90% drop in
fossil fuel tax revenues). Energy systems pivot
sharply: fossil fuel production contracts, while
firms repurpose expertise for low-emissions
technologies, and electricity demand surges
2.5-fold by 2050, centered on renewables, grid
upgrades, and industrial decarbonization (e.g.,
green hydrogen), with energy storage systems
critical for grid stability and integrating variable
renewables. Universal energy access for 1 bil-
lion people by 2030 requires 40 billion USD
per year, adding less than 0.2% to CO2, with
75% of the required behavioral shifts dependent
on policy mandates. Equity remains critical, as
household energy costs stabilize in developing
economies despite rising demand. Success
hinges on cross-sectoral governance, addressing
energy security risks (critical minerals and grid
reliability), accelerating innovation (50% of
2050 emissions cuts depend on nascent tech-
nologies), and global cooperation to align stan-
dards and infrastructure. Delays in multilateral
collaboration could defer net-zero progress by
decades, underscoring the urgency of coordi-

nated action.
Energy storage technologies are mechanistically categorized into four

principal paradigms: Mechanical systems (e.g., pumped hydro, com-
pressed air, flywheels) that store energy through kinetic/potential
energy conversion; Thermal storage systems capturing heat via
phase-change materials or sensible heat carriers; Hydrogen/power-to-X
(P2X) chemical energy vectors enabling electrical-to-chemical energy
interconversion,[2–4] and Electrochemical devices – with this final cate-
gory dominating modern applications from microelectronics to renew-
able energy grids due to its unparalleled scalability and roundtrip
efficiency.

As shown in Figure 2, batteries outperform other technologies in
efficiency (80–90% roundtrip), response speed, and scalability, making
them ideal for grid-scale applications (1 kW–10MW). Beyond their
common benefits, different types of batteries each possess unique con-
structions and properties and face distinct challenges. Redox Flow Batte-
ries (RFBs), Lithium-Ion Batteries (LIBs), and Solid-State Lithium-Ion
Batteries (SSBs) are the topics of interest in this review. Lithium-ion
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Electrochemical energy storage systems (EESSs) stand as linchpins in the global
transition toward carbon neutrality, yet their performance and safety remain
fundamentally constrained by the underappreciated component: membrane
separators. This review delivers a paradigm-shifting synthesis of separator
science across redox flow batteries (RFBs), lithium-ion batteries (LIBs), and
solid-state batteries (SSBs), unraveling the universal principles that govern ion
selectivity, interfacial stability, and long-term cyclability. By critically analyzing
the interplay among material architecture, ion transport mechanisms, and
electrochemical degradation pathways, we establish a unified framework for
designing next-generation separators that overcome the persistent trade-off
between ionic conductivity and molecular-level discrimination. Recent advances
in porous crystalline materials, polymer electrolytes, and hybrid composites are
dissected through the lens of size-exclusion, Donnan-exclusion, and dynamic
adaptive interactions, revealing how tailored pore geometries and functional
group engineering enable the precise modulation of cation/anion flux.
Emphasis is placed on the emerging role of computational modeling in
decoding separator–electrolyte couplings, guiding the rational design of
membranes with atomic-scale precision. The review further addresses critical
challenges, including dendritic growth in alkali metal batteries, crossover losses
in aqueous RFBs, and interfacial instability in solid-state systems. This
integrative analysis establishes a cross-cutting roadmap for separator
innovation, where the synergistic design of material architectures, ion transport
physics, and computational-guided interfaces converge to unlock the full
potential of electrochemical energy storage systems.
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batteries (LIBs), redox flow batteries (RFBs), and solid-state alternatives
(SSBs) are focal points here due to their distinct advantages and chal-
lenges (Table 1).

LIBs dominate portable electronics and electric vehicles (EVs) due to
their high energy density (300Wh kg�1 in NMC811 vs 110Wh kg�1

in 2010) and scalability (8.8 GWh installed in 2019 vs 0.25 GWh for
RFBs).[7] However, safety concerns (thermal runaway) and high main-
tenance costs hinder their grid-scale deployment. RFBs, with decoupled
power/energy scaling and long lifespans (20 000 cycles), are

promising for stationary storage but face challenges in active material
cost and membrane selectivity.[8]

Membrane separators are critical to both systems, influencing
efficiency, safety, and cost. In RFBs, membranes account for 40%
of stack cost and dictate 75% of energy efficiency via
redox-species crossover suppression.[9] In LIBs, polyolefin separa-
tors (polyethylene/polypropylene) enable high energy density
(150–250Wh kg�1) but suffer from poor thermal stability, lead-
ing to dendrite formation and fire risks.[10,11] Therefore, the

Figure 1. Key milestones for policies, infrastructure, and technology deployment in the pathway to net zero.[1] Copyright 2022, IEA, World Energy Outlook.

Figure 2. Comparison of discharge duration and power for various energy storage technologies. Data adopted from the references.[5,6]
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development of advanced membrane separators is required, and it
is the primary focus of this work.

1.2. Membrane Separators in RFBs, LIBs, and SSBs

Membrane separators play a critical role in electrochemical devices
by electrically isolating electrodes while enabling selective ion
transport to maintain charge balance.[12] This dual functionality is
essential for optimizing energy efficiency and safety across diverse
systems, including redox flow batteries (RFBs), lithium-ion batte-
ries (LIBs), and solid-state batteries (SSBs). However, the design
requirements for these membranes vary significantly depending
on the operational principles and materials chemistry of each
system.[12]

1.2.1. RFBs

In RFBs, typical components include two external tanks containing cath-
olytes and anolytes, current collectors, electrodes, and membrane separa-
tors (Figure 3a). During operation, redox-active electrolytes are
pumped into the cells, and electrochemical reactions occur on the sur-
face of the electrodes. The ion-conductive membrane prevents
cross-mixing of redox species while allowing charge carriers to be trans-
ported (as illustrated in Figure 3c).[14,15] The ability to transport charge
carriers and block redox species is referred to as “selectivity” or “perms-
electivity”, a vital metric for RFB membranes. An ideal membrane
should exhibit high ionic conductivity, high selectivity, good mechani-
cal strength, high electrochemical and thermal stability, low area-specific
resistance, ease of processing, and cost-effectiveness. Figure 3b presents
the commercial Nafion perfluorinated membrane, which is now widely
used in commercial RFB stacks. However, its high cost and poor selectiv-
ity toward redox materials (e.g., vanadium-based actives) pose signifi-
cant challenges for the scale-up of RFB stacks.[16–18] Commercial Nafion
perfluorinated membranes, despite their dominance in current RFB
stacks,[16] face two critical limitations: prohibitively high costs
(>$500m�2) and suboptimal selectivity for transition-metal-based
redox couples.[18] This has driven a decade-long pursuit of non-
perfluorinated alternatives, including cation/anion-exchange mem-
branes (CEMs/AEMs), nonionic architectures, and porous polymeric
systems.[10] While advanced fabrication methods, such as phase inver-
sion for polybenzimidazole membranes[19] and thin-film composite

(TFC) architectures,[20] have improved performance, persistent chal-
lenges remain: thickness-selectivity trade-off, interfacial instability
(delamination between selective and support layers under prolonged
cycling[21]), and chemical degradation (oxidative attack by
high-potential catholytes (e.g.,>1.5 V vs SHE)[14]).

Despite significant progress in materials engineering and process
optimization,[22] the development of a “universal membrane” that
simultaneously satisfies all seven performance metrics remains
elusive.[17] This underscores the need for breakthroughs in
molecular-level pore design and interfacial reinforcement strategies to
enable scalable RFB systems.

1.2.2. LIBs and SSBs

The architecture of conventional lithium-ion batteries (LIBs) features a
porous polyolefin separator (primarily polyethylene/polypropylene)
sandwiched between a graphite anode and a metal oxide cathode
(Figure 3c), with organic liquid electrolyte permeating its pores to
enable Li+ transport.[23] A typical LIB pack using polyolefin separators
can deliver a gravimetric energy density of 150Wh kg�1 and a volu-
metric energy density of 250Wh L�1, these values fall short of the US
Department of Energy’s 2025 targets for electric vehicles (250Wh kg�1

and 500Wh L�1).[13,24] This gap drives research toward two transfor-
mative strategies: functional porous separators for lithium-metal
anodes[25] and solid-state electrolytes.[24]

Functional porous separators (Figure 4): Functional porous separators
require precise engineering: thickness control (20–25 μm),
mechanical strength >98 MPa, thermal stability (<5% shrinkage
at 90 °C), and pore architecture matching Li+ transport
kinetics.[26] Conventional polyolefin membranes (e.g., Celgard
separators, Figure 4a) undergo plasma treatment, inorganic coat-
ings, or polymer grafting to enhance wettability and ionic
conductivity.[26] Emerging alternatives (Polyvinylidene fluoride
(PVDF),[22,30] poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP),[31,32] polyacrylonitrile (PAN),[25,27,28] poly(methyl
methacrylate) (PMMA),[33] etc., Figure 4b,c) have also been man-
ufactured into porous separators or composite membranes loaded
with other organic or inorganic materials. Polymers of intrinsic
microporosity (PIMs) emerge as selective microporous separators
(Figure 4d), demonstrating improved performance in Li-S batte-
ries and LIBs,[29,34–36] which form composite separators with tai-
lored porosity through dry/wet phase-inversion processes,[33]

Table 1. Comparison of the performance, advantages, and limitations of commercial LIBs and RFBs.

Storage
chemistry

Roundtrip
efficiency (%)

Duration
(h)

Capital cost
($ kWh�1)

Life span
(years)

Advantages Limitations

Commercial RFBs

(Vanadium

Redox)

70–80 4–12 500–1100 >20 • Two tank system with low maintenance

cost
• Aqueous system without fire risk

• Long cycle life and fast response

• Stable at all charges

• Low energy densities of actives

• High cost of actives and membranes
• Crossover of actives through membrane,

leading to a low cycling efficiency

Commercial LIBs 80–90 1–4 300–1000 5–20 • Light weight and a high energy density

• High roundtrip efficiency

• Moderate cycle life.

• High output voltage (>3.4 V)

• Fire risk due to the use of flammable

organic electrolytes

• Sensitive to high temperature due to

the thermally instable separators
• Maintenance cost

Bolded text in the table indicates key weaknesses of the system.
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shown in Figure 4d. Despite advancements in electrospun[37] and
self-assembled architectures, flammable liquid electrolytes remain
a critical safety concern.[33]

Solid electrolytes: Solid-state electrolytes offer a paradigm shift by elimi-
nating volatile components and enabling dendrite-suppressing architec-
tures. The inorganic electrolyte, Li10GeP2S12, is the major advance over

Figure 3. a) Working principle of a typical RFB. b) Photo showing a commercial perfluorosulfonic membrane. c) Diagram of the function of ion-conductive
and molecular-selective membrane. Anolyte: A(n-1)+/n+ and Catholyte: C(m-1)+/m+. d) Configuration of a typical LIB. e) Configuration of an advanced LIB using
lithium metal anode and solid electrolyte separator. Reproduced with permission.[13] Copyright 2017, Nature Energy.

Figure 4. Photos and SEM images of a) Celgard separator, reproduced with permission,[26] Copyright 2014, Royal Society of Chemistry; b) PMMA coated
separators, reproduced with permission,[27] Copyright 2010, Springer-Verlag; c) nonwoven PAN separator. Reproduced with permission.[28] Copyright 2018,
Elsevier B.V.; d) PIM-1/S separator, reproduced with permission.[29] Copyright 2019, The Royal Society of Chemistry.
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the last decade, but the ionic conductivity remains low.[38] Conventional
polymeric electrolyte membranes are mainly formed from polyethylene
oxides (PEO) and PEO derivatives, which have relatively low ionic con-
ductivity at room temperature. Solid composite electrolyte is a promis-
ing concept which integrates the mechanically robust inorganic with
ion-conductive organic liquid or ionic liquid. For example,
Li1.5A0.4Ge1.5(PO4)3 and ionic liquid were dispersed in PEO/PVDF-HFP
organic matrix to form a hybrid electrolyte, which offers good flexibil-
ity, outstanding ionic conductivity, and improved thermal stability.[39]

However, large-scale production of the inorganic electrolyte or compos-
ite electrolyte is challenging due to the poor handleability of the inor-
ganic component.

This work provides a cross-cutting analysis of electrochemical
energy storage systems that reveals shared scientific challenges in
developing functional membrane separators: achieving rapid and
selective ion transport while maintaining mechanical integrity and
electrochemical stability. Overcoming these limitations is critical for
advancing energy efficiency, cycle life, and safety across lithium-metal
batteries, redox flow batteries, and solid-state systems. Building on
this foundation, this review proposes innovative design paradigms for
next-generation separators by leveraging subnanometer-scale micropo-
rous materials. These architectures—tailored to the unique demands
of targeted energy storage systems—offer precise control over
pore-channel dimensions, enabling unprecedented selectivity for
charge carriers. Through systematic analysis of recent breakthroughs
in materials science and interfacial engineering, the review establishes
key structure–property–function relationships that govern separator
performance. By bridging fundamental insights with scalable
manufacturing strategies, this work aims to accelerate the translation
of laboratory innovations into industrial applications, ultimately guid-
ing the development of advanced membrane technologies for sustain-
able electrochemical energy storage.

1.2.3. Cutting-Edge Mircroporous Materials for Battery Separators

Microporous materials, including covalent organic frameworks (COFs),
porous organic cages, metal–organic frameworks (MOFs), and poly-
mers of intrinsic microporosity (PIMs), have emerged as functional elec-
trolyte separators in electrochemical devices due to their tailored
porosity and ion transport properties. COFs, such as PBI/COF
composites,[40] leverage crystalline porous structures to enhance V+/H+

selectivity in redox flow batteries (RFBs), though standalone fabrication
challenges persist. Pelletized COFs (e.g., cucurbit[6]uril COF.[41]) dem-
onstrate ionic conductivities up to 7.2 mS cm�1 with low activation
energy (0.1 eV) when functionalized with imidazole or borate
groups,[41–43] but their insolubility hinders flexible separator develop-
ment. Porous organic cages, like TdA cages, host liquid electrolytes (1 M

LiTFSI/DME) to achieve 1.0 mS cm�1 conductivity and stable oxidative
windows (4.7 V vs Li/Li+),[37] though processability limitations
remain. MOFs, such as ZIF-7,[44], ZIF-8,[45,46] and UiO-66,[47,48] utilize
tunable pore chemistry to suppress polysulfide crossover and immobi-
lize anions in lithium batteries, with polymer blending or in situ growth
enabling flexible membranes despite potential pore blockage by
binders.[49] PIMs, pioneered by McKeown et al.,[50] employ rigid, con-
torted backbones to achieve high microporosity (e.g., PIM-EA-TB with
>1000 m2 g�1 surface area[51]) and solution-processability, enabling
thin-film separators for energy storage.[52]

2. Design Principles and Performance Metrics of
Membrane Separation

2.1. Fundamental Knowledge about Electrochemical Process in
Battery Systems

2.1.1. Overpotentials in Redox Flow Batteries

The fundamental operation of electrochemical energy storage relies on
exothermic redox reactions, Coxi þ Ared $ Cred þ Aoxi (ΔH≪ 0),
where electrons transfer from the anode (reductant) to the cathode
(oxidant) via an external circuit, while ions migrate through an
electrolyte-separator medium to maintain charge neutrality. The theo-
retical cell voltage Vcell = VC�VA, derived from the Nernst equation:

V=U0 þ RT

nF
ln

aoxi
ared

� �
(1)

where U0 is the standard potential of electrodes, n is the number
of electrons, a is the chemical activity that relates to the physical
concentrations c, by a= γc. γ refers to the activity coefficient. Thus,
the Nernst equation can be equivalently described as:[53]

V=U0 þ RT

nF
ln

coxi
cred

� �
þ RT

nF
ln

γoxi
γred

� �
(2)

when charging, cathode/catholyte undertakes reactions to provide
electrons that move from the cathode/catholyte to the
anode/anolyte through the external circuit, so coxi,cathode and
cred,anode increase while cred,cathode and coxi,anode decrease. As a result,
the cathode potential, Vc, increases and the potential of anode, Va,
decreases, leading to the decrease of the overall potential, Vcell.

However, practical battery performance deviates significantly from
the ideal Nernstian predictions, highlighting the critical role of separa-
tors in mediating ion transport and interfacial processes. The theoretical
discharging curve predicted from the ideal Nernst equation (γoxi, γred
are unity) is presented in Figure 5a. Clearly, the ideal discharge curve
is totally different from the process of practical batteries. Gaining insight
into ideal and practical battery curves would support us to understand
the process and the influence of the separator. This may pave a way to
designing a useful separator and an improved battery system.

Real-world voltage losses arise from three primary overpotentials:
Ohmic overpotential (Vohmic): The solid-phase resistance (e.g., resis-

tances of the component contacts), electrolyte resistance, and the
resistance of current collectors could be treated as constant impedance
and described as:

Rohmic = Re þ Rcon þ Rcc þ Rele (3)

where Re refers to the resistance of electrolytes and separators, Rcon
is the contact resistance, Rcc and Rele are the ohmic resistance of
current collectors and electrodes. Thus, the voltage drops due to
the ohmic resistance is Vohmic = i� Rohmic. In lithium-ion batteries
(LIBs), solid-state LIBs, and redox flow batteries (RFBs), Re domi-
nates the overall value of Rohmic as the ion transport through the
electrolyte membrane becomes a limiting process. Reducing the Re
could lower the ohmic overpotential and significantly increase the
output power density at a specific current.

Energy Environ. Mater. 2026, 0, e70192 5 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
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Surface overpotential (Vη): The surface overpotential is governed by
charge-transfer kinetics at the electrode-electrolyte interface, described
by the Butler–Volmer equation:[55]

ji = j0 exp
1�αð ÞF
RT

Vc�Vc,0ð Þ
� �

�exp � αF
RT

Vc�Vc,0ð Þ
� �� �

(4)

where α is the symmetry factor, Vc�Vc,0 stands for the surface over-
potential, Vη, and j0 refers to the exchange current density. The
symmetry factor in the case of LIBs is 0.5.

j0 is the intrinsic kinetic parameter representing the rate of elec-
tron transfer at equilibrium, and it is a combined parameter propor-
tional to the density of accessible reaction sites, redox-species
concentration, and the rate constant of electron transfer. The density
of accessible reaction sites refers to the number of active sites per
unit area where redox reactions occur (e.g., defects, dopants, or sur-
face functional groups), and the rate constant of electron transfer
refers to the intrinsic speed of electron transfer between the elec-
trode and adsorbed species. In practical batteries, the exchange cur-
rent is closely associated with the surface structure properties of
electrodes, for example, the surface roughness, formed passivating
SEI layer, and absorbed species.

Surface roughness enhances the effective surface area of electrodes,
creating micro/nano-features (e.g., pores) that increase active sites for
redox reactions, thereby elevating the exchange current density (j0).
However, excessive roughness introduces dead zones or interfacial
voids, increasing ohmic resistance and charge-transfer resistance (Rct),
which raises overpotential (Vη). The SEI layer acts as a selective ion
barrier but suppresses j0 by coating electrodes, reducing accessible
active sites and electron transfer. Its low ionic conductivity, orders of
magnitude below bulk electrolytes, amplifies Rct (/ d/σ, where
d= thickness, σ= conductivity). Higher Rct increases Vη to sustain
current density, as seen in aged batteries where SEI thickening ele-
vates charge–discharge voltages and accelerates capacity fade.
Adsorbed species influence kinetics through competitive site blocking
or interfacial energetic modulation. Strongly adsorbed anions occupy
Li+ intercalation sites, lowering j0. Conversely, weakly bound solvated
ions stabilize transition states, reducing activation energy (Ea) and
enhancing j0. Strongly bound adsorbates distort surface potentials,
increasing Ea and Vη. In summary, surface roughness optimizes j0 via
expanded active areas but risks Vη increases from heterogeneous resis-
tance. SEI layers reduce j0 and elevate Vη due to resistive barriers, with
thickness/composition dictating trade-offs. Adsorbed species

dynamically regulate j0 and Vη based on bind-
ing strength, balancing site blocking against
energetic stabilization.

Membrane separators also play a critical role
in affecting the surface overpotential; functional
microporous separators mitigate side reactions
and ensure uniform ion flux, minimizing local-
ized overpotentials.[56,57]

Concentration overpotential: When the battery is
operating, electrochemical reactions occur on
the surface of electrodes, leading to the concen-
tration gradient within the bulk of electrodes or
in the catholyte/anolyte. The concentration gra-
dient could be minimized in a flow mode in
RFBs. In LIBs, fabricating highly porous and
electron-conductive electrodes could diminish

the influence of concentration gradients in the electrode bulk. Gener-
ally, the overpotential caused by the concentration gradients in the elec-
trodes of batteries is small.

2.1.2. Battery Voltage and Roles of Separator

The battery voltage could be expressed as the following equation by
considering the different types of overpotentials, Vcell = Vc�Va�Vohmic�
Vη,c�Vη,a.

To maximize the output voltage, Vcell, substantial efforts are being
devoted to developing high-voltage cathode materials and enlarging the
equilibrium potential difference of electrodes, that is, Vc�Va. Surface
engineering has also been employed to enhance the reactions of the
electrode surface. Developing functional separator emerges as a new
strategy to further improve the device powers. Although the separator
is a redox-inactive material, it plays a very important role in diminish-
ing the ohmic resistance and surface overpotentials, Vohmic and Vη,
respectively. As shown in Figure 6, improving the ionic conductivity
of the electrolyte separator or reducing the effective thickness could
enhance the ion conduction and mitigate the ohmic overpotential. The
membrane can possess some functions to selectively transport support-
ing ions and separate redox species. This function could improve the
lithium-ion transference number and ensure the homogenous Li+

transport in LIBs. It can also prevent the shuttle of redox species in
RFBs, which not only maintains the cycling capacity but also avoids the
side reaction caused by the crossover mixing of redox species.

2.2. Understanding the Basis of Ion Conduction in Separator for
Battery Systems

Ions in the electrolyte (e.g., aqueous electrolytes, organic liquid electro-
lytes) perform a random Brownian motion with the collision time, τ.
When applied with the electric field E, the current density of the elec-
trolyte can be described as Equation 5.

Jelectrolyte = ni
q2

mi
τE (5)

where ni is the number of ions per unit volume, q is the charge,
and mi is the mass of an ion. Here, q

mi
τ refers to the mobility of

ions, μi. Based on the ohmic law, the conductivity of this electro-
lyte can be expressed as:

Figure 5. a) Comparison of an ideal discharging curve derived from the classical Nernst equation with
the curve of a practical battery. Reproduced with permission.[54] Copyright 2013, The Prognostic and
Health Management Society. b) Battery voltages of a practical Li-ion battery. Reproduced with
permission.[54] Copyright 2013, The Prognostic and Health Management Society.
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σ=
Jelectrolyte

E
= ni

q2

mi
τ= niqμi (6)

Applying this classical equation, highlighting three universal strate-
gies to enhance conductivity: increasing ion concentration, optimizing
mobility, and selecting low-mass charge carriers. These principles serve
as the foundation for analyzing ion transport in solid polymer, inor-
ganic, and composite electrolytes, as well as their applications in redox
flow batteries (RFBs), lithium-ion batteries (LIBs), and solid-state elec-
trolytes (SSEs).

Ion exchange, vehicle, and Grotthuss mechanisms are fundamental
to understanding proton and ion transport in various media, summa-
rized in Table 2. The Grotthuss mechanism involves the transfer of
protons through a network of hydrogen bonds, where protons hop
between water molecules or other hydrogen-bonded structures, facili-
tating efficient proton transport without the physical movement of the
molecules themselves.[61] This mechanism is particularly efficient in
systems like aqueous phosphoric acid, where proton hopping is

essential for long-range diffusion, although it
can be limited by ionic correlations that reduce
conductivity. In contrast, the vehicular mecha-
nism involves the physical movement of pro-
tonic defects, such as hydronium ions, through
the medium, often aided by solvation environ-
ments that facilitate their transport. This mecha-
nism is characterized by the movement of entire
molecular entities, which can be influenced by
factors such as hydration levels and temperature,
as seen in hydroxide ion transport in anion-
exchange membranes. The ion-exchange mech-
anism, often discussed in the context of anion-
exchange membranes, involves the swapping of
ions between the membrane and the surround-
ing solution, which can be influenced by the
membrane’s hydration and structural properties.

2.2.1. Ionic Conduction in Solid Polymer
Electrolyte (SPE)

Polyethylene oxide (PEO) is the most developed
and representative solid polymer electrolyte, of
which the ion-conducting mechanism was pro-
posed in Figure 7a. The hopping of Li-ions
highly depends on the flexible ether chains of
PEO. Li-ions can coordinate with ether oxygen
atoms in ether groups and move by

inter/intrachain hopping through ether chains. The continuous
dis-/solvation of Li-ions via exchanging the coordination centers real-
izes a long-range migration of Li ions. This migration type is named as
“vehicular” movement that is induced by the phase change.[62] How-
ever, the ionic conductivity is low at the temperature close to the glass
transition temperature of PEO due to the slow segmental motions of
polymer chains.

The ionic conductivity against temperature could be fitted to the
Vogel–Fulcher–Tammann function as described below:

σ=
σ0ffiffiffi
T

p exp � Ea
kB T�T0ð Þ

� �
(7)

where σ0 is the pre-exponential factor, Ea is the activation energy
and T0 stands for the temperature at which the ability of free vol-
ume within SPEs to conduct ions is zero. T0 is identical to the glass
transition temperature of polymers. Besides SPEs, the temperature

Figure 6. Essential influence of electrolyte separators on the resistance of batteries. Figures adapted
from references. (Reproduced with permission.[58] Copyright 2021, RSC publishing; Reproduced with
permission.[59] Copyright 2021, Springer Nature; Reproduced with permission.[60] Copyright 2015, Royal
Society of Chemistry).

Table 2. Comparison of ion transport mechanisms: ion exchange, vehicle mechanism, and grotthuss mechanism focusing on primary carrier species, spatial
requirements, and key dependencies.

Ion exchange Vehicle mechanism Grotthuss mechanism

Primary carrier Fixed functional groups with mobile

counterions

Polymer segment-coordinated mobile protonic/

ionic species

Protons hopping via H-bond networks

Spatial requirement Ion-exchange sites (static functional groups

fixed in polymer matrix)

Polymer segment-coordinated solvation

environments (dynamic, polymer-dependent)

Continuous H-bond pathways (flexible, H-bond

donor/acceptor density-dependent)

Key dependency Hydration-induced swelling (to activate fixed

functional groups)

Polymer segmental mobility/free volume (to

enable solvation shell rearrangement)

H-bond availability and stability (to maintain

hopping pathways)

Energy Environ. Mater. 2026, 0, e70192 7 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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dependence of ionic conductivity of glasses and some crystalline
ion conductors, for example, Li0.5La0.5TiO3, fit the above empirical
equations.[63]

Polymer chain dynamics, including segmental motion and free
volume distribution, play a crucial role in the efficiency of the vehi-
cle mechanism for ion migration in polymer electrolytes. Segmental
motion refers to the local movement of polymer chain segments,
which is essential for facilitating ion transport as ions often migrate
by coordinating with these moving segments. In poly(ethylene
oxide) (PEO)-based electrolytes, the segmental dynamics are signifi-
cantly influenced by the presence of additives such as SiO2 nanopar-
ticles or ionic liquids, which can enhance the polymer’s flexibility
and thus improve ionic conductivity.[64,65] The free volume within
the polymer matrix, which refers to the unoccupied space that
allows for molecular movement, is another critical factor. An
increase in free volume generally correlates with enhanced ionic
conductivity, as it provides more pathways for ion migration.[66]

Studies using positron annihilation spectroscopy have shown that
modifications in free volume characteristics, induced by nanoparticle
loading, can alter the semi-crystalline morphology of PEO, thereby
affecting ion transport.[33] Furthermore, the decoupling of ion trans-
port from segmental motion, particularly in rigid polymer back-
bones, can lead to high ionic conductivity even when segmental
dynamics are restricted.[67,68] This decoupling is crucial for design-
ing high-performance solid polymer electrolytes, as it allows for effi-
cient ion transport without relying solely on segmental motion.[68]

Thus, the interplay between segmental dynamics and free volume is
considered fundamental to understanding and optimizing the vehicle
mechanism in polymer electrolytes, as it directly influences the path-
ways and efficiency of ion migration.[69]

2.2.2. Ionic Conduction in Solid Inorganic Electrolytes (SIE)

In the ideal crystalline material, mobile ions must overcome a high
energy barrier Ea, usually delivering a very low ion diffusivity and
conductivity. In usable SIEs, the mobile ions could hop through the
lattice defect (e.g., vacancies and interstitials) or so-called “charged
defects” where co- or counter-ions are missing from their local
sites.[58,70]

With the absence of an electrical field E, the probability (per unit
time) for a mobile ion to hop from one site to an adjacent site can be
expressed as:

P= v0exp � Ea
kBT

� �
(8)

where v0 is the attempt frequency and Ea is the energy barrier or
activation energy. The energy barrier is changed by the applied
electrical field. If the possibility of the ion to hop in the same
direction with the electrical field, the activation energy, E0a,
increases to Ea þ 1

2 qEα where α is the lattice constant. Similarly, the
activation energy, E00a , is Ea� 1

2 qEα when the ion migrates in
the opposite direction of the electrical field. Accordingly, the over-
all probability of the ion migration in terms of hyperbolic func-
tion, sinh xð Þ= ex�e�x

2 , could be denoted as:

P0 = v0exp � Ea
kBT

� �
� 2sinh

qEα
2kBT

� �
(9)

Typically, the potential of applied electrical field is generally low,
resulting in qEα≪ 2kBT, so the probability can be transformed to the
following equation:

P0 =
qEαv0
kBT

exp � Ea
kBT

� �
(10)

Combining the relationship between the velocity (vi) and
probability, vi = P� α with the relationship of the ionic conductiv-
ity, mobility, and velocity, the ionic conductivity can be
expressed as:

σ= niqμi = niq
vi
E
= ni

q2α2v0
kBT

exp � Ea
kBT

� �
(11)

where ni is the numbers of ions, q is the charge of an ion, and μi
is the mobility of ions. The term ni

q2α2v0
kBT

is normally considered as
the pre-exponential factor, σ0, and the above equation could be
simplified in the form:

σ= σ0exp � Ea
kBT

� �
or lnσ= lnσ0� Ea

kBT
(12)

The Nernst–Einstein relation can be further employed to
correlate ionic conductivity with the diffusivity (Di) of ions as
σ= niq2Di

kBT
.

Figure 7. a), Mechanism of the ion transport in solid polymer electrolytes. Reproduced with permission.[60] Copyright 2015, Royal Society of Chemistry. b)
Mechanism of the ion transport in solid inorganics. Reproduced with permission.[58] Copyright 2021, RSC publishing.
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According to the above equation, the ionic conductivity of a solid
could be enhanced by increasing the concentration of charge carriers
(Li-ions in solid-state LIBs), increasing defect/interstitial concentrations,
and lowering the energy barrier for ion-hopping and migration.[70]

The Arrhenius equation can fit the pure ionic conductor and most liq-
uid electrolytes very well and even works for the composite electrolytes
and quasi-solid electrolytes.

2.2.3. Ionic Conduction in Composite Electrolyte Separator

The composite electrolyte separators generally contain ion-conductive
liquid (e.g., organic electrolyte, RTIL) and functional or non-functional
matrices. For the composite electrolyte separator with a non-functional
matrix (Figure 8a), the effective ionic conductivity depends on the
conductivity of the confined liquid, that is, σe = ε

τ σel where ε and τ are
physical attributes of the matrix, porosity, and tortuosity, respectively.
The maximum conductivity of this composite is accordingly the value
of the bulk of liquid electrolyte, σel. Introducing straight pore channels
and increasing porosity could maximize the apparent conductivity,
which has been adopted as an efficient strategy to develop solid-like
electrolyte for LIBs.

The ion transport mechanism is rather complicated in the solid-like
composite electrolytes that consist of a polar matrix or a matrix with
functional groups. Currently, the Arrhenius model and empirical
Vogel–Fulcher–Tammann models are two acceptable theories to inter-
pret the mechanism.[71] However, ion separators follow different path-
ways in this electrolyte, for example, ion conduction in the matrix,
within the confined liquid, or along the interface. The well-known
effective medium theory and percolation theory were employed to esti-
mate the overall conductivity of solid–solid composites by considering
the volumetric fractions and geometric features.[72] The interaction at
the interfaces was not fully understood.

The space charge model, where “space charge” refers to the localized
accumulation of charge carriers within a material or at its interface,
forming a nonuniform charge density distribution that significantly
influences electrochemical, electronic, or optical properties, was
adopted to describe the interface interaction.[62,70,73] The fundamental
concept is the charge carriers could be attracted or repulsed by the
interfacial cores (Figure 8b). For a solid–solid composite electrolyte,
the interface between oriented grains of two phases can produce the
narrow-charged zone due to the surface defects. This could be

expressed as M $ S�M þ M0
V when A attracts M and M $ MM þ M�

i
when A repulses M. Here, S�M and M�

i refer to the charged defects and
MM and M0

V are metal ion vacancies. This model could properly fit the
LiI-Al2O3 solid composite electrolyte.[74] The enhanced ionic conduc-
tivity, Δσ, is affected by the geometric size (r, radius) of inert particles
Al2O3, and the volume fracture (f), that is, Δσ= 1

r
f

1�f. This model
can quantitatively explain (not predict) the roles of interface in promot-
ing ionic conductivity of organic–inorganic composite electrolytes. The
modified space charge model is necessary to describe the function of
interfaces within a solid–liquid system and a particle-concentrated
system.

2.2.4. Ionic Conductivity in RBFs

Ionic conductivity is a fundamental property related to the ion transport
and dynamics within the membrane, which is driven by coupled forces
derived from diffusion driven by concentration gradient, migration
under a certain electric field, and the convection of fluids. For aqueous
electrolytes, strategies of creating ion channels in membranes can effec-
tively promote the migration of charge carriers and increase the overall
ionic conductivity of membranes. Functionalizing the membranes with
hydrophilic ionic groups could favorably facilitate the ion transport,
such as negative groups sulfonate (�SO�

3 ), carboxylate(�COO�),
phosphate (�PO2�

3 ), hydrogen phosphate (�PO3H
�), phenolate

(�C6H4O
�) and positive groups ammonium (�NHþ

3 , -NR2H
+,

�NRþ
3 ) and sulfonium (�SRþ

2 ).
[19] However, conventional ion-

exchange membranes with significantly improved ionic conductivity
might result in swollen membranes along with an increased crossover
of active species (Figure 9b). Crossover of redox species in membranes
must be considered during the optimization of ionic conductivity.

Controllable microstructure plays critical roles in promoting the
ionic conductivity and mitigating redox-active permeability. The com-
mercial perfluorinated sulfonic acid (PSFA) has hydrophilic sulfonate
acid domains interconnected by narrow water channels with a diameter
of around 1.0 nm. When the membrane is exposed to water, phase
separation occurs due to the assembly of hydrophilic side chains and
hydrophobic backbones, leading to the formation of hydrophilic
domains with water clustering. The hydrophilic domains spontaneously
formed in PSMs could provide more nanoscale space for ion transport
while selectively transferring ions or redox species through intercon-
nected bottlenecks (Figure 9b). This narrow ion channel could prevent

Figure 8. a) Schematic illustration of the composite electrolytes with a non-/functional matrix. b) Space charge theory. Reproduced with permission.[62]

Copyright 2020, American Chemical Society.
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the crossover of large redox species. Nafion is the most developed and
commercially available PSFA membrane.[15] Recent experimental
and computational results suggested the diameter of water channels in
Nafion membranes is around 2.4 nm.[75]

Over the past 30 years, extensive efforts have been made to syn-
thesize hydrocarbon ion-exchange membranes by controllably tuning
the phase-separated microstructure in polymeric materials. One way
to induce membrane phase separation is by partially functionalizing
materials with hydrophilic groups or side chains, such as sulfonated
poly(p-phenylene),[76] sulfonated poly-ether-ether-ketone (S-PEEK),[77]

2-methoxyethoxy (sidechain) grafted polybenzimidazole,[78] quater-
nized poly (arylene ether),[79] and so on. However, the strategy of
solely introducing hydrophilic functional groups demonstrates the dif-
ficult control of membrane hydrophilicity. Hydrophobic groups are
therefore integrated with hydrophilic groups to induce membrane
phase separation and control membrane swelling. For example, poly-
sulfone modified with hydrophilic trimethylammonium and hydro-
phobic hexylamine groups can result in a phase-separated
morphology and provide high ionic conductivity with a limited
water uptake.[80]

Apart from the phase-separated microstructure, the pore architecture
and pore size distribution are very important factors that impact ionic
conductivity. Pores can be created through several ways, such as the
phase-inversed membrane preparation,[81] incorporating templating
agents (e.g., cyclodextrin), and exploiting nonsolvent polymers (e.g.,
poly(ethylene glycol)).[82] However, these methods generally create
pores with a relatively large size, which might lead to significant cross-
over of redox species.

2.2.5. Ionic Conductivity in LIBs

The lithium-ion transference number, tLi, is a key parameter to differen-
tiate the non-ion-selective and ion-selective separators. It associates with
the electrolyte overpotentials and battery power densities. tLi refers to
the fraction of the overall ionic conductivity originating from Li-ions,
tLi / σLi=σel. In the commercial lithium-ion electrolytes, tLi is in the
range of 0.2–0.4. This means anions with a transference number of

0.6–0.8 dominate the ion transport process,[83] which can result into a
distinct concentration gradient of ions and increase the internal resis-
tance in batteries.

The ionic conductivity of electrolyte-filled separator is related to the
wettability and porosity of the separator, and the conductivity of
absorbed electrolyte, σel. The low separator porosity will lead to a high
internal resistance due to the insufficient absorbed electrolyte. In con-
trast, the high separator porosity could contribute to a low internal
resistance, but along with the sacrifice of the mechanical strength. The
porosity ε (or fractural free volume) of a separator could be measured
by the weight of absorbed liquid and calculated according to
Equation 13.[84]

ε=
Wdry�Wwet

ρL � V

� �
� 100% (13)

where the Wafter and Wbefore refer to the weights of the separator
after and before absorbing liquid, ρL is the density of liquid, V is
the geometric volume of the wet membrane separator. The maxi-
mum ionic conductivity of a nonionic conductive separator (e.g.,
PP, PE, PVDF, PAN, cellulose separators) is the conductivity of the
salt-based electrolyte. Accordingly, the effective conductivity, σe,
can be defined by the following Equation 14.

σe =
ε
τ
σel (14)

where ε and τ are the porosity and tortuosity, respectively. For a
given organic electrolyte, the ionic conductivity is infinite, and
related to the concentration, c, of the salts and the diffusion coeffi-
cients of lithium ions and anions: σel / c� DLi þ Danionð Þ.[85] To
improve the ion transport, one practical strategy is to increase the
concentration of lithium salts. For example, the conductivity of
LiPF6-containing electrolytes will quasi-linearly increase with the
increase of concentration from 0 to 1.0 M. However, after leveling
off, the ionic conductivity decreases strongly in the concentrated
electrolyte (>1.0 M). In addition, increasing the porosity or reduc-
ing the tortuosity of membrane separators could contribute to an
improved effective ionic conductivity.

Figure 9. Diagram of redox-species crossover and typical structure of Nafion membranes. a) Schematics showing the permeation of redox species through
nonswollen and swollen RFB separators. The pores just stand for the hydrophilic channels within the membranes. b) Diagram of proposed structure for a
phase-separated membrane. Reproduced with permission.[15] Copyright 2018, Elsevier B.V.
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Wettability is another important property, which can be defined by
the ratio of the resistance of the electrolyte-filled membrane to the resis-
tance of the electrolyte, that is, MacMullin number (Equation 15).

Wettability=
Roverall
Rel

(15)

The wettability, effective ionic conductivity, and membrane tortuos-
ity could be defined in specific directions, providing an approach to
distinguish the ion transport through-plane or in-plane. For example,
Celgard separators possess very different properties in the machine
direction (MD) and transverse direction (TD).[86]

To improve the lithium-ion systems, membrane separators play a
very important role. As shown in Figure 10, both cations and
anions can pass through the non-selective porous membranes (e.g.,
Celgard PP/PE separator). Such membranes cannot regulate ion
transport and immobilize the large anions. Membranes with narrow
ion channels or negatively charged functional groups can effectively
block anions by the size-exclusion and Donnan-exclusion mecha-
nisms so as to improve the Li ion transference number. The incor-
poration of the selective property in LIB separators is receiving more
interest (Figure 11).

2.2.6. Ionic Conductivity in SSEs

Ionic conductivity is one of the important metrics to evaluate the
operational capability of solid electrolytes. In contrast to liquid electro-
lytes, SSE (solid-state electrolyte) intrinsically possesses a higher
energy barrier and low ionic conductivity (Figure 12). In solid inor-
ganics or solid polymers, there is little space for ions to transport.
The ion diffusion will strongly depend on the defects in the solid
inorganics and the mobility of polymer chains in solid polymers. In
solid inorganics, point defects, such as Frenkel and Schottky defects
(Figure 12a), have significant influences on ion conduction. Integrat-
ing substitutional/interstitial atoms within the crystalline structure is a
practical way to increase ionic conductivity.[87] In solid polymers, the

ions can coordinate with the polar structure and transport along with
the motion of polymer chains (Figure 12b).[88] Compared with crys-
talline polymers, amorphous polymers deliver relatively higher ionic
conductivity.

The ionic conductivity in SSEs can be generally expressed by

σi = nieμi (16)

where e is the ion charge, ni and μi are the concentration and
mobility of ions. In solid crystals, ni is closely associated with the
defect concentration. The ion conduction under an electric field is
the motion of vacancies. In solid polymers, the interaction between
polymer chains and ions, such as interaction of ether units and Li-
ions, determines the effective number of transport ions, ni. For a
practical and usable SSE, electronic conductivity is undesirable. The
transference number of electrons can be defined as the following
equation:

te =
σe

σe þ σi
≈0 (17)

In solid electrolytes, the grain boundaries can undesirably increase
the resistance and decrease the overall ionic conductivity. As pre-
sented in Figure 13, there remain two depressed semicircles that
can be attributed to the bulk of the electrolyte and the grain bound-
aries among the particles. The value of grain-boundary resistance Rgb
is Rt�Rb. The intergrain impedance along with a high activation
energy Egb is generally 2–3 times higher than the impedance of
grains in the well-sintered solid particles. This phenomenon is not
only observed in solid inorganic electrolytes but also exists in the
solid composite electrolyte and semi-solid electrolyte. Fabricating a
grain-boundary free electrolyte is generally an approach to maximiz-
ing the ionic conductivity.

EIS is frequently used to measure the ionic conductivity of SSEs. Typ-
ically, SSEs are tested at varied temperatures with a small bias amplitude
of 10mV in 106–10Hz. The resistance of bulk electrolyte can be
obtained from the EIS profile (Figure 13a). However, grain boundaries

Figure 10. Schematic illustration of ion transport through a non-selective porous membrane, an ion-selective membrane, and a negatively charged membrane.
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cannot be easily alleviated in a pelletized SSE, which undesirably
increases the overall resistance and lowers the apparent ionic
conductivity.[91] This issue needs to be solved when SSEs are used in
practical devices.

Currently, the ionic conductivity of liquid organic electrolyte is
above 10 mS cm�1, surpassing that of most SSEs (Figure 13c). The
first-generation (1st G) solid oxides and solid polymers only possess
low ionic conductivity in the range of 10�5–10�2 mS cm�1. The ionic
conductivity of second-generation solid oxides is about two orders of
magnitude higher than that of first-generation solid oxides, mainly due

to the effective strategy of creating defects
within solid inorganic electrolytes.

2.3. Pathways to Achieve Selectivity

2.3.1. Fundamental Selectivity Mechanisms

Selective ion transport in battery separators is
governed by two core mechanisms: the
Donnan-exclusion effect and size-sieving.
These principles dictate how membranes regu-
late ion migration to suppress redox-species
crossover and dendritic growth:

Donnan Exclusion: Fixed charges controlling
ion migration (e.g., sulfonic acid groups repel-
ling multivalent ions);

Size-Sieving: Pore dimensions matching target ion/molecule sizes
block larger species via steric hindrance (Figure 14).

Selectivity denotes the ratio of the permeation of species i, to the per-
meation of specie s. In a battery system, the permeation of species i
(including redox actives) driven by electric force, concentration gradi-
ents and pressure gradients, could be characterized by the Equation
18.[92]

The first phase ti
ZiF
i is due to the migration under a certain electric

field where F is the Faraday constant, I is the applied current density, ti
and Zi are the transference number and charge number. The second

Figure 11. Relationship between properties and battery performance. Reproduced with permission.[85] Copyright 2018, Springer Nature Limited.

Figure 12. Schematics illustrating the types of defects, ion transport in polymers, and three
generations of SSEs. a) Schematic illustration of types of defects in solid inorganics. b) Schematic
diagram showing the ion transport in a solid polymer. c) A general summary of the development of
SSEs and their ionic conductivity.
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phase is the flux caused by the osmotic pressure, which is proportional
to the osmotic transport coefficient, Lτi and the concentration of species
i. In diluted battery systems, the influence of osmotic pressure is negligi-
ble. The third term is the flux from the hydraulic pressure, often occur-
ring when the volume of electrolytes changes a lot during the operation.
The fourth phase is due to the diffusion of species i, driven by the con-
centration gradients of different supporting salts s=i. Dii is the diffusion
coefficient of species i. The fifth phase means the flux of specie could be

negatively influenced by the diffusion of other
constituent salts s=j or redox species. According
to this equation, the engineering approaches to
reducing the crossover of species i is i) balancing
the osmotic pressure using supporting ions, ii)
applying external hydraulic pressure, and iii)
introducing other species to diffuse against
redox actives. However, these methods may
introduce other complexities in the battery
system.

2.3.2. Separator Selectivity Design Strategies

Regarding the design of a required selective sep-
arator, fundamentals need to be introduced.
Similar to the derivation of the Arrhenius equa-
tion for the ionic conductivity, the solute per-
meability can also be described by the
Arrhenius-type equation:[93]

P= A0exp � Ea
RT

� �
(18)

where A0 is the pre-exponential factor and Ea
is the energy barrier for the solute transport.
Transition-state theory can illustrate the
behavior of the species diffusion through
subnanometer pores.[94,95] The energy bar-
rier, Ea, refers to the actual energy for the
activation and diffusion of a specific solute
through a membrane (Figure 15). As we
discussed, the operating conditions (e.g.,
hydraulic pressure, solution compositions)
and the interaction between the solutes can
affect the diffusion and change the activation
energy. The energy barrier of the solute dif-
fusion can also be influenced by the mem-
brane chemistries and properties, including
the size of pores and pore aperture, electro-
static state, dielectric state, the influence of
van der Waals (vdW) forces, viscous effects,
and frictional effects.

The steric hindrance and electrostatic
repulsion/attraction are based on the theo-
ries of size-exclusion and Donnan effects
(i–ii, in Figure 15), which dominate the
working principles of selective membranes.
Besides, dielectric effects (iii, in Figure 15)
may lead to partial desolvation (the process
by which a solute is liberated from its solva-

tion shell in a solution or composite material) of a solute and
lower the transport energy barrier. Ions with smaller size typically
hold the solvation shells tightly with a high solvation energy. Nar-
rowing the pore size and introducing the oppositely charged sites
are efficient approaches to reducing the desolvation-based energy
barriers. Additionally, the polarizable membrane materials can
interact with non-charged solutes via the weak vdW forces (iv, in
Figure 15) and reduce the diffusion barrier. When the permeated

Figure 13. a and b) Nyquist plots of a grain-boundary involved solid state electrolyte. Reproduced
with permission.[89] Copyright 2020, MDPI. c) Electrochemical impedance spectroscopy of a typical
pelletized solid electrolyte and d) the relevant diagram of a pelletized SSE. Reproduced with
permission.[90] Copyright 2016, Ohta, Kihira, and Asaoka.

Figure 14. Different driving forces related to the permeation of redox species.

Energy Environ. Mater. 2026, 0, e70192 13 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
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solutes are confined in the membranes, the transport is hindered
due to frictional effects (v, in Figure 15) originating from the
roughness of pore walls and adhesive effects due to the chemical
affinity (vi, in Figure 15).

Apart from the optimization of operating conditions to improve the
selectivity (or lower the permeation of a target species), the effective
methods for the design of selective separators include i) narrowing
down the pore size of the membranes; ii) introducing the binding sites
or oppositely charged functional groups to facilitate ion transport; iii)
reducing the distance between adjacent binding sites, which could
increase the repulsive forces between these two binding sites and
reduce the attractive force toward the target species.

Selectivity in Battery Systems
LIB separator: The selectivity of a LIB separator can be indicated by

the value of the Li ion transference number. Theoretically, the Li ion
transference number was defined as the ratio of Li-ionic conductiv-
ity to the overall ionic conductivity, which can also be considered as
the ratio of the permeation of Li-ions to the permeation of anions.
Improving the transference number of Li-ions is very meaningful
for the homogenous transport of Li-ions and limiting the growth of

Li-ion dendrites. PEO was selected as a typical example to demon-
strate the relationship between dendrite growth and the Li-ion
transference number (Figure 16). In this phase-map, the single-ion
conductor with a Li ion transference number of about 1 exhibited
the stable deposition of Li ions.

Additionally, size-exclusion and Donnan-exclusion are introduced to
improve Li ion transference number, such as producing narrow pores
in membranes, introducing the negatively charged functional groups,
and grafting the anions in the structure of membranes.

Selectivity in RFB separator: Stability and size of redox species play an
important role in the cycling stability and lifetime of RFBs. Active mate-
rials should be chemically and electrochemically stable over the whole
electrochemical process, particularly in the deep charged/discharged
states (0 and 100% SOC). The size of redox species relates to their
crossover through a membrane separator.[99] As presented in Figure 17,
active materials with a smaller size could easily permeate through the
membrane separator, leading to capacity decay in an operating battery.
Employing redox actives with a relatively large size could limit the
crossover and extend the lifetime of RFBs.

Selectivity is a very important property that directly determines the
current efficiency and longevity of RFBs. As discussed, the optimization
of ionic conductivity is accompanied by the increased permeability of

Figure 15. Mechanisms of different effects on the increase of the energy barrier for the species permeation. Reproduced with permission.[93] Copyright 2020,
Springer Nature Limited.

Energy Environ. Mater. 2026, 0, e70192 14 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
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redox species. A high-performance separator needs high ionic conduc-
tivity together with high selectivity of charge carriers over redox
species.

Changing the diffusivity of redox species in the membrane is feasible
to limit the crossover of redox species. On the one hand, the diffusivity
of redox species can be reduced by making the redox couples bulkier,
corresponding to the developing direction of redox chemistries
(Figure 17a). On the other hand, narrowing down the pore size and
incorporating charged functional groups within membranes can block
or repel redox species, which is the emerging concept of designing
highly selective membranes (i.e., with ion transference numbers (t+)
>0.85 and permeability thresholds <10�6 cm2 s�1).

Size-exclusion is a major theory for the explanation of membrane selec-
tivity. The size-exclusion function can be achieved by decreasing mem-
brane pore sizes or producing micropores (or mesopores depending on
the applications).[101] For instance, a thin layer of polyamide with a
pore size of below 0.6 nm was crosslinked on the surface of poly (ether
sulfone)/sulfonated poly (ether ether ketone) membrane. This compos-
ite membrane exhibited a high selectivity of proton (H) over vanadium

ion (V).[102] A similar approach was exploited in lithium-sulfur flow
batteries in which the membrane consisted of a polycarbazole thin layer
and a carbon nanotubes/polypropylene porous support.[103] The top
layer with a pore size of 0.82 nm could effectively hinder the crossover
of redox sulfides and thus maintain a reversible capacity. Polybenzimi-
dazole (PBI) is another commonly used material in selective RFB mem-
branes, as demonstrated by acid-doped PBI,[104] PBI/CMPSF
membranes,[81,105] “fishnet-like” crosslinked PBI/PEI membranes,[106]

and crosslinked PBI/SPEEK membranes.[107] These composite mem-
branes with a decreased pore size can effectively minimize species
crossover. “Acid–base pair” effect could be introduced to narrow down
the size of water channels. Interactions of “Acid–base pairs” can be
tuned by the content of acid and base materials. For example, tuning
the ratios of quaternized PPO and sulfonated PEEK could control the
“acid–base pair” effect and lead to a controllable and selective ionic
channel.[108]

Donnan-exclusion is another mechanism for the selectivity of mem-
branes. Donnan-exclusion is the function of a charged membrane to
electrically repel species with the same charge while facilitating the
transport of counterions (Figure 17b). For example, membranes with
quaternized amine groups carry a positive charge and repel the transport
of positive V3+/V2+ ions, thereby increasing the selectivity of vanadium
ions over protons. Sulfonated membranes (e.g., PVDF-g-PSSA,[109]

SPEEK, PES) with negative charge could provide the repulsion toward
negative redox chemistries, such as Fe(CN)6

4�, DHAQ2�, and FMN,
and deliver good selectivity and cycling stability in RFBs (Table 3).

2.4. Failure Mechanisms in Separation

2.4.1. Root Causes of Low Transference Numbers

Low transference numbers, particularly regarding lithium ions, present
a formidable obstacle in battery systems, resulting in complications
such as nonuniform ion transport and dendrite formation. Two funda-
mental causes contribute to this predicament:

Inadequate anion immobilization and redox-species cross-contamination: Domi-
nance of anion transport: In commercially available lithium-ion electro-
lytes, the transference number for lithium ions is generally low,
typically ranging from 0.2 to 0.4. This phenomenon suggests that

Figure 16. Phase-map showing the relationship between dendrite growth
and Li+ transference number. Copyright 2017, The Electrochemical Society,
Inc.[96–98]

Figure 17. a) Diagram showing the crossover of small and large redox actives. (Benzenequinone and Anthraquinone are used as examples standing for small
and large actives, respectively, in this figure) b) Schematics showing the working principles of size-exclusion and Donnan-exclusion.[100]

Energy Environ. Mater. 2026, 0, e70192 15 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
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anions, exhibiting a transference number between 0.6 and 0.8,[83] pre-
dominantly govern the ion transport mechanism. Such an imbalance
may induce pronounced concentration gradients of ions and height-
ened internal resistance within battery systems.

Lack of selective properties: Conventional non-selective porous
membranes facilitate the passage of both cations and anions. These
membranes lack the capability to regulate ion transport or immobilize
substantial anions, thereby exacerbating the low ion transference
number.

Crossover of redox species: In redox flow batteries, the migra-
tion of redox species through membrane separators can culminate
in diminished efficiency and loss of capacity. Likewise, in lithium-
ion batteries, the transference of redox species, particularly diminu-
tive ions, through the membrane separator may precipitate capacity
deterioration. This challenge is intrinsically linked to the selectivity
of the membrane, which denotes its capability to obstruct unde-
sired species while permitting the passage of requisite charge
carriers.

Table 3. Typical examples for the membrane with the size-exclusion function, Donnan-exclusion function, and the combination of both exclusion functions.

Membrane Structure Principles RFB system Efficiency Ref

Size-exclusion Polyamide Micropores from

interfacial polymerization

VRFBs

C: VO2+/VO2
+

A: V2+/V3+

CE: 99.2%

VE:92.8%

EE: 92.1%

80 mA cm�2

[102]

Crosslinked

polysulfone

Narrow channels from

chemically crosslinked

network

VRFBs

C: VO2+/VO2
+

A: V2+/V3+

CE:99.2%

EE: 80.8%

120 mA cm�2

[81]

Acid–base
composites

Narrow channels from

hydrogen-bond network

VRFBs

C: VO2+/VO2
+

A: V2+/V3+

CE:98.3%

EE: 77.1%

200 mA cm-2

[108]

Crosslinked

composite

Narrow channels from

chemically crosslinking

network

VRFBs

C: VO2+/VO2
+

A: V2+/V3+

CE:99.0%

VE: 86.6%

EE: 85.5%

120 mA cm�2

[106]

Donnan-exclusion Positive

functional group

(e.g., amine)

Graft positive charged

constituent

VRFBs

C: VO2+/VO2
+

A: V2+/V3+

CE:96.2%

VE: 94.0%

EE: 89.6%

40 mA cm�2

[110]

Negative

functional group

(e.g., -SO3H)

Graft negative charged

part (sulfonated

modification)

ORFBs

C: Fe(CN)6
3�/Fe(CN)6

4�

A: DHAQ2�/DHAQ4�

CE:100%

VE: 79.4%

EE: 79.4%

100 mA cm�2

[111,112]

Combination

of Donnan and

size exclusions

Acid-doped

materials

Nanophase separation

+charge repulsion

VRFBs

C: VO2+/VO2
+

A: V2+/V3+

CE:�100%

EE: 93.6%

40 mA cm�2

[78]

Sulfonated PIMs Micropores + charge

repulsion

ORFBs

C: Fe(CN)6
3�/Fe(CN)6

4�

A: DHAQ2�/DHAQ4�

CE: >99.0%

EE:87.9%

60 mA cm�2

[113]
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Electrolyte leakage from defective pore structures: Porous separator limita-
tions: Traditional porous separators, particularly nonwoven variants,
encounter difficulties in retaining the organic liquid electrolyte within
their structure. This predicament can result in significant electrolyte
leakage should the lithium-ion battery experience failure. The highly
porous architecture of certain separators can absorb a substantial
volume of organic liquid electrolyte, thereby augmenting the
electrode-electrolyte contact area and potentially inciting side reactions
at the interface between electrolytes and lithium metal anodes.

Inadequate Mechanical Strength and Thermal Stability: Conventional
polyolefin separators, frequently employed in LIBs, often exhibit insuf-
ficient mechanical strength and suboptimal thermal stability. Such defi-
ciencies may lead to thermal runaway, fires, and explosions in battery
systems. The mechanical frailty may also result in separator failure due
to penetration by formed lithium dendrites.

Swelling and Reduced Selectivity: Although certain modified mem-
branes, such as ion-exchange membranes, may attain enhanced ionic
conductivity, this improvement frequently compromises swelling and
diminishes selectivity toward larger species. This swelling has the
potential to enlarge ion transport channels, inadvertently forfeiting
the desired selectivity. In essence, addressing the issue of low transfer-
ence numbers necessitates innovations in separator design that priori-
tize effective anion fixation, preclude electrolyte leakage, and bolster
the overall structural integrity and selectivity of the system
membrane.

2.4.2. Dendrite Growth and Mechanical Stability

The phenomenon of dendrite growth, notably that of lithium, presents
a significant challenge within the field of battery technology, engender-
ing both safety hazards and a decline in performance efficacy. The
mechanical stability inherent in battery separators is integral to alleviat-
ing this critical issue.

Inhomogeneous Li+ deposition: SEI film formation dynamics: Dendrite for-
mation: In lithium-metal batteries (LMBs), the employment of organic
liquid electrolytes in conjunction with a lithium-metal anode frequently
results in the emergence of dendrites on the surface of the metal. The
presence of these dendrites may precipitate failure of the separator at
the pack level. The uneven migration of lithium ions across the surface
of lithium metal anodes can provoke erratic stripping and plating, cul-
minating in the development of lithium dendrites. The utilization of
functional microporous separators can facilitate the uniform transport
of charge carriers, thereby diminishing the likelihood of localized over-
charges occurring on the electrode surface.

Solid electrolyte interphase (SEI) film: The graphite porous electrode,
which is prevalently utilized as an anode in commercially available LIBs,
engenders a passivation layer referred to as the SEI. This SEI film pos-
sesses the capability to safeguard the electrolytes from extraneous reduc-
tion processes, thereby preserving a high coulombic efficiency. The
structural characteristics of electrode surfaces, encompassing surface
roughness and the formed passivating SEI layer, are intricately linked to
the exchange current density, which, in turn, influences surface
overpotential.

Membrane elastic modulus: critical threshold for dendrite suppression: Mechan-
ical strength requirement: It is imperative that separators exhibit suffi-
cient mechanical strength to endure the penetration of formed lithium
dendrites. For example, conventional polyolefin separators frequently
lack adequate mechanical strength, rendering them susceptible to failure

due to penetration by lithium dendrites. The U.S. Advanced Battery
Consortium (USABC) has established a target puncture strength exceed-
ing 300 g for a thickness of 25.4 μm for commercial LIB
separators.[114]

Solid electrolytes as physical barriers: Solid electrolytes serve
not only as physical barriers to obstruct electrode contact but also
facilitate lithium-ion conduction. Solid electrolytes exhibiting
mechanical robustness are anticipated to thwart the penetration of
lithium dendrites. Polymers of intrinsic microporosity (PIMs),
characterized by their interconnected micropores, can modulate
ion transport to achieve a uniform stripping and plating process of
lithium ions, thereby effectively reducing the probability of den-
drite formation.

Elastic modulus and dendrite suppression: While the document
emphasizes the significance of mechanical strength, it does not explic-
itly delineate a “critical threshold” for the elastic modulus of the mem-
brane concerning dendrite suppression. Nevertheless, it suggests that
augmented mechanical strength is essential.

Separator swelling: dendrite initiation through topographical transformation and
testing limitations: Separator swelling, driven by electrolyte absorp-
tion into the polymer’s amorphous regions, is a critical factor gov-
erning lithium dendrite formation.[115] As the separator swells,
surface wrinkles and local pore deformation develop due to
mechanical softening; these topographical changes create preferen-
tial sites for dendrite initiation. Specifically, the wrinkled regions
concentrate ionic flux and induce curvature-driven stress, syner-
gistically promoting lithium nucleation and subsequent dendrite
growth.

Notably, conventional methods for evaluating separator mechanical
stability, such as puncture strength tests using free-standing films, fail
to capture this behavior. These tests measure performance in isolation,
whereas in practical batteries, the separator is compressed between elec-
trodes under stack pressure. This operational environment alters both
the mechanical response, for example, reduced stiffness from
amorphous-phase plasticization[115] and electrochemical interactions,
meaning isolated film testing overlooks key mechanisms like swelling-
induced dendrite nucleation. In real batteries, for instance, swelling-
induced wrinkles generate non-conformal contact gaps with electrodes,
redirecting lithium plating into electrolyte-filled channels, an effect not
observed in free-standing film tests.[116]

In conclusion, the regulation of dendrite growth constitutes a com-
plex challenge that necessitates the management of both the dynamics
of Li+ deposition and SEI film formation, alongside the assurance of
mechanical robustness of the separator through attributes such as an
adequate elastic modulus to withstand dendrite penetration.

3. Engineering Applications of Separators in
Energy Storage Systems

3.1. Separators in Redox Flow Batteries

RFB membranes have been extensively investigated. Although the rich
diversity of materials allows many avenues for membrane innovation,
it is very difficult to develop a membrane meeting all the requirements.
The membrane properties are complicatedly correlated, in which the
improvement of one feature likely decreases the efficacy for another.
The main challenge is how to optimize membrane properties to match
the redox flow battery chemistry.
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Evaluating the performance of separators in RFBs does not simply
rely on a sole metric (e.g., ionic conductivity, selectivity). The suitable
membrane materials and optimization strategies must be taken into
account for the specific battery systems. For example, VRFBs require the
membrane with high proton conductivity, high V/H selectivity, and
chemical stability to oxidative vanadium ions. Alkaline ORFBs need the
alkaline-metal ion-conductive membrane with good selectivity to redox
organics. To better evaluate an optimized membrane and its perfor-
mance in RFBs, we summarized the relationships of improving strate-
gies and membrane properties as presented in Table 4.

For the redox species, increasing the molecular size is beneficial to
the limitation of crossover and the improvement of battery cycling
capability. Balancing the properties (including thickness, ionic conduc-
tivity, pore structure, and polymer chemistries) of a separator is
extremely complicated. For example, fabricating meso/macro pores
and making thin film could effectively decrease the area-specific resis-
tance of a battery and promote its output power. However, the redox-
species crossover will become severe, leading to a reduced capacity
retention and short lifetime. Crosslinking technique can help with the
improvement of mechanical strength and restriction of the active-
species crossover, but the ionic conductivity will be diminished due to
the reduced electrolyte uptake. Introducing charged groups could
increase the ionic conductivity, but this method may affect the mechan-
ical properties of functionalized membranes and cause the fouling issue
of membrane due to the interaction between charged membrane and
redox species.

Ionic conductivity and selectivity are critical and correlated parame-
ters as discussed above. Besides, stability, mechanical strength, cost-
effectiveness, and sustainability are also very important for developing
usable membranes. Here, the current progress of usable RFB mem-
branes within the last 10 years is summarized below (Figure 18).

RFB membrane separators can be classified into four types: ion-
exchange membranes (IEMs), non-ion-exchange membranes, porous
membranes, and advanced membranes (combining the functions of
pores and ionic functional groups). Commercially available ion-
exchange membranes are commonly used in RFB stacks. Specifically,
IEMs include cation-exchange membranes (CEMs), anion-exchange

membranes (AEMs), amphoteric ion-exchange membranes (AIEMs),
bipolar ion-exchange membranes (BIEMs), and mosaic ion.

3.1.1. Anion-Exchange Membrane in Redox Flow Batteries

AEMs possess anion-exchange groups, such as quaternized ammonium
(-NR3

+), imidazolium, benzimidazolium, pyridinium. These positively
charged groups can not only offer the transport sites for charge carriers,
such as OH-, Cl-, and SO4

2-, but also repulse the positively charged
redox species via the Donnan-exclusion mechanism. Introducing
anion-exchange groups has become a new approach in hindering the
crossover of vanadium redox species in VRFBs. The quaternary amine
(-NR3

+) groups are the main group in AEMs. For example, quaternized
poly(p-phenylene oxide) (PPO) membrane was obtained by simply
reacting the alkylhalide groups (-Br) from PPO with trimethylamine.
This AEM enabled a stable cycling performance with a high retention
of 99.988% per cycle for neutral TMAP-TEMPO/BTMAP-Vi ORFBs.

3.1.2. Cation-Exchange Membrane in Redox Flow Batteries

With cation-exchange functional groups (e.g., -SO3-), CEMs could
allow the transport of positive cations, such as H+, K+, Na+, Li+, and
attract the counter species. Widely used commercial membranes, such
as Nafion, suffer from a relatively high cost. To obtain cost-effective
CEMs, the direct and effective method is to form a composite mem-
brane by integrating cheap organic/inorganic fillers within CEMs. For
example, a Nafion/lignin composite membrane was demonstrated with
a high energy efficiency of 82.7% and decent cyclability over
1000 cycles in VRFBs. Inorganic fillers, such as ZrO2, TiO2, SiO2, and
GO, were also used to enhance mechanical strength, limit membrane
swelling, and improve selectivity.[10,129] In addition, polyvinyl alcohol,
polypyrrole, polyaniline, and amphoteric Nafion-g-PSBMA were evalu-
ated as organic fillers in the Nafion composite membranes.[110,164–166]

Although fillers possess a cost advantage, the stability, especially chemi-
cal stability in harsh acidic/alkaline conditions, is inadequate. It is hard

Table 4. Relationships of optimizing strategies, separator properties, and RFB performance.

Strategies Membrane Properties RFB performance

Ionic conductivity Permeation of redox actives Mechanical strength Capacity retention CE Power density

Make larger actives – – –

Induce nanophase separation –

Introduce charged groups –

Narrow down pore-size –

Crosslinka)

Make thin film/TFC –

Meso/macro porous structure

a)

Crosslink may decrease the electrolyte uptake, and thus decrease the ionic conductivity. Crosslinked membranes normally have narrow channels to limit the permeate of redox
actives.
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to meet the longevity requirement for the RFBs using these
composite CEMs.

3.1.3. Other IEMs in Redox Flow Batteries

Functional bipolar and amphoteric ion-exchange membranes are being
increasingly studied, which combine the advantageous features from
both CEMs and AEMs. Bipolar membranes comprise a cation-selective
layer and an anionic layer, such as commercially available Selemion
CMV/AMV, Tokuyama BP-1, Furmasep FKB/FAB,[145,148] and

QAPSF/SPEEK.[149] The special configuration of bipolar membranes is
favorable for the application of water splitting. Different from the bipo-
lar membranes, amphoteric ion-exchange membranes possess both cat-
ion and anion-exchange functional groups at a molecular level. For
example, PVDF film was integrated with styrene and
dimethylaminoethyl methacrylate, which could undergo sulfonation
and quaternization to generate positively and negatively charged
groups.[146] The -SO3- groups facilitated the transport of charge carry-
ing ions. Meanwhile, the quaternized ammonium groups could restrain
the migration of vanadium ions by the Donnan-exclusion function,
enabling improved selectivity for this membrane. Zwitterionic groups

Figure 18. Summary of recent progress on RFB membranes, including CEMs, AEMs, Nonionic membranes, porous membranes, and next-generation
membranes. CEMs: SPEEK,[111,117–119] SPTKK,[120] SPPO,[121] SPPEK,[122] S142,[123] sPBPSP-z,[76] copolymers,[124–126] Blends,[112,127,128] composites[129,130] and
polymers with -COOH[131,132]; AEMs: QPPO,[121,133] QPEC,[134] PAEK-API,[135] PyPPEKK,[136] HMT-PMBI,[137] Blends[138–140] and others[141–144]; Bipolar or
amphoteric membranes[145–147]: commercial bipolar membranes,[148] QAPSF-SPEEK,[149] Nafion-g-PSBMA;[110] Nonionic membranes: PBI,[150] B-PBI,[151] CPBI-x-
NMG,[152] TT-PSF-x,[100] TEGDME-PEO,[153] DMBP-TB,[154], gPBI; Porous membranes: COF,[40,155,156] polyamide,[102,157] PBI.[81,150,157–159] Advanced membranes:
GO (Reproduced with permission.[160–162] Copyright 2018, Elsevier Inc.), MOFs (Reproduced with permission.[163] Copyright 2020, Springer Nature Limited),
PIMs (Reproduced with permission.[21] Copyright 2019, Springer Nature Limited).

Energy Environ. Mater. 2026, 0, e70192 19 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.70192 by Sw
ansea U

niversity Inform
ation, W

iley O
nline L

ibrary on [14/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(e.g., sulfobetaine methacrylate) were also introduced to the matrix of
Nafion to improve its selectivity and ionic conductivity.[167]

3.2. Separators in Lithium-Ion Batteries

Separators in LIBs have received new requirements as the LIBs are being
developed to power electric vehicles and energy storage stations. For
example, the separators should be thermally and mechanically stable to
prevent thermal runaway and internal short circuits. The separators
should have the ability to regulate ion transport and reduce the possibil-
ity of Li-dendrite formation. High ionic conductivity is always impor-
tant for membrane separators, which directly influences the output
energy and efficiency of LIBs.

Separators should be chemically and electrochemically stable at var-
ied states of charge (SOCs) during battery operation. The separators
should also have enough puncture strength and tensile strength to pre-
vent the penetration of formed dendrites or electrode particles. Table 5
presents the United States Advanced Battery Consortium (USABC) tar-
gets for the properties of LIB batteries and summarizes the performance
of the most developed Celgard separators. Despite the easy fabrication
and relatively low cost, the thermal stability and mechanical strength of
Celgard separators need significant improvement.

In the past decades, LIB separators had not been paid enough atten-
tion compared to the electrodes and electrolyte. However, the develop-
ment of LIBs has faced bottlenecks in low energy density, poor cycling
stability, and safety issues, which cannot be solved by solely improving
the performance of electrode or electrolyte. Developing functional sepa-
rators provide an alternative way to overcome these challenges.

Currently, the developed LIB separators are classified into polymeric
porous membranes, nonwoven mats, gel polymer electrolytes, compos-
ite separators, and functional separators based on microporous mate-
rials. Typical examples of LIB separators are briefly presented in
Figure 19. It should be noted that solid-state electrolyte and gel electro-
lyte are a special type of separator, which will be introduced specifically
in the next section.

Polyolefin, such as PP and PE, is the most developed polymeric
porous membrane for commercial separators.[11,168,169] This type of
separator possesses good chemical stability. With the easy dry and wet
processes, the porosity and pore size within polyolefin could be altered
as required. The thickness of polyolefin separators is typically below
25 μm, which benefits the output power density of batteries. However,
the anisotropic mechanical strength and thermal instability are challeng-
ing the safe operation of polyolefin separators. PP separators prepared
by a dry process exhibit weak tensile strength in the transverse direction
(TD),[86] indicating that PP cannot survive the penetration of the den-
drites in the TD direction. PE separators have a low shutdown tempera-
ture due to their low melting temperature (�130 °C). One effective
solution for the above issue is to prepare multilayer separators. For
example, a PP/PE/PP multilayer separator demonstrates improved ther-
mal and mechanical properties attributing to the isotropic mechanical
strength of PE and high melting temperature of PP. The alternative
approach is using thermally stable polymers, such as PAN,[27,177,178]

PMMA,[33] PVDF,[170–172] PVDF-co-HFP,[173] cellulose,[181,182] etc.
In contrast to PP and PE separators, PVDF with C-F groups has good

electrolyte wettability and high thermal stability with 3% shrinkage at
160 °C. Improving the porosity could significantly increase the electro-
lyte uptake so as to promote the ionic conductivity. The phase-inversion
method was used to generate sponge-like or finger-like pores within
PVDF membranes.[170–172] With a similar approach, hierarchical pores
within the PVDF membrane can be created by extracting a mixed sol-
vent, for example, N-methyl-2-pyrrolidone and acetonitrile. The
enlarged pore size and porosity provide more space for the organic
electrolyte. However, electrochemical stability is a problem when PVDF
separators are used in LIBs for a long duration. The underlying mecha-
nism involves multiple chemical degradation pathways in battery envi-
ronments, including oxidative/radical attack, electrochemical
decomposition, (de)hydrofluorination, and inorganic fluoride forma-
tion, each manifesting differently across their key applications as a cath-
ode binder, coated separator, or solid-state electrolyte matrix.

At the cathode, reduced oxygen species (e.g., superoxide or singlet
oxygen) generated during O2 reduction attack PVDF’s C-F backbone,
causing oxidative cleavage and forming organic decomposition prod-
ucts (characterized by Raman bands at 1133 and 1525 cm�1). This
phenomenon not only misleads discharge chemistry identification but
also consumes charge capacity.[213] Separately, electrochemical decom-
position occurs when PVDF is exposed to electrode potentials exceeding
the electrolyte’s reduction onset, particularly on graphite anodes, where
it correlates with increased interfacial resistance.[214] In Lewis-acidic or
basic media, PVDF undergoes dehydrofluorination (HF elimination),
forming unsaturated carbon backbones that carbonize into amorphous
structures; this process releases fluoride ions that complex with cations
(e.g., AlF4

� observed in AlCl3-based ionic liquids via 19F NMR).[215]

The accumulated fluoride from these reactions further precipitates as
LiF or complex fluorometallates in electrodes and interphases, reducing
active lithium availability and forming inactive surface films that
impede battery performance.[216]

Beyond these general mechanisms, PVDF exhibits distinct degrada-
tion behaviors in its key applications. As a cathode binder, it physically
entangles with active materials and forms weak hydrogen bonds
between its -CH2- segments and oxide surface -OH groups. However,
long-term cycling induces two critical degradation modes: at the cath-
ode’s upper voltage window, oxidative attack from the electrolyte
causes heterolytic cleavage of C-F bonds, generating carbonyl (-CO-) or
carboxyl (-COOH) groups on the polymer backbone, which weaken

Table 5. U.S. Advanced Battery Consortium (USABC) requirements of a
commercial LIB separator.[84]

Parameter Goal Celgard LLC

Sales price ($ m�2) ≤1.00 3.8–5

Thickness (μm) ≤25 12–40

Wettability Complete wet-out in typical

battery electrolyte

Complete wet-out

Chemically stability Stable in battery for 10 years Chemically stable

Pore size (μm) <1 Micro/meso pores

Puncture strength >300 g/25.4 μm Young modulus: 0.3–0.8 GPa

Thermal stability <5% shrinkage at 200 °C Melt at 115–135 °C

Melt integrity >200 °C Melting point: 115–135 °C

Purity <50 ppm H2O <50 ppm H2O

Tensile strength <2% offset at 1000 psi or

>1000 kg cm�1 (98.06 MPa)

Machine direction (MD): �150

Transverse direction (TD): �10

Pin removal Easy removal from all major

brands of winding machines

Easy process
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interfacial adhesion and lead to electrode delamination.[213] Addition-
ally, Li+ intercalation into PVDF’s amorphous regions during
charge/discharge triggers phase transitions from the stable α-phase to
polar β- or disordered γ-phases; uncontrolled transitions disrupt the
binder’s network, reducing mechanical integrity and compromising
active material anchorage.[217]

As a coated separator material, PVDF may enhance thermal stability
and electrolyte wettability. Yet, its coating layer faces degradation from
two sources: first, hydrolysis of the electrolyte salt (taking LiPF6, the
most widely used electrolyte salt, as an example) in trace water gener-
ates HF (Equation 19). The formed HF, as a strong acid, reacts with
PVDF’s C–F bonds via dehydrofluorination [(CH2� CF2)n+ nHF→ n

(CH2� CH2)+ nLiF], etching the surface and creating microcracks that
increase electrolyte leakage risks.

LiPF6 þ H2O ! LiFþ 2HFþ POF3 (19)

Second, prolonged exposure to temperatures above 120 °C, com-
mon in fast-charging, accelerates thermal chain scission, releasing fluo-
rinated volatiles (e.g., CHF3, CF4) and reducing coating integrity.[218]

In composite solid electrolytes, PVDF acts as a polymer matrix to
enhance ionic conductivity when blended with ceramic fillers (e.g.,
Li7La3Zr2O12, LLZO). Here, degradation arises from interfacial and
bulk processes: PVDF’s C-F groups react with Lewis acidic sites on

Figure 19. Categories of the LIB separators with their typical structure. Porous separators: PP/PE,[11,168,169] PVDF[170–172] (Reproduced with permission,[173]

Copyright 2014, Springer-Verlag Berlin Heidelberg), PMMA,[174,175] PEO,[176] PAN,[27,177–180] cellulose,[181,182] and others[26] (Reproduced with permission.[26]

Copyright 2014, Royal Society of Chemistry). Nonwovens,[28,31,183–188] Composites[33,173,189–192] (Reproduced with permission.[33] Copyright 2010, Elsevier B.V.;
Reproduced with permission.[189] Copyright 2017, The Korean Fiber Society and Springer Science Business Media Dordrecht). Advanced separators:
MOFs,[44,193–203] GO,[204] PIMs.[29,34,52,57,205–212] (Reproduced with permission.[190] Copyright 2013, IOP Publishing; Reproduced with permission.[191] Copyright
2010, Elsevier B.V.; Reproduced with permission.[192] Copyright 2013, Elsevier B.V.; Reproduced with permission.[198] Copyright 2020, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; Reproduced with permission.[199] Copyright 2016, Nature Publishing Group; Reproduced with permission.[206] Copyright 2020, Springer
Nature Limited; Reproduced with permission.[207] Copyright 2020, Royal Society of Chemistry; Reproduced with permission.[34] Copyright 2017, ACS. Org.)
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fillers (e.g., Al3+ in Al2O3 or Zr4+ in LLZO), forming stable fluori-
nated complexes that reduce amorphous content and limit Li+

mobility;[219,220] meanwhile, preferential Li+ transport along PVDF’s
amorphous phase induces chain alignment over time, creating aniso-
tropic conductivity and localized stress concentrations that promote
crack propagation.[221]

These application-specific degradation pathways, combined with the
broader chemical mechanisms, underscore the need for targeted stabili-
zation strategies to enhance PVDF’s long-term performance in lithium-
ion batteries.

PAN and PMMA separators also show good compatibility with
organic electrolytes. Solution-processable PAN allows for the use of
different methods for membrane preparation, such as phase inversion,
casting method, and electrospinning. The weak interaction between
Li ions and nitrile (-C≡N) groups within the structure of PAN will
help with electrolyte retention and achieve high ionic conductivity.
PMMA separators also have good stability and processability. How-
ever, polymeric separators intrinsically possess low mechanical
strength due to their amorphous structure. Preparing blend or multi-
layer membranes is a useful method for improving the overall
properties. For instance, a cyanoethylated cellulose derivative, that is,
DH-4-CN, was added into the polymer matrix of PVDF-co-HFP to
improve its mechanical strength, ionic conductivity, and electro-
chemical stability.[222]

Furthermore, the electrospinning technique is employed to fabricate
porous polymeric membranes with enhanced electrolyte uptake. The
approach undesirably sacrifices the mechanical strength of the mem-
brane separators. To overcome this issue, fabricating composite mem-
branes with the use of inorganic materials is feasible to enhance
mechanical and thermal stability (Figure 19). However, the inorganic
materials, such as Al2O3, generally exhibit poor processability.

3.3. Separators in Solid-State Batteries

Quasi-/solid-state LIBs consist of cathodic and anodic electrodes, and
solid electrolyte (SSE) separators. (Figure 20a) SSEs function as a physi-
cal barrier to prevent contact between electrodes and work as an ionic

conductor to complete the circuit loop during the passage of current.
SSEs are well placed to solve the battery safety concerns due to their
incombustible property. Solid-state batteries have been regarded as one
of the promising energy storage technologies, which would potentially
compete with traditional LIBs.[89,224]

In solid-state batteries, metal oxide electrodes are still the commonly
used cathode materials. Instead of the porous graphite anode, a much
thinner Li-metal anode can be securely deployed, allowing the batteries
to achieve an improved volumetric energy density of.[13] Additionally,
mechanically strong solid electrolytes are expected to prevent the pene-
tration of lithium dendrites and stabilize the de-/lithiation process.
Though promising, SSEs still face obstacles that limit their practical
application. For example, the usable SSEs are extremely thick, as shown
in Figure 20b. The volume of LIBs using this SSE is at least 10-fold
larger than that of LIBs using 25-μm-thick Celgard.[223] Other critical
issues, such as poor electrode-electrolyte compatibility, low ionic con-
ductivity, complicated fabrication, and instability, are challenging the
performance of SSEs in batteries.

The fundamentals of SSEs are introduced with a focus on the ionic
conductivity.

The best fast ionic conductor has a “molten/soft” sub-lattice or “liq-
uid like” structure for mobile ions. For example, soft and deformable
sulfide-based SSEs possess a weak attraction of Li ions, of which the sul-
fide framework allows for the favorable migration of Li ions. The major
advance was Li9.54Si1.74P1.44S11.7Cl0.3 solid with an outstanding ionic
conductivity of 25.3 mS cm�1.[225] Nevertheless, the application of this
SSE is difficult due to the poor electrochemical stability and relatively
high resistance caused by grain boundaries.

Introducing soft materials and mimicking “liquid like” structure
to produce composite electrolytes, which provide an alternative
approach to developing fast ionic conductors. Liquid components
can fill into the voids or gaps within electrolyte pellets or mem-
branes to create continuous ion channels and improve the
electrolyte-electrode compatibility, thereby reducing the overall
resistance of batteries. This type of electrolyte can be denoted as
quasi-solid-state electrolyte or composite solid electrolyte.[226]

Both emerging sulfides and quasi-solid-state electrolytes have been
considered as the new generation (3rd G) of SSEs.

Figure 20. Schematics showing the cross-sections of ideal and practical solid-state LIBs. a) Schematic illustration of a quasi-/solid-state LIB with an ideal
configuration. b) Diagram of a fabricated solid-state LIB and its cross-sectional SEM image. Reproduced with permission.[223] Copyright 2019, Royal Society of
Chemistry.
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SSEs are divided into inorganic solid electrolytes (ISEs), solid poly-
mer electrolytes (SPEs), and solid composite electrolyte (SCEs),[242]

examples shown in Figure 21. Typical examples of ISEs and SPEs, and
their dis-/advantages, are summarized in Table 6. With regards to a
practical application, properties including high ionic conductivity, high
electronic resistance, good mechanical strength, wide electrochemical
windows, and simple fabrication processes are also very crucial. Both
ISEs and SPEs face inevitable challenges. The fabrication of ISEs are gen-
erally complicated, and grain boundaries derived from the pellet pro-
cessing contribute to high apparent resistance. For SPEs, the ionic
conductivity at ambient temperature is low, and the mechanical
strength is insufficient. The employment of both electrolytes in LIBs
doesn’t match with the current manufacture process of LIBs. An
increasingly research interest has been altered to SCEs, which take
advantage of inorganic electrolytes and solid polymer electrolytes and
compensate their drawbacks (the difficult process of inorganic electro-
lytes and the poor mechanical property of solid polymer electrolytes).
For instance, Ma et al.[244] developed a PVDF-HFP-LLZTO composite
electrolyte with in situ polymerized PVEC, which exhibits a high ionic
conductivity of 1.21× 10�1 mS cm�1 and enables dendrite-free
lithium deposition. Which mitigates the low conductivity and poor
interfacial stability issues of SPEs. Matsuda et al.[245] introduced a lith-
ium salt-infused PAN nanofiber separator, leveraging the polar nitrile
groups of PAN to enhance Li+ diffusion (9.0× 10�2 mS cm�1 at

60 °C) while its nanofiber structure suppresses dendrites, achieving
1000-hour stable cycling in symmetric cells and 99% Coulombic effi-
ciency over 100 cycles, addressing both the mechanical weakness of
SPEs and the complex fabrication of ISEs. Gong et al.[246] designed a h-
BN@PEO/PVH ternary electrolyte with a thickness of only 26 μm,
combining the high thermal conductivity of h-BN and the flexibility of
PVH to achieve 3.3× 10�1 mS cm�1 conductivity and a 0.74 Li+ trans-
ference number. Its remarkable 4400-hour symmetric cell stability at
0.11mV overpotential tackles the low ambient conductivity and short
cycle life limitations of traditional SPEs. Khan et al.[247] fabricated an
LLZTO@WO3 hybrid filler electrolyte by integrating garnet-type LLZTO
with semiconducting WO3, creating synergistic ion pathways that yield
1.9× 10�1 mS cm�1 conductivity and 0.67 Li+ transference number at
40 °C. The hybrid filler reduces interfacial resistance, enabling LiFePO4

cells with 95.2% capacity retention after 400 cycles, a significant
advancement over the high interfacial resistance and poor rate perfor-
mance of ISEs. Hu et al.[248] reinforced PEO with a polyurethane poly-
mer of intrinsic microporosity (PPU), enhancing ionic conductivity to
1.82 mS cm�1 at 50 °C, with a 0.68 Li+ transference number and
5.3 V stability window, overcoming the low conductivity and mechani-
cal fragility of SPEs. Li et al.[249] developed an Al-doped garnet nanofi-
ber CSE by embedding LLZAO nanofibers (15wt%) into PEO, which
reduces crystallinity and expands amorphous regions to achieve
6.19× 10�1 mS cm�1 conductivity. The cathode-supported design

Figure 21. Examples of dry solid composite electrolytes and their applications. a) PEO/LAGP-based dry solid composite electrolyte. b) Photo of PEO/LAGP
dry solid composite electrolyte. c) Rate performance of a LFP|Li solid-state battery. d) Nanowire-filled PAN dry solid composite electrolyte. e) Ionic
conductivity at different temperatures. f) Preparation of LLZO fibers/PEO solid composite electrolyte. g) Photo of LLZO fibers/PEO solid composite
electrolyte. h) Resistance of LLZO fibers/PEO solid composite electrolyte in polarization tests against time. a–c) reproduced with permission.[39] Copyright
2015, IOP Publishing. d–h) reproduced with permission.[243] Copyright 2016, The National Academy of Sciences.
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enables LiFePO4//Li cells with 94.1% capacity retention over
115 cycles and 99% Coulombic efficiency, effectively addressing the
complex fabrication (e.g., grain boundary issues) of ISEs and the poor
mechanical property of SPEs.

In practical devices, SSEs must possess the following characteristics:
i) minimized interfacial and grain boundary resistance; ii) negligible
electronic conductivity and wide electrochemical windows (at least
>4.2 V vs Li/Li+); iii) a high apparent ionic conductivity of above 0.1
mS cm�1; iv) chemical stability toward Li-metal anode; and v) easy
synthesis, facile processing, and manufacture.

Low ionic conductivity is the main obstacle limiting the practical
implementation of SSEs.[224] The restrictions to ion conduction can
be explained based on three aspects: bulk limitation,
interface/surface limitation, and grain boundary limitation. Firstly,
the ionic conductivity of the bulk of inorganics and solid polymers
is generally low at room temperature. In crystalline ISEs, there is
limited space to accommodate mobile ions. In SPEs, the motion of
polymer chains is too weak to facilitate ion transport below Tg. Sec-
ondly, the surface of SSEs and the SSE-electrode interface is unstable.
The surface of ISEs, for example, LGPS,[38] is very sensitive to mois-
ture, with a tendency to generate harmful H2S gas. ISEs that contain
Ti4+ can be reduced by the lithium metal anode. SPEs that consist
of ether units tend to be oxidized by high-voltage cathodes. The
poor surface/interface stability restricts the stable transport of ions
from electrolytes to electrodes. Last but not least, grain boundaries
existing in pelletized ISEs and dry SCEs increase the length of ion
pathways between cathodes and anodes and thus increase the appar-
ent resistance. The grain boundaries cannot be easily avoided during
the electrolyte fabrication process.

Quasi-solid electrolyte is a promising solution to solve the above
issues. The solidified liquid electrolyte (not limited in RTILs) creates
sufficient channels for ion transport. With the addition of active fillers
or matrices, the bulk ionic conductivity can be further improved. On
the other hand, the electrode-electrolyte interface and grain boundaries
will be wetted by electro-/chemically stable liquid, lowering the risk of
interfacial side reaction. For a traditional quasi-solid electrolyte, the
matrices are soft polymer, such as PEO, PVDF, and PAN. These poly-
mers are too mechanically soft to survive the penetration by dendrites.
Inorganic materials are useful to develop mechanically robust quasi-
solid electrolyte either.

4. Scientific Challenges

4.1. Separators for RFB Applications

Research progress of the separators applied in RFBs, including typi-
cal ion-exchange membranes, non-ion-exchange membranes, and
porous membranes as well as some emerging membranes prepared
by PIM materials has been reviewed. There remain general chal-
lenges for the development of high-performance membranes for
batteries:

• Selectivity: Perfluorinated sulfonic acid membranes are the state-
of-the-art RFB separators which inspired a series of follow-up
work to develop membranes with nanophase separation.
However, this membrane suffers from low selectivity to redox
species, for example, vanadium-based species. Although Donnan-
exclusion is introduced by grafting the same charged functional
groups, obvious crossover of redox actives still occurs due to the
large-sized ionic channels.

• Conductivity: Nonionic membranes and porous membranes
(e.g., PBI separators) exhibit an improved selectivity toward
redox species, but feature relatively low ionic conductivity.
Increasing the ionic conductivity will unexpectedly sacrifice the
selectivity. Overcoming or balancing the trade-off is necessary to
develop practically usable RFB membranes.

• Cost: Commercial perfluorinated membranes, such as Nafion, are
expensive.

• Stability: As the operating conditions of most RFBs are acidic or
alkaline, membrane needs to be stable in the harsh alkaline
or acidic solutions. The developed substitutes for Nafion mem-
branes are mainly hydrocarbon-based materials that are unstable
in the above solutions for a long time.

Here is summarized the typical examples of cation-exchange mem-
branes, anion-exchange membranes, nonionic and porous membranes,
and recently reported advanced membranes (Table 7). New materials
including PIMs and GO were explored as RFB separators aiming to
overcome the above challenges and improve the performance. How-
ever, these new membranes are still limited by the following issues.

Table 6. Summary of ISEs and SPEs.

Type Materials Conductivity (mS cm�1) Advantages Disadvantages Ref.

ISEs Oxides Garnet: Li7La3Zr2O12

LISICON: Li1.5Al0.5Ge1.5(PO4)3
NASICON: LiTi2(PO4)3
Perovskite Li3.3La0.56TiO3

10�3–10�1 High mechanical strength and thermal stability

High conductivity of bulk electrolyte

Air stability

Non-flexible

Side reaction with Li-metal

Grain boundary resistance

Expensive large-scale production

[227]

[228,229]

[230]

[231]

Sulfides Li2S-P2S5
Thio-LISICON: Li10GePS12
LiBH4-LiX (X = Cl, Br, or I)

10�1-10 High ionic conductivity

Good mechanical strength

Sensitive to moisture

Side reaction with Li-metal

Grain boundary resistance

Complicated process

[232]

[38]

[225]

Halides LiBH4

LiBH4-LiX (X = Cl, Br, or I)

10�5–10�2 Good mechanical strength

Good compatibility with Li-metal

Sensitive to moisture

Low oxidation window

Grain boundary resistance

Low ionic conductivity

[233,234]

[233]

SPEs Ethers PEO

PEO-fillers

10�1-10 (>60 °C) Good mechanical flexibility

Good compatibility with Li-metal

Easy manufacture

Limited thermal stability

Low oxidation window

Insufficient mechanical strength

[88]

[234–241]
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• Stability: Mechanical property and chemical stability of membranes
are key challenges. For example, the GO membrane cannot with-
stand the mechanical pressure in a flow mode of RFBs. The struc-
ture of PIM-1 is not chemically stable in both acidic and alkaline
solutions. The PIM backbones with amidoxime functional groups
could not survive in alkaline solutions for a long time.

• Match of membranes and redox species: These newly developed
membranes have a high potential of being applied in a diverse
system with different redox couples. Selecting suitable operating
conditions and matchable redox species could maximize the
working ability of these membranes.

4.2. Separators for LIBs and SSBs

The separators being developed mainly involve the conventional porous
separators based on polyolefins, nonwoven separators, composite sepa-
rators (e.g., Al2O3 modified membranes), and emerging separators fab-
ricated by new microporous materials, MOFs and PIMs. The challenges
for the typical separators include (Table 8):

• Thermal stability and mechanical strength: Commercially avail-
able separators are thermally unstable and own a large thermal
shrinkage at above 120 °C. The mechanical strength of this sepa-
rator is not strong enough to prevent the puncture of formed Li
dendrites. Thus, LIBs with the use of these separators have a
severe safety issue.

• Side reactions: On the one hand, some polymer separators are
not electro-/chemical stable. For example, the C-F groups of
PVDF can react with reductive lithium metals and produce a Li-F
passivating layer, leading to the reduced coulombic efficiency.
On the other hand, the highly porous structure can absorb a
large amount of organic liquid electrolyte and enlarge the
electrode-electrolyte contact area. Side reactions will occur at
the interface between electrolytes and Li metal anodes.

• Electrolyte leakage: The porous separator cannot maintain the
organic liquid electrolyte in its bulk and may cause a serious
electrolyte when Li-ion battery failure occurs. This is a common
issue for nonwoven separators.

• Low lithium-ion transference number: The conventional
separators generally feature a low Li-ion transference number of
around 0.2–0.3, which means the transport of cations is not
homogenous. The nonuniform migration of Li ions probably
induce the random stripping/plating of Li ions on the surface of
Li metal anodes, leading to the formation of Li dendrites.

Separators based on microporous materials, such as COFs, MOFs,
and PIMs, were developed to overcome the above issues. Typical
examples of MOF and PIM-based separators are summarized in Table
8. Microporous materials can indeed improve the membrane stabil-
ity, enhancing the cation transference number, avoiding the side
reactions and electrolyte leakage by confining the liquid electrolytes
in the bulk. However, challenges still remain in the development of
new separators:

• Processability: MOFs have been extensively studied as separators
in LIBs. Processing the MOF particles into flexible membranes or
grain-boundary free pellets are extremely difficult.

• Ionic conductivity: Solution-processable PIMs are a leading can-
didate for LIB separators. However, PIMs without ionic func-
tional groups have low ionic conductivity and lead to the
decreased power density of devices.

For a solid-state electrolyte separator (e.g., PEO and inorganic elec-
trolytes), the low apparent ionic conductivity at room temperature is
the key issue. Besides the limited ionic conductivity of the bulk of elec-
trolytes, resistance originating from grain boundaries contributes to the
low battery power. This challenge could not be easily avoided during
the membrane fabrication process. To develop usable solid-state electro-
lyte, smart strategies need to be adopted, for example, the design of
semi-solid electrolyte, in which the liquid can be impregnated into the
boundaries to create continuous ion channels.

4.3. Recent Progress in Separator Design Strategies for Lithium
Dendrite Suppression

4.3.1. Electric/Ionic Field Regulation

This approach leverages electric or ionic field gradients to guide uni-
form Li ion flux and suppress dendritic nucleation. For instance, the
GFC@PVDF membrane[267] employs gradient Fe2O3 particles that
attenuate from the bottom to the top of the membrane, creating a
lithiophilic gradient. This gradient induces a bottom-up “pumping” of
Li+ ions via localized electric fields, directing Li+ flux toward the sub-
strate rather than the separator surface. During cycling, Fe2O3 gradually
converts to a Fe/Li2O hybrid conductor, which decouples charge-
transfer processes, enabling fast Li ion transport pathways and promot-
ing the formation of spherical, amorphous Li deposits rather than sharp
dendrites. Similarly, the ion-management membrane (IMM)[268] uses
vertically aligned, polydopamine (PDA)-modified nanochannels to act
as “ion distributors,” equalizing Li ion concentration beneath each. Its
electronegative surface forms an electric double layer (EDL) with a ζ-
potential of �22.8mV, enhancing Li ion adsorption and suppressing
anion migration.

4.3.2. Alloying Reaction-Based Suppression

This strategy utilizes reactive alloy formation to “digest” dendritic hot-
spots and modulate Li+ adsorption. A representative example is the
PZEM superlithiophilic membrane,[269] where localized Li ion over-
deposition triggers ZnCl2–Li alloying reactions. These reactions dissolve
dendritic Li into a LiZn alloy, effectively eliminating dendritic growth.
The membrane’s porous architecture and Zn–F bonds (binding energy:
�4.64 eV, significantly stronger than the �0.35 eV binding energy of
PVDF) ensure uniform Li ion adsorption across the membrane.

4.3.3. Ion Transport Regulation

This strategy is aimed at enhancing Li+ conductivity, structuring
transport pathways, and stabilizing Li+ flux. The Zn-MOF
composite electrolyte,[270] for example, combines zeolitic imida-
zolate framework-8 (ZIF-8) nanoparticles with TFSI� anions.
ZIF-8’s Lewis acidic sites coordinate with TFSI�, releasing free
Li+ ions and enhancing ionic conductivity to 2.39 × 10�1
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mS cm�1. Meanwhile, the F-PMIA (fluorinated polyamide) back-
bone provides mechanical reinforcement that resists dendrite
penetration. Another example is the starfish-inspired fluorinated
alkyl imidazolium electrolyte (FAEI),[271] which merges rigid
polyacrylonitrile (PAN)/metal–organic framework (MOF) skele-
tons with [EMIM][TFSI] ionic liquid matrices. This design cre-
ates a 3D conductive network with a high Li+ transference
number (t+= 0.69) and a multi-component solid electrolyte
interphase (SEI) composed of organic ROCO2Li and inorganic
Li2CO3/LiF. Additionally, the PBI-Cu coordination
membrane[272] leverages Cu2+-mediated Li+ solvation in PBI-Cu
complexes to enhance transport kinetics (ionic conductivity:
10.13 × 10�1 mS cm�1) and induce interconnected pores. These
pores guide flat Li ion fronts, enabling 1000 h of stable cycling
with consistent voltage profiles.

4.3.4. Physical Barrier Approaches

This strategy aims to block dendrite penetration through mechanical or
structural barriers while maintaining Li+ transport. The imidazole-
functionalized polyamide (PABZ-20-ISM),[273] for instance, uses
hydrogen-bond networks (imidazole N–H���N interactions) to form a
crosslinked structure with a tensile strength of 11.8MPa, effectively
resisting dendrite penetration. By suppressing polymer crystallinity, it
also enables amorphous Li+ transport pathways, achieving a high ionic
conductivity of 2.46 mS cm�1.

4.3.5. Ferroelectric Effects

This emerging strategy exploits piezoelectric fields to repel Li ions from
dendrite tips and induce self-healing. The P(VDF-TrFE) separator[274]

generates localized piezoelectric fields (E_pz) when compressed by
growing dendrites, which repel Li ions from dendrite protrusions. This
process reverses the surface energy landscape, flattening the electrode
surface (surface roughness Sa reduced from 2.42 to 0.45 μm). Repeated
cycling further smooths pre-formed dendrites through a self-healing
mechanism. Experimental evidence shows that Zn foils coated with
membranes exhibit featureless surfaces after 10 hours of electrodeposi-
tion, whereas uncoated foils develop whisker-like dendrites on bare
glass fiber (GF) separators.

4.4. Modeling Strategies for Separators in Lithium-Ion, Redox
Flow, and Solid-State Batteries

Separators play a pivotal role in governing the electrochemical perfor-
mance, safety, and longevity of energy storage systems. Modeling
approaches for separators in LIBs, RFBs, and SSBs must address distinct
physicochemical mechanisms while confronting common challenges in
multiscale integration and experimental validation (Table 9).

In RFBs, the non-selective permeability of separators leads to active-
species crossover and capacity decay, driving the development of
models that link transport phenomena to electrochemical kinetics. Clas-
sical porous electrode theory, combined with the Nernst–Planck equa-
tion, describes ionic transport across separators, while the
Marcus–Hush–Chidsey (MHC) kinetics simulate interfacial reaction
dynamics.[275] Two-dimensional transient models further integrate

electrolyte flow fields and pressure distributions to quantify the rela-
tionship between capacity utilization and Damköhler numbers, offering
a framework for optimizing separator selectivity.[275] Complementary
in situ spectroscopic techniques, such separation efficiency with cost
remains a critical challenge due to the inherent trade-off between selec-
tivity and membrane permeability.

For LIBs, separator modeling focuses on reconciling ionic conductiv-
ity, mechanical stability, and thermal safety. Finite element analysis
(FEA) simulates stress distributions to predict mechanical failure thresh-
olds under puncture or compression scenarios.[116] Porous medium
models coupled with computational fluid dynamics (CFD) link effective
ionic conductivity (σeff = ε=τ � σ) to microstructural parameters like
porosity (ε) and tortuosity (τ), enabling pore-structure optimization.[8]

Molecular dynamics (MD) simulations further reveal polymer chain
degradation mechanisms in polyethylene or polypropylene separators at
elevated temperatures, informing thermal runaway mitigation
strategies.[276] However, achieving synergy between high porosity
(favoring ion transport) and mechanical robustness (preventing short
circuits) remains a persistent challenge.

SSB separators demand modeling strategies to address interfacial
impedance and dendrite suppression. Multiscale simulations integrate
3D microstructure reconstructions with macroscopic electrochemical
models to predict ion transport pathways and mechanical strength in
solid electrolytes (SEs).[277] Phase-field modeling elucidates lithium
dendrite growth dynamics and their interaction with SEs, guiding
thickness optimization (<5 μm) and material stability enhancements
(e.g., garnet-type LLZO).[278] Additionally, machine learning-assisted
design identifies polymer binders and carbon additives that improve
cathode composite conductivity and mechanical flexibility.[278] How-
ever, interfacial side reactions between SEs and electrodes, along with
degradation under operational thermal stress, pose unresolved hurdles.

Cross-battery modeling integration strategies increasingly leverage
multiphysics coupling and data-driven approaches. Tools like COMSOL
Multiphysics unify electrochemical, thermal, and fluid dynamic mod-
ules to simulate separator behaviors across systems, with RFB flow-
reaction models adaptable to SSB solid-state transport.[116,279] Material
property databases (e.g., porosity, ionic conductivity, thermal expan-
sion coefficients) enable rapid parameter optimization across
chemistries.[277,280] Neural networks trained on experimental
datasets[275,278,281] predict separator performance metrics (e.g., cross-
over rates, thermal stability) to reduce empirical trial-and-error. Stan-
dardized protocols for electrochemical impedance spectroscopy (EIS)
and pressure testing further ensure model validity and cross-
comparability.[116,276]

These advancements highlight the necessity of closed-loop modeling
frameworks that bridge atomic-scale mechanisms, such as ion transport
and dendrite growth, with macro-scale performance optimization,
while addressing interdisciplinary barriers in battery system design.

4.5. Scalable Manufacturing and Lifecycle Sustainability

The advancement of sustainable battery separators, critical for next-
generation energy storage systems, hinges on resolving dual challenges:
adopting environmentally benign synthesis methodologies and estab-
lishing circular end-of-life material recovery systems. Traditional fabri-
cation routes for ion-conducting materials, such as polymer
electrolytes, metal–organic frameworks (MOFs), and covalent organic
frameworks (COFs), rely heavily on toxic solvents like N-methyl-2-
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pyrrolidone (NMP) and petroleum-derived monomers, generating haz-
ardous waste and significant carbon emissions.[282,283] For instance,
solution-based synthesis of sulfonated polymers involves carcinogenic
solvents and produces persistent organic byproducts, while the thermal
instability of MOFs complicates metal–ligand bond recycling.[283] In
response, emerging solvent-free techniques like melt polycondensation,
electrospinning, and microwave-assisted synthesis offer promising
alternatives. Melt-condensed polylactic acid (PLA) electrolytes derived
from bio-sourced lactide demonstrate an 80% reduction in hazardous
waste compared to solution-based methods, though scalability is lim-
ited by challenges in controlling melt viscosity without compromising
ionic conductivity.[284] Similarly, cellulose acetate sourced from agricul-
tural biomass shows potential as a renewable polymer electrolyte host,
but its rigid structure and low polarity necessitate chemical modifica-
tions (e.g., esterification) to enhance ion solubility, with underlying
mechanisms poorly understood.[285,286]

As illustrated in Table 10, the environmental footprint of these
materials extends beyond synthesis to encompass manufacturing pro-
cesses. Dry routes (e.g., melt-extrusion) eliminate solvent hazards but
demand extreme thermal energy (15–20 kWh kg�1) for polymer pro-
cessing, contributing to high carbon footprints.[285] Wet processes like
phase-inversion casting, while enabling precise pore control (23–66%
porosity in P(VDF-TrFE-CFE) membranes), rely on toxic solvents like
NMP and generate wastewater (10–20 L kg�1 separator), necessitating
energy-intensive recovery systems.[282,283] Phase-transition methods
(e.g., thermally induced phase separation) balance pore tunability and
reduced solvents but suffer from inconsistent morphologies and ther-
mal inefficiencies.[282] Emerging techniques such as electrospun lignin
separators, as well as papermaking-based cellulose composites circum-
vent toxic solvents and enable biomass feedstocks, yet industrial scal-
ability remains elusive due to undefined metrics for water/energy
consumption and lifecycle costs.[286,287,289] For example, while lignin-
based electrospun membranes exhibit thermal stability advantages,[287]

their high-voltage production energy inputs and cellulose dispersion
water footprints remain undocumented.[286,289]

Equally pressing is the need for end-of-life strategies aligned with
circular economy principles. Current systems lack pathways to recover
value from degraded materials, leading to landfill accumulation.
Chemical recycling methods like PFSA membrane hydrolysis recover
fluorinated monomers but require energy-intensive conditions incom-
patible with industrial scalability.[283] MOF/COF recovery faces addi-
tional hurdles: acid leaching or thermal calcination extracts metals like
Zr4+ but degrades organic ligands, reducing reusability.[283] Innova-
tions in selective degradation pathways, such as enzymatic cleavage
for bio-based MOFs, are essential to overcome these limitations.[283]

Bridging these gaps demands a systems-level approach integrating
process engineering, material science, and lifecycle analysis. Standard-
ized metrics for water/energy consumption and solvent recovery effi-
ciencies are urgently needed to enable quantitative sustainability
comparisons.[285,293] Ultimately, translating qualitative “green” claims
into actionable roadmaps will require interdisciplinary collaboration
to harmonize technical feasibility with ecological responsibility.

5. Conclusions and Outlooks

This review highlights the pivotal role of membrane separators in
advancing electrochemical energy storage systems, including redox flow
batteries (RFBs), lithium-ion batteries (LIBs), and solid-state batteries. By
governing ion transport kinetics, suppressing parasitic reactions, and
ensuring mechanical stability, separators directly influence energy effi-
ciency, cycling durability, and operational safety. Despite diverse chemis-
tries and operating principles, these systems share common design
paradigms: achieving fast and selective ion conduction, mitigating con-
centration polarization, and balancingmechanical robustness with chem-
ical compatibility. Addressing these challenges demands a paradigm shift
in materials engineering, particularly through the development of micro-
porous architectures that integrate multifunctional properties.

Emerging microporous materials defined by subnanometer pore
channels, tailorable surface chemistries, and hierarchical architectures

Table 9. Modeling focus and computational methods for battery separators in lithium-ion, redox flow, solid-state, and cross-battery systems.

Battery type Modeling focus Methods

RFBs Quantify active-species crossover and capacity decay Nernst-Planck equation (ion transport) +Marcus-Hush-Chidsey kinetics (interfacial

reactions)

Optimize flow field and capacity utilization 2D transient model (coupled flow-pressure distribution; Damköhler numbera) analysis)

LIBs Predict mechanical failure under stress Finite element analysis (FEA) for stress distribution in separators

Optimize porous structure for ion transport Porous media CFD with effective ionic conductivityb) (σeff= ε/τ � σ)
Simulate thermal degradation of polymers Molecular dynamics (MD) with ReaxFF force field (polymer chain scission at high

temperatures)

SSBs Suppress Li-dendrite growth in solid electrolytes Phase-field modelc) (Li-dendrite-stress interaction in SE; <111> crystallographic growth)

Predict 3D ion pathways and mechanical strength Multiscale FEM (3D FIB-SEM reconstruction of SE microstructure)

Design stable cathode-electrolyte interfaces Machine learning (ML) for binder-additive screening (bond energy prediction)

Cross-battery Unified multiphysics simulation COMSOL Multiphysics (electrochemical-thermal-fluid coupling; SEI growth modeling)

Rapid performance prediction Neural networks (NN) trained on experimental datasets (crossover rates, ionic

conductivity)

FEM, finite element method.
a)

Damköhler number= reaction rate/mass transfer rate.
b)

σeff= ε (porosity)/τ (tortuosity)�σ (bulk conductivity).
c)

Phase-field model includes lattice strain energy and electrochemical potential coupling.
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offer unprecedented opportunities to decouple ionic conductivity from
selectivity. Their ability to combine size-exclusion sieving with tunable
electrostatic interactions positions them as a transformative platform for
next-generation separators. However, critical gaps persist: conductivity-
selectivity trade-offs often arise due to competing requirements, while
scalability barriers hinder the fabrication of defect-free membranes from
brittle frameworks like MOFs or COFs. Additionally, dynamic stability
remains a concern, particularly under harsh electrochemical conditions
or prolonged cycling.

To bridge these gaps, future research must adopt a multiscale design
philosophy. First and foremost, hierarchical pore engineering—inte-
grating interconnected subnanometer channels with mesoporous scaf-
folds—could harmonize rapid ion transport and molecular-level
selectivity. Simultaneously, surface functionalization with charged or
polar groups may enable dual-mode separation, leveraging both size-
exclusion and Donnan-exclusion mechanisms without compromising
electrolyte compatibility. Furthermore, controlled lattice or interfacial
defects within microporous frameworks could serve as low-energy
pathways for ion migration, enhancing conductivity while maintaining
structural integrity.

Advancements in manufacturing will also be critical. Solvent-free or
additive fabrication methods could enable large-scale production of uni-
form, defect-free microporous films, while hybridizing microporous
fillers with flexible polymer matrices might resolve mechanical fragility
without sacrificing conductivity. Equally vital is the integration of in
situ characterization and computational modeling to unravel ion

transport dynamics and degradation mechanisms under realistic condi-
tions. For instance, operando X-ray tomography and solid-state NMR
could reveal real-time ion distribution, while machine learning tools
may accelerate the discovery of materials with optimized pore geome-
tries and surface chemistries.

Finally, application-specific optimization must guide material devel-
opment. Tailoring separators for niche scenarios—such as aqueous
RFBs requiring acid/base stability, Li-metal anodes demanding dendrite
suppression, or flexible electronics needing mechanical stretchability—
will ensure practical relevance. The successful implementation of micro-
porous separators hinges on interdisciplinary collaboration spanning
materials science, electrochemistry, and process engineering. By addres-
sing scalability, stability, and functional integration, these materials
could redefine the performance boundaries of energy storage systems,
enabling high-density, long-lifetime, and inherently safe batteries for
grid-scale renewables and electrified transportation.

In summary, the paper emphasizes that a deeper understanding of
the structure–property–function relationships of membrane separators
is crucial for guiding the development of advanced materials. Future
efforts must focus on innovative design strategies to overcome existing
limitations and unlock the full potential of these materials for next-
generation battery technologies.
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Table 10. Comparative table of separator manufacturing methods: environmental footprint and techno-economic metrics.

Metric Dry process Wet process (Phase-
inversion)

Phase-transition methods
(TIPS/SIPS)

Emerging methods
(Electrospinning)

Ref

Resource consumption High thermal energy (15–20
kWh kg�1) due to polymer

melting/fibrillation

Zero solvent use

High organic solvent use

Energy-intensive solvent

recovery (3.8–5.2
kWh kg�1)

Moderate thermal

energy (10–15
kWh kg�1) for phase

separation

Solvent-dependent (e.g.,

water for salt leaching)

Aqueous systems (e.g., lignin/

PVA) avoid organic solvents

Dry electrospinning avoids

solvents but requires high-

voltage energy inputs

[285–288]

Environmental impact Low liquid waste but high

CO2 emissions from energy-

intensive drying

No solvent pollution

Severe aquatic toxicity

from solvents

Hazardous waste

generation (e.g., LiPF6
hydrolysis byproducts)

Reduced solvent risks

versus wet processes

Thermal pollution from

phase-separation heat

sources

Reduced VOCs and solvent

risks

Biomass feedstocks (e.g.,

cellulose) lower fossil carbon

footprint

[282,283,287,289,290]

Technical advantages Simplified process flow (no

solvent recovery)

High throughput for

electrode-compatible

materials

Precise pore control

Established scalability for

commercial separators

Tunable pore structures

via temperature/

precipitant control

Improved mechanical

strength in some systems

Nanofiber mats enable high

ionic conductivity

Papermaking yields thermal-

shutdown separators

[282,286,288,291]

Economic costs High capital costs for

specialized extrusion/drying

equipment

Limited cost reduction

potential

Dominant market share

due to low material

costs

High operational costs

for solvent recycling and

waste treatment

Moderate costs for

thermal systems

Salt-leaching methods

cheaper but less scalable

Low material costs for

biomass-based separators

Scalability barriers (e.g., very

low electrospinning

throughput)

[283,285,292]

Sustainability potential Reduced solvent risks but

energy-intensive

Shortcomings in circular

economy integration

High environmental

liabilities

Regulatory pressures to

replace NMP with

greener solvents

Improved safety profiles

(e.g., ceramic-filled

separators)

Challenges in recycling

phase-separated

polymers

High theoretical

sustainability (water-based,

biodegradable polymers)

Lack of LCA data for

commercial-scale production

[286,287,289,293,294]

TIPS/SIPS, temperature-induced phase separation/solvent-induced phase separation.
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C. M. Costa, J. Colloid Interface Sci. 2025, 680, 714.

[289] Y. Wang, X. Zhang, X. Lang, Z. Li, C. Zhang, X. Feng, C. Shi, Chem. Eng.
J. 2025, 508, 160824.

[290] Y. Li, J. Long, Y. Liang, J. Hu, ACS Appl. Polym. Mater. 2023, 5, 5305.
[291] S. Luiso, M. J. Petrecca, A. H. Williams, J. Christopher, O. D. Velev,

B. Pourdeyhimi, P. S. Fedkiw, ACS Appl. Polym. Mater. 2022, 4,
3676.

[292] W. Lu, Z. Yuan, Y. Zhao, H. Zhang, H. Zhang, X. Li, Chem. Soc. Rev.
2017, 46, 2199.

[293] D. V. C. K. L. Passerini, Separator for an electrochemical device and
method for the production thereof. 2015.

[294] Q. Zhang, K. Liu, F. Ding, X. Liu, Nano Res 2017, 10, 4139.

Energy Environ. Mater. 2026, 0, e70192 36 of 36 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.70192 by Sw
ansea U

niversity Inform
ation, W

iley O
nline L

ibrary on [14/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Membrane Engineering for Battery Systems: Bridging Design Principles and Frontier Applications
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1. Overview
	1.1. Electrochemical Energy Storage
	1.2. Membrane Separators in RFBs, LIBs, and SSBs
	1.2.1. RFBs
	1.2.2. LIBs and SSBs
	 Functional porous separators (Figure 4)
	 Solid electrolytes

	1.2.3. Cutting-Edge Mircroporous Materials for Battery Separators


	2. Design Principles and Performance Metrics of Membrane Separation
	2.1. Fundamental Knowledge about Electrochemical Process in Battery Systems
	2.1.1. Overpotentials in Redox Flow Batteries
	 Ohmic overpotential (Vohmic)
	 Surface overpotential (Vη)
	 Concentration overpotential

	2.1.2. Battery Voltage and Roles of Separator

	2.2. Understanding the Basis of Ion Conduction in Separator for Battery Systems
	2.2.1. Ionic Conduction in Solid Polymer Electrolyte (SPE)
	2.2.2. Ionic Conduction in Solid Inorganic Electrolytes (SIE)
	2.2.3. Ionic Conduction in Composite Electrolyte Separator
	2.2.4. Ionic Conductivity in RBFs
	2.2.5. Ionic Conductivity in LIBs
	2.2.6. Ionic Conductivity in SSEs

	2.3. Pathways to Achieve Selectivity
	2.3.1. Fundamental Selectivity Mechanisms
	2.3.2. Separator Selectivity Design Strategies
	2.3.3. Selectivity in Battery Systems
	 LIB separator
	 Selectivity in RFB separator


	2.4. Failure Mechanisms in Separation
	2.4.1. Root Causes of Low Transference Numbers
	 Inadequate anion immobilization and redox-species cross-contamination
	 Electrolyte leakage from defective pore structures

	2.4.2. Dendrite Growth and Mechanical Stability
	 Inhomogeneous Li+ deposition: SEI film formation dynamics
	 Membrane elastic modulus: critical threshold for dendrite suppression
	 Separator swelling: dendrite initiation through topographical transformation and testing limitations



	3. Engineering Applications of Separators in Energy Storage Systems
	3.1. Separators in Redox Flow Batteries
	3.1.1. Anion-Exchange Membrane in Redox Flow Batteries
	3.1.2. Cation-Exchange Membrane in Redox Flow Batteries
	3.1.3. Other IEMs in Redox Flow Batteries

	3.2. Separators in Lithium-Ion Batteries
	3.3. Separators in Solid-State Batteries

	4. Scientific Challenges
	4.1. Separators for RFB Applications
	4.2. Separators for LIBs and SSBs
	4.3. Recent Progress in Separator Design Strategies for Lithium Dendrite Suppression
	4.3.1. Electric/Ionic Field Regulation
	4.3.2. Alloying Reaction-Based Suppression
	4.3.3. Ion Transport Regulation
	4.3.4. Physical Barrier Approaches
	4.3.5. Ferroelectric Effects

	4.4. Modeling Strategies for Separators in Lithium-Ion, Redox Flow, and Solid-State Batteries
	4.5. Scalable Manufacturing and Lifecycle Sustainability

	5. Conclusions and Outlooks
	 Conflict of Interest
	 Data Availability Statement


