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there have been tremendous efforts to 
improve their performance, safety, cost-
effectiveness, and sustainability.[1] In the 
last four decades, dedicated research in 
material science toward developing elec-
trodes, separators, electrolytes, current 
collectors, packaging materials, etc., have 
significantly contributed to the advance-
ment of LIB technology.[2] Indeed, the pro-
gress in cell engineering and processing 
conditions has aided the evolution of 
high energy density LIBs (energy density 
>250 Wh kg−1), leading to their widespread 
application spanning from electronic 
devices to electric vehicles and stationary/
grid energy storage.[1] Considering the con-
tributions that led to the invention of LIB 
technology, John B. Goodenough, Stanley 
Whittingham, and Akira Yoshino received 
the Chemistry Nobel Prize in 2019.[3] 
Despite their huge success, research and 
development on LIBs and allied battery 
technologies are still a hot topic in both 
academia and industry offering opportu-
nities for breakthrough innovations and 
discoveries.

Figure 1a presents a schematic illustration of the state-of-the-
art LIB and its main components. Liquid electrolytes based on 
organic solvents and lithium salts are the primary choice as elec-
trolytes in LIBs due to their high ionic conductivity and good 

Polymer composite electrolytes (PCEs), i.e., materials combining the disci-
plines of polymer chemistry, inorganic chemistry, and electrochemistry, have 
received tremendous attention within academia and industry for lithium-
based battery applications. While PCEs often comprise 3D micro- or nano-
particles, this review thoroughly summarizes the prospects of 2D layered 
inorganic, organic, and hybrid nanomaterials as active (ion conductive) or 
passive (nonion conductive) fillers in PCEs. The synthetic inorganic nano-
fillers covered here include graphene oxide, boron nitride, transition metal 
chalcogenides, phosphorene, and MXenes. Furthermore, the use of naturally 
occurring 2D layered clay minerals, such as layered double hydroxides and 
silicates, in PCEs is also thoroughly detailed considering their impact on 
battery cell performance. Despite the dominance of 2D layered inorganic 
materials, their organic and hybrid counterparts, such as 2D covalent organic 
frameworks and 2D metal–organic frameworks are also identified as tune-
able nanofillers for use in PCE. Hence, this review gives an overview of the 
plethora of options available for the selective development of both the 2D 
layered nanofillers and resulting PCEs, which can revolutionize the field of 
polymer-based solid-state electrolytes and their implementation in lithium 
and post-lithium batteries.
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1. Introduction

Since the inception of lithium-ion batteries (LIBs) in the early 
1980s and their subsequent commercialization by Sony in 1991, 
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wettability of the porous electrodes.[4] However, flammability, a 
narrow operating temperature range, the chance of leakage, con-
tinuous decomposition leading to battery aging, and harmfulness 
of organic solvents often make the reliance on liquid electrolytes 
unsafe and less sustainable.[5] The quest for packing more energy 
per unit metric (high energy density) led to the resurgence of 
once discarded lithium–metal batteries (LMBs, Figure  1b).[6] 
The use of organic liquid electrolytes in LMBs often fail to pre-
vent the growth of dendrites and formation of high surface area 
lithium (HSAL) over the Li metal anode surface during repeated 
charge–discharge cycles, resulting in cell failure and potential fire 
hazards.[7] There is a comprehensive agreement that a (partial) 
transition from liquid electrolytes to solid-state electrolytes (SSEs) 
would significantly increase the safety of batteries, in particular, 
LMBs due to the presence of metallic Li anode. In this context, 
polymer electrolytes (PEs) are strong contenders for producing 
solid-state LMBs (polymer electrolyte-based LMB, Figure 1b) 
due to their ease of processability, better mechanical properties 
(toughness and flexibility), lower cost of production, and the use 

of lower concentration of lithium compared to inorganic solid-
state electrolytes (ISEs).[5,8,9]

The dawn of research interest in PEs started with the dis-
covery of ionic conductivity in semicrystalline poly(ethylene 
oxide) (PEO) doped with various alkali-metal (Li, Na, K) ions 
by Wright et al. in the early 1970s.[10] In these classical (solvent-
free) dry polymer electrolytes (DPEs), salt dissolution occurs 
due to the Lewis acid–base interactions between the ions and 
the coordinating (hetero) atoms in the polymer, e.g., oxygen 
atoms of ethylene oxide (-EO-) in PEO. Armand et  al., in the 
early 1980s, discovered that the amorphous phase within a 
polymer matrix significantly facilitates ion conduction in 
DPEs, thereby highlighting the connection between polymer 
segmental motion and ionic transport.[11] In this regard, a lower 
glass transition temperature (Tg) of the polymer host indicates 
a high segmental motion of the polymer chains often favoring 
ionic transfer between coordination sites, thus enhancing ion 
mobility in the DPE.[12] Figure 2a illustrates the segmental 
motion of the PEO chains that assists in ion transport and 

Figure 1.  Schematic representation of state-of-the-art a) LIB and b) LMB configurations using liquid electrolyte and polymer electrolyte (PE), respec-
tively. Image courtesy Andre Bar.
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related energetics using a free volume model (Figure 2b–d).[13] 
Modifications made in the polymer host chemistry or its archi-
tecture (e.g., cross-links, branches, etc.) can influence the 
percentage of crystalline and amorphous regions in the PE, 
polymer chain segmental motion, mobility, and flexibility.[14] 
However, bringing the ionic conductivity of DPEs close to 
liquid electrolytes is challenging. Therefore, gel polymer elec-
trolytes (GPEs), having polymeric and liquid components, have 
gained significant attention from the battery community.[1a,2a] 
While compromising safety, considerable benefits in terms 
of improved ionic mobility can be achieved by using GPEs. 
The polymers used in GPEs can be either intrinsically  
ionic conductors or inert polymers, however, they should be 
capable of retaining the liquid components. Typical GPEs have 
three essential constituents: salt, liquid solvent/plasticizer, and 
a polymer host. Most often, the primary role of a polymer host 
in such GPEs is to retain the liquid solvent/plasticizer to avoid 
the intricacies of leakage, hence, provide solid-like operability 
and performance. Indeed, in such systems, the ion conduction 
majorly occurs through the liquid phase (solvent/plasticizer) 
rather than the polymer chain segmental motion.

Apart from high ionic conductivity, PEs in general must 
possess features such as i) high Li+ transference number (tLi

+), 
ii) good interfacial and interphasial stability/compatibility 
with the electrode materials, iii) high thermal, chemical, and  

electrochemical stability, and iv) low cost and facile 
fabrication.[1a,15] Pre-addition of task-specific soluble organic 
and inorganic additives (e.g., LiBF4 LiBOB, LiFSI, etc.) is one 
of the approaches to tailor the electrochemical and thermal 
properties of PEs For instance, PEs containing artificial SEI 
and cathode electrolyte interphase[16] forming organic addi-
tives, such as vinylene carbonate, can provide improved inter-
phasial stability in both LIBs and LMBs.[17] Similarly, PEs 
with multisalt chemistry (main salt and co-salts) in which 
the replace all cosalt with co-salt is at a relatively lower con-
centration compared to the main salt, intended to modify the 
SEI and several other electrochemical properties, has also 
received significant attention in the recent years.[18] Besides, 
for improving the tLi

+ value of PEs, incorporation of anion-
trapping agents such as boron-based Lewis acids have also 
been successfully employed.[19] Additionally, to increase the 
nonflammable nature of GPEs and DPEs, organophosphorus 
compounds as flame-retardants and thermal stability boosters 
have also been widely applied.[20] Thus, it is important to high-
light that there have been attempts to enhance properties of 
PEs by the so called “soluble additive chemistry” approach 
for the overall enhancement of physical, chemical, and elec-
trochemical properties. However, a comprehensive study of 
evaluating the impact of soluble additives in PEs has not been 
investigated consistently unlike the liquid electrolytes. Hence, 
a knowledge gap still exists in this direction summarizing 
which type of additive suits for what type of PE, demanding 
further research.

Although soluble and low-molecular-weight (Mw), the use 
of molecular additives constitute one essential route for the 
realization of improved PEs. The alternative strategy of incor-
porating electronically insulating, insoluble, and nanosized 
solid-state organic, inorganic, and organic–inorganic hybrid 
materials (also known as nanofillers) as additives have been 
well explored for several decades.[21] Recent years have seen 
much of a renewed interest in this electrolyte category, gener-
ally referred as polymer composite electrolytes (PCEs).[22] The 
term polymer nanocomposite electrolytes (PNCEs) is also often 
used in the literature instead of PCEs to emphasize the use of 
nanosized fillers. According to IUPAC recommendation,[47] a 
multicomponent material comprising multiple different (nongas-
eous) phase domains in which at least one type of phase domain is 
a continuous phase is called a composite. Similarly, IUPAC also 
defines a polymer composite as a composite in which at least one 
component is a polymer.[47] Hence, polymer composites capable 
of exhibiting ionic conductivity (inherent ion conduction or ion 
conduction achieved by postprocessing such as activation by a 
liquid electrolyte), functional as separators/electrolytes in elec-
trochemical devices are often called PCEs.

The most intriguing property of a PCE is the possible syn-
ergetic contribution of the individual components, resulting 
in properties that are not achievable with either component 
alone. The research interest in PCEs started parallel to the 
PE research in the early 1980s, where the first report from 
Weston and Steele explained the effect of α-alumina (α-Al2O3) 
in PEO-based DPE (PEO-LiClO4) in enhancing the high-tem-
perature performance.[23] Further research interest took off in 
the 1990s with pioneering efforts by the groups of Scrosati and 
Wieczorek.[22b,24] Unlike task-specific soluble additives that are 

Figure 2.  a) Illustration of Li+-ion conduction in DPEs through the seg-
mental motion of PEO chains assisted by cation coordinating oxygen 
atoms (top). b–d) Free-volume model: the detailed energy profile dia-
gram associated with the significant stages of Li+-ion transport in DPEs. 
Reproduced under the terms of the CC BY-NC 3.0 license.[13] Copyright 
2019, The authors, published by Royal Society of Chemistry.

Adv. Energy Mater. 2023, 13, 2203326

 16146840, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203326 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [26/06/2023]. 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



www.advenergymat.dewww.advancedsciencenews.com

2203326  (4 of 46) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

primarily capable of tuning the chemical and electrochemical 
properties of PEs, solid-state nanofillers can also modify their 
microscopic and macroscopic physical properties. For example, 
the presence of solid-state nanofillers reinforces GPEs and 
helps to improve their mechanical stability. Besides, nano-
fillers in optimum amounts can enhance ionic conductivity, tLi

+ 
value, thermal stability and amorphous character of PEs, and 
often alter the main ionic transport mechanisms. Moreover, the 
reports show that nanofillers can lower the Tg value of DPEs, 
indicating their plasticizing effect.[25] Thereby, it is important 
to note that solid-state nanofillers can act as a form of solid-
state plasticizers, hence altering the physical characteristics of a 
polymer matrix and the resulting PCE.

Solid-state nanofillers that do not exhibit any inherent Li+-
ion conduction properties are called passive or inert fillers. In 
such PCEs where inert nanofillers are used the ionic transport 
is strictly dependent on the dissolved salt (the ion source).[29] 
Inorganic metal oxide nanoparticles (e.g., Al2O3, ZnO, TiO2, 
MgO, CeO2, etc.) and several organic materials (e.g., cellulose 
nanoparticles) are standard passive (= not ion conductive) filler 
components in PCEs.[30] Inherent Li+-ion conducting solid-
state nanofillers, called “active fillers,” are common nowadays 
in PCEs.[31] These active fillers are based on ISE materials, 
such as Li+-ion-containing garnets, sulfides, nitrides, and so 
forth.[32] PCEs with active fillers (generally with Li-salt and low 
to medium ISE loading) are often called hybrid polymer electro-
lytes (HPEs). In such HPEs, ionic conduction occurs through 
both the polymer and inorganic matrices. There is another 
variation of HPE system in which the polymer is mixed with 
low to very high loading of ISE particles (without any Li-salt) 
where the polymer functions as a binder holding the particles 
together. In such HPEs with ISEs (rather a PCE), the polymer 

imparts easy processability, flexibility, thin fabrication possibili-
ties, etc. In these HPE/PCE systems, the polymer acts either 
passive or active for ion conduction but in any case, the Li+-
ion transport by the active ISE filler dominates. Therefore, the 
term hybrid electrolyte is usually used covering all these types 
of PCEs. Consequently, the classification of hybrid electrolytes 
is still not well-defined in the PE community.

In most cases, noncovalent bonding interactions (e.g., 
hydrogen bonding, electrostatic, dipole–dipole, and ion–
dipole interactions, etc.) or Lewis acid–base type interac-
tions between the nanofiller, polymer, lithium salt, and liquid 
solvent or plasticizer (if any) dictate the global ion trans-
port properties and local transport mechanisms in PCEs  
(Figure 3a,c).[9,22b,26,27,33] An enhancement in ionic conductivity 
at the polymer–nanofiller interface regions is frequently sug-
gested as an explanation for the improved ion transport prop-
erties in PCEs.[26,34] These polymer regions in contact with 
the nanofiller often cannot crystallize, which promotes higher 
amorphous character resulting in faster Li+-ion transport. The 
local conformation of polymer segments at these polymer–
nanofiller interfaces can also change, leading to various Li+ 
conducting substructures.[34b] For instance, Figure  3b shows 
such an example where the crystalline PEO undergoes a tran-
sition to an amorphous phase due to chemical bonding inter-
actions between PEO and SiO2 nanofiller. Such bondings also 
proves the possible benefit of strong interactions (covalent/
noncovalent interactions) between nanofillers and polymers 
affecting microstructure and global ion-transport mechanism 
in PCEs.[26] Apart from polymer–nanofiller interactions, the 
nanofiller–salt interactions (enhances salt solubility and dis-
sociation) and, specifically, the nanofiller–anion interactions 
(increases Li+-ion concentration close to the interface majorly 

Figure 3.  a) Illustration of various noncovalent bonding interactions between a nanofiller, polymer, and salt in PCEs. Reproduced with permission.[33c] 
Copyright 2019, Wiley-VCH. b) Illustration of chemical interaction (covalent bonding interaction) between PEO and SiO2 nanofiller facilitating the transi-
tion of crystalline PEO to amorphous phase in a polymer composite/PCE. The physical interaction (mechanical wrapping of SiO2 by amorphous PEO 
chains) is also shown. Reproduced with permission.[26] Copyright 2016, American Chemical Society. c) The Li+–MMT, CO–Li+–MMT, and COLi+ 
complexes formed within a PCE of silicate clay mineral, LiClO4 and, PMMA. Reproduced with permission.[27] Copyright 2014, Elsevier. d) Illustration of 
interactions between the surface groups of nanofiller and lithium salt anions as a function of change in the filler morphology. Reproduced with permis-
sion.[28] Copyright 2016, American Chemical Society.
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due to the immobilization of the anion molecules) are also 
essential. The nanofillers’ size, shape, and morphology along 
with its compatibility with the polymer matrix will ultimately 
influence the physical properties and ion conduction mecha-
nism of the resulting PCEs (Figures 3d and 4a–e).[28,34b,35]

A high aspect ratio of the nanofiller is essential for forming 
an effective polymer–nanofiller interface and, thereby, cre-
ating plenty of fast ion transport pathways in PCEs. For 
instance, low-aspect-ratio nanofillers (e.g., nanospheres, nano-
cubes, etc.) result in short-ranged and isolated polymer–nano-
filler interfaces limiting the ionic conductivity enhancement 
(Figure 4c–e).[34b] The high loading of such nanofillers in PCEs 
aiming at achieving a continuous polymer–nanofiller interface 
can also be a disadvantage due to the tortuosity of the con-
ducting pathways and particle agglomeration. Therefore, high-
aspect-ratio nanowires, nanorods, nanofibers, nanotubes, etc., 
are vital for developing PCEs, since they promote the forma-
tion of extended and continuous polymer–nanofiller interfaces 
leading to fast and well-connected ion transport pathways even 
at moderate loading. In this context, 2D layered nanomate-
rials constitute a class of high-aspect-ratio materials already 
widely explored for various interdisciplinary applications within 
physics, chemistry, biology, and engineering.[36] They are sheet-
like materials with an average thickness of a few nanometers 
and a lateral size ranging from hundreds of nanometers to a 
few micrometers.[37] Due to their high aspect ratio and many 
atoms exposed at the surface, they can induce unique inter-
actions with the polymer host, hence contribute to excellent 

polymer–nanofiller interfaces and improved physicochemical 
properties.

This review focuses on the application and impact of 2D 
layered nanomaterial fillers in PCEs for lithium batteries 
(LBs). In the context of PCEs, the 2D layered nanofillers cov-
ered in this review include i) inorganic (synthetic and natu-
rally occurring), ii) organic–inorganic hybrid, and iii) organic 
materials (Figure 5). The synthetic inorganic 2D layered 
nanofillers discussed here include graphene oxide (GO), hex-
agonal boron nitride (h-BN), transition metal chalcogenides 
and oxides, MXenes, and phosphorene. The naturally occur-
ring inorganic 2D layered clay minerals (2D silicates and 
layered double hydroxides (LDHs)) are discussed in a sepa-
rate section. Besides, a general discussion on the scope of 
using 2D metal–organic frameworks (2D-MOFs) appears in 
the section dedicated to organic–inorganic hybrid nanofillers 
for PCEs. Recently, 2D layered organic materials have also 
started to emerge, where one of the leading contenders is 
2D covalent organic frameworks (2D COFs). Considering the 
potential of COFs as active and passive components in PCEs, 
one of the sections of this review provides an overview of 2D 
COFs in the futuristic polymer organic composite electro-
lytes (POCEs). While discussing key literature reports, this 
review article also emphasizes the electrochemical proper-
ties of the PCEs and related LB cells. The final section of 
the review summarizes the landscape of PCEs based on 2D 
layered nanomaterials followed by a brief outlook on their 
prospects.

Figure 4.  Schematic illustration of ion conduction pathways in PCEs with a) agglomerated LLTO nanofillers and b) 3D continuous LLTO nanofiller, 
c) low-aspect-ratio nanoparticle fillers, and d) high-aspect-ratio nanowire-shaped fillers. e) Polymer–filler interface and ion transport pathways in a PCE 
consisting of densely packed, vertically aligned, and continuous nanofiller–polymer interfaces. (a,b) Reproduced with permission.[35a] Copyright 2018, 
Wiley-VCH. (c–e) Reproduced with permission.[34b] Copyright 2018, American Chemical Society.

Adv. Energy Mater. 2023, 13, 2203326

 16146840, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203326 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [26/06/2023]. 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



www.advenergymat.dewww.advancedsciencenews.com

2203326  (6 of 46) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

2. 2D Layered Nanomaterials: Synthesis, 
Exfoliation, and Intercalation

Layered materials possessing weakly stacked 2D platelets 
forming 3D structures with characteristic features like strong 
in-plane covalent and weak out-of-plane noncovalent bonds 
(e.g., van der Waals interaction) exhibit unique physical and 
chemical properties.[49] 2D layered nanomaterials are derived 
from bulk 3D layered materials by exfoliation (top-down) or pre-
cursors by restricting the growth in 2D (bottom-up) approaches. 
Although a single-layer (monolayer) of a 2D nanosheet is com-
monly ideal, the out-of-plane interactions between individual 
2D nanosheets lead to stacked multiple layers (less than ten), 
often called few-layered 2D nanomaterials.[50] Both single- and 
few-layered 2D nanomaterials are suitable for PCE preparation.

The bottom-up synthesis of single- and few-layered 2D 
nanomaterials is possible using various types of chemical/
physical vapor deposition (CVD/PVD) techniques, wet chem-
ical routes, etc.[51] The basic concept behind the bottom-up 
approach is the construction of 2D layered nanomaterials 
from atomic or molecular precursors by chemical reac-
tions or self-assembly processes. Figure 6a–c summarizes 
the primary methods for bottom-up synthesis of 2D layered 
nanomaterials.[51a–e,g] A detailed explanation of the bottom-up 
synthesis of 2D layered nanomaterials is beyond the scope of 
this review, and readers are referred to other dedicated review 
articles in this respect.[52]

As an alternative to bottom-up approaches, the top-down 
approach of the 2D layered nanomaterial synthesis is equally 
essential.[51c,53] The top-down approach involves exfoliating 
bulk layered structures to 2D counterparts by pure mecha
nical effects (shockwaves, shear and compression effects, 
tensile stress, etc.)[54] or assisted by intercalation from a 
liquid solution. Figure 7 summarizes the common top-down 
approaches for 2D layered nanomaterial synthesis. Perhaps, 
the best example is the scotch-tape method for the mechanical 

exfoliation (micromechanical cleavage) of graphite (bulk 
material) to produce individual graphene layers.[50,55] Similar 
mechanical exfoliations of h-BN, MoS2, etc., are also known.[56] 
Ball-milling (wet or dry), ultrasound-assisted exfoliation, 
etc., are the other top-down exfoliation methods governed by 
mechanical effects.[54]

In the case of intercalation-assisted exfoliation, the interca-
lating species (e.g., solvent molecules, ions, reactive species, 
polymers, surfactants, etc.) present in the solution access the 
interlayer galleries of the bulk layered material to facilitate the 
exfoliation.[49c,59] The intercalant disrupts the physical interac-
tions between the interlayers, leading to the straightforward 
exfoliation of bulk layered materials into nanosheets aided by 
perturbations such as ultrasonic agitation or magnetic stirring. 
For example, solvent molecules that intercalate (swell) into 
the interlayer galleries of the bulk layered double hydroxide 
(LDH) help produce LDH nanosheets (Figure 8a).[44] Indeed, 
the co-intercalation of surfactant molecules and ions often 
improves the exfoliation quality.[49c,60,61,62] Alternatively, chemi-
cally reactive intercalants (e.g., oxidizing and reducing agents) 
in a solution can also facilitate the cleavage of bulk material 
to single- or few-layered 2D nanosheets, known as chemical  
exfoliation.[49a,b,51c,63] One of the most well-known examples of 
an oxidative chemical exfoliation process is the exfoliation of 
graphite to graphene oxide (Figure  8b).[57,64] Another example 
is converting a MAX phase into a MXene phase by hydrofluoric 
acid (HF)-based selective etching of aluminum (Al) from the 
interlayers (Figure  8c,d).[58,65] The exfoliation of layered MoS2 
bulk material by reaction with butyllithium is also frequently 
utilized.[51g,66] Secondary processes, such as mechanical 
agitation or solvent exchange/washing, can also improve the 
efficacy of chemical exfoliation.

A detailed overview of various exfoliation and other 2D lay-
ered nanomaterial fabrication methods is already available in 
the literature.[49b,51c,63a,67] In any case, 100% exfoliation of the 
bulk material into single layers is often not possible. In most 

Figure 5.  Representative structures of the 2D layered nanofillers covered in this review article along with the illustration of the possible interactions 
occurring in the resulting PCE. The illustration regarding the interactions within a PCE is partially inspired by Oreffo et al.[134c] Graphene oxide (GO): 
Reproduced under the terms of the CC BY 4.0 license.[38] Copyright 2018, The authors, published by Springer Nature. Boron nitride (h-BN): Reproduced 
with permission.[39] Copyright 2009, American Physical Society. Transition metal dichalcogenides: Reproduced with permission.[40] Copyright 2011, 
Springer Nature Customer Service Centre GmbH. MXenes: Reproduced with permission.[41] Copyright 2020, American Chemical Society. Phosphorene: 
Reproduced under the terms of the CC BY 3.0 license.[42] Copyright 2014, IOP Publishing Ltd and Deutsche Physikalische Gesellschaft. 2D silicate clays: 
Reproduced with permission.[43] Copyright 2018, Springer International Publishing Switzerland. Layered double hydroxides (LDHs): Reproduced with 
permission.[44] Copyright 2015, American Chemical Society. Metal organic frameworks (2D MOF): Reproduced with permission.[45] Copyright 2021, 
American Chemical Society. Covalent organic frameworks (2D COFs): Reproduced with permission.[46] Copyright 2019, American Chemical Society.
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cases, the 2D layered nanomaterials tend to restack and exist as 
few-layered nanosheets. Laboratory-synthesized and commer-
cially available 2D layered nanomaterials are often a mixture of 
single and few-layered nanosheets, which are also suitable for 
composite preparation through mixing with polymers.

Secondary-intercalation of polymer molecules during 
polymer composite preparation is highly beneficial in 
polymer composites, which can further tweak interactions 
between individual layers of few-layered 2D nanomaterials, 
favoring further exfoliation. The extent of intercalation and 
exfoliation determines the microstructure of a polymer com-
posite. Four different types of microstructures (Figure 9) 

viz., (a) unintercalated (phase-separated/conventional com-
posites), (b) intercalated, (c) fully exfoliated, and (d) a mix of 
partially intercalated and exfoliated structures, are standard 
when using 2D layered nanomaterials for polymer composite 
preparation.[48b]

3. Processing of Polymer Composites and PCEs

Polymer composites capable of exhibiting ionic conductivity 
(inherent ion conduction or ion conduction achieved by post-
processing such as activation by a liquid electrolyte), functional 

Figure 6.  Schematic illustration of bottom-up approaches for the synthesis of 2D materials. a) CVD and b) PVD of 2D layered nanomaterials from 
gaseous precursors; Reproduced under the terms of the CC BY 3.0 license.[51e] Copyright 2020, The authors, published by Royal Society of Chemistry; 
permission conveyed through Copyright Clearance Center, Inc. c) Wet chemical synthesis of 2D layered nanomaterials. Reproduced with permission.[51g] 
Copyright 2017, Wiley-VCH.

Figure 7.  Schematic illustration of top-down approaches for 2D layered nanomaterials fabrication. a) Mechanical exfoliation, b) intercalation-assisted 
exfoliation, and c) chemical exfoliation. This illustration is inspired by Singh et al.[49d]

Adv. Energy Mater. 2023, 13, 2203326
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as separators/electrolytes in electrochemical devices are called 
PCEs. Generally, three methods are widely popular in the pro-
cessing of PCEs: 1) solution-blending, 2) melt-blending, and 
3) in situ polymerization.[9,48] The following part of this sec-
tion emphasizes the processing of PCEs based on 2D layered 
nanomaterials.

3.1. Solution-Blending

Solution-blending is a polymer composite preparation technique 
involving the mixing (blending) of polymer and (2D layered)  
nanofiller in a suitable solvent to form a polymer–nanofiller 
solution/dispersion.[68] Vigorous agitation is essential here to 
ensure proper dispersion of nanofillers in the polymer solu-
tion. Magnetic stirring, shear mixing, ultrasonication, etc., are 
a few examples of standard agitation techniques. The solu-
tion-blending process may be carried out at RT or by applying 
external heat depending on the chemical and physical proper-
ties of the used components. In most instances, the thermo-
dynamic dissolution process of polymer accelerates at elevated 
temperatures.[69]

It is possible to adapt solution blending method to prepare 
different types of PCEs.[48a] This method involves a solvent 
system (or a mixture of solvents) that simultaneously dissolves 

Figure 9.  Microstructures of polymer composites based on 2D layered 
nanomaterials. The illustration is inspired by Chua et al.[48b]

Figure 8.  Examples of intercalation-assisted exfoliation of bulk layered materials into 2D layered nanomaterials. a) Solvent intercalation: LDH 
nanosheets produced from bulk LDH by solvent intercalation. Reproduced with permission.[44] Copyright 2015, American Chemical Society. Oxidative 
chemical exfoliation: b) chemical exfoliation of graphite into graphene oxide by a modified Hummers’ method. Reproduced under the terms of the CC 
BY 4.0 license.[57] Copyright 2016, The authors, published by Springer Nature. c,d) Exfoliation of MAX into MXene layers by the selective etching of Al 
in the MAX phase by HF treatment. Reproduced with permission.[58] Copyright 2020, Springer Nature.

Adv. Energy Mater. 2023, 13, 2203326
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the polymer and salt, and disperses the nanofiller (including 
2D layered nanofillers). The polymer–nanofiller–salt slurry can 
be cast on a flat surface, followed by complete evaporation of 
the solvent to render a dry PCE (d-PCE) (the term d-PCE refers 
to PCEs that are free of any solvent or liquid plasticizer).[70] 
During the d-PCE preparation by solution-blending method, it 
is essential to confirm the complete evaporation of the solvent. 
Otherwise, the residual solvent may also contribute to the ionic 
conductivity or affect the electrochemical performance if the 
used solvent is incompatible with the battery components. It is 
also possible to intentionally add battery-compatible solvents or 
liquid plasticizers during the solution-bending process, which 
may aid the PCE processing, and, later, facilitates ionic conduc-
tion after the PCE film formation. Such PCEs with an inten-
tionally added battery-compatible liquid plasticizer or a solvent 
can be called gel PCE (g-PCE). It is important to note that the 
terms d-PCE and g-PCE are not commonly used terminologies 
in the PCE literature. Still, we use these two terms throughout 
this review article to help the readers distinguish between PCEs 
with and without liquid components. Another method of g-PCE 
preparation involves the use of solution-blending approach 
for preparing a dry polymer composite film and activating the 
same in a liquid electrolyte. During this step, the otherwise 
insulating polymer composite film swells in the liquid electro-
lyte, leading to a semisolid g-PCE. Figure 10a shows a flowchart 
representing the general d-PCE processing (assume that the 
organic solvent evaporation is complete) steps by the solution-
blending method,[31] and Figure 10b emphasizes the formation 
of d-PCE specifically using 2D layered nanomaterials.[9]

The solution-blending technique is simple but has the dis-
advantage of potential solvent wastage. An advantage is that 

the solution-blending allows an efficient nanofiller-dispersion 
irrespective of the polymer polarity.[68b] However, it is essential 
to consider the compatibility between the solvent and polymer/
nanofiller to avoid undesirable chemical reactions, and in the 
case of g-PCE, the absorbed solvents/plasticizer should be 
retained.

3.2. Melt-Blending

Melt-blending is a solvent-free process used for polymer com-
posite preparation, also called melt-processing.[48a,69] This tech-
nique is helpful in the industrial production of various types 
of polymer composites (Figure 11a).[31] It involves intermixing  
of nanofillers (including 2D layered) and polymers at a tem-
perature above the softening point of the polymer, mostly 
under inert gas flux. Usually, the polymer is heated above  
its melting point (molten state), and then the nanofillers are 
introduced under mechanical mixing. In some cases, the dry 
polymer and nanofiller mixture is heated until the polymer is 
melted under a shear mixing force. The shear mixing allows 
the nanofiller to get effectively distributed in the molten 
polymer resulting in polymer composites with enhanced 
mechanical stability when cooled to RT. Industrial processes 
such as extrusion and injection molding, used in the commer-
cial fabrication of thermoplastic and elastomer material, are 
compatible with melt-blending for incorporating nanofiller 
into the polymer melt. The hence-formed polymer–nanofiller 
melt can be subjected to secondary processes such as molding 
and casting to produce various shapes, including films. If 
the melting point of the polymer is too high, then low-Mw 

Figure 10.  a) Illustration of a typical solution-blending method for d-PCE preparation. Reproduced under the terms of the CC BY 4.0 license.[31] Copyright 
2021, The authors, published by Springer Nature. b) Solution-blending method for d-PCE preparation based on 2D layered nanomaterial. Reproduced 
with permission.[9] Copyright 2021, The authors, published by Royal Society of Chemistry.
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polymer alternatives could be used to avoid unwanted thermal 
decomposition of nanofillers or other additives; however, such 
an effort may lead to poor mechanical stability of the resulting 
PCE.

Secondary polymer intercalation into 2D layered nanofillers 
is possible during the melt-blending process. This phenom-
enon is often called melt intercalation, which is a solvent-free 
intercalation process.[72] Figure  11b depicts the melt intercala-
tion of polymers into layered silicates.[48a,71] The melt-blending 
process needs to be carefully designed since many lithium salts 

(e.g., LiPF6, LiBF4, etc.) decompose close to the melting tem-
perature of the employed polymers melt. Besides, it is essen-
tial to ensure that the polymer melt dissolves the salt without 
precipitation, since the efficiency of solvent-assisted salt disso-
lution is absent in the melt-blending process unlike solution-
blending. Therefore, the melt-blending process that involves 
pressing polymer–nanofiller–salt mixture under high tempera-
ture and pressure is often employed in preparing d-PCE films 
(Figure 12a). “Thermocompression” or “hot-pressing” is com-
monly used to address the above method of melt-blending.[31]

Figure 11.  a) Scheme showing the industrial production of polymer composites by the melt-blending method. b) Illustration of intercalation of polymer 
chains into the interlayer galleries of layered silicates during melt-blending. Reproduced with permission.[71] Copyright 1996, Wiley-VCH.

Adv. Energy Mater. 2023, 13, 2203326
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In the thermocompression method, thorough dry mixing (at 
various temperatures) of the polymer, salt, and the nanofiller 
is ensured using a mortar and a piston or a ball mill. Later, 
the required amount of the mixture is placed between two 
stainless steel plates (sometimes, aluminum or polyethylene 
terephthalate foils are used in between to avoid the sticking 
of the polymer to the hot plate) and subjected to hot-press 
under high pressure, thereby providing peelable d-PCE films 
once cooled to RT. The pressure and temperature used in the 
hot press depend on the nature of the polymer. The advan-
tage of the thermocompression is that a complete melting of 
the polymer is unnecessary. Compared to conventional melt-
blending, the thermocompression technique is rapid and easy 
for shaping d-PCEs. However, the dry mixing step must be 
efficient to ensure the homogenous distribution of polymer, 
nanofiller, and salt in the d-PCE. Besides, the intercalation of 
polymer molecules and ions into 2D layered nanomaterials 
under thermocompression is relatively difficult to achieve com-
pared to solution-blending and conventional melt-blending 
processes. Therefore, the PCEs from thermocompression will 
be mostly phase-separated unless the 2D layered nanofiller 

is pre-intercalated or pre-exfoliated. Figure  12b illustrates the 
general scheme of a conventional melt-blending process in the 
context of d-PCEs.

3.3. In Situ Polymerization

In situ polymerization is a method that has been getting atten-
tion as an alternative to solution-blending, melt-blending, 
and thermocompression for preparing PCEs. Figure 12c illus-
trates the typical steps involved in the in situ processing of 
PCEs using 2D layered nanofillers. Conventional methods of 
polymer composite processing employ fully-grown high-Mw 
polymer hosts to prepare nanofiller dispersions. By contrast, 
the in situ polymerization method follows an alternate 
approach involving the polymer host formed from a reactive 
polymerizable precursor solution.[1a] A precursor solution—a 
reactive mixture composed of the inorganic nanofiller, reactive 
monomer/oligomer/telechelic polymers, and often a polym-
erization initiator—is necessary for the in situ polymerization 
process.[73] The precursor solution polymerizes into polymer 

Figure 12.  Schemes showing the preparation of PCEs using a) typical thermocompression/hot-press method. Reproduced under the terms of the 
CC BY 4.0 license.[31] Copyright 2021, Springer Nature. b) Melt-blending method (using 2D layered nanomaterials) and c) the in situ polymerization 
method. Reproduced with permission.[9] Copyright 2021, Royal Society of Chemistry.
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chains or networks, often on light irradiation or heat. During 
the in situ polymerization process, the formed polymer chains 
intercalate between the interlayer galleries of the individual 
2D layers, the surface, and the surroundings (wrapping) of 
the 2D layered nanosheets. Therefore, the in situ polymeri-
zation allows the fabrication of various PCE microstructures 
(Figure 9).

In situ polymerization should be considered a bottom-up 
approach since the final composite contains a polymer host 
derived from the reactive constituents present in the poly
merizable precursor solution. The other methods of polymer 
composite preparation discussed earlier are instead top-down 
approaches, as they all involve mixing a fully grown polymer 
and nanofiller. While the in situ polymerization method is 
already known for preparing many types of polymer compos-
ites, it has not received much attention for the fabrication of 
PCEs, which is dominated by solution and melt-blending 
methods until now. However, the in situ polymerization 
method constitutes an attractive approach due to the pro-
cessing advantages and design flexibility to realize both g-PCEs 
and d-PCEs.

In the following sections of this review article, a com-
prehensive overview of different types of 2D layered  
nanomaterials and their application as nanofillers in PCEs is 
presented.

4. PCEs for Lithium Batteries Using Synthetic 
Inorganic 2D Layered Nanomaterials as Fillers
4.1. Graphene Oxide as Nanofiller in PCEs

Graphene is a one-atom-thick electronically conducting 
2D layered allotrope of carbon with sp2 hybridized carbon 
atoms arranged in a hexagonal lattice.[55,74] The exfoliation of 
graphite is an example of a top-down synthesis of graphene, 
whereas bottom-up synthesis by chemical and physical depo-
sition techniques is also well known.[75] Graphene is highly 
electrically conducting, hence it is often not used in PCEs in 
pristine form but it is useful as electrode materials and addi-
tives in LIBs.[76]

In this part, we explore the use of GO, a chemically modi-
fied and electronically insulating (often semiconducting 
depending on the degree of oxidation) form of graphene as a 
potential 2D layered nanofiller in PCEs. As mentioned in the 
previous sections, oxidative chemical exfoliation of graphite 
by Hummer’s method results in GO.[57,77] The surface and 
basal planes of GO have various oxygen functional groups, 
e.g., COH, COC, CO, and OCOH, which disrupt 
the sp2 hybridization of carbon and long-range π-stacking, 
resulting in a less electronically conducting form. Indeed, 
these oxygen-functional groups are suitable for PCEs as they 
act as anchoring sites for Li+-ions and often interact with the 
polymer host.[9,78]

Yuan et al. used 2D GO nanosheets (1.0 wt%) for a d-PCE 
based on PEO host and lithium perchlorate (LiClO4) salt 
(Figure 13a).[78a] The interaction between the GO and sur-
rounding polymer host in the d-PCE accounts for 260% higher 
tensile strength than the pristine DPE. The GO nanofiller 

also disrupts the PEO crystallization and exhibits a maximum 
RT ionic conductivity of 0.02 mS cm−1, nearly two orders 
higher than the DPE free of GO. However, for using this 
d-PCE in an LIB full cell (LiCoO2 (LCO)||graphite), an addi-
tional step of surface wetting of electrodes by liquid electro-
lyte was required, which improved the contact between elec-
trode and electrolyte. The cell displayed an areal capacity of 
0.17 mAh cm−2 with stability over 70 cycles. In another report, 
Jia et  al. developed a flexible PCE based on polyacrylonitrile 
(PAN)-based polymer matrix, LiClO4 salt, and GO (1.0  wt%) 
2D nanofillers.[78b] They proved that oxygen functionalities of 
GO could act as Lewis base sites to interact with the CN 
functional groups in PAN aiding in an effective Li salt dis-
sociation (Figure 13b). The resulting d-PCE demonstrated one 
order of increase in ionic conductivity (0.4 mS cm−1, 30 °C) 
and doubled tensile modulus (80  MPa) than the GO-free 
counterpart. Finally, the d-PCE in an LFP||Li cell delivered a 
discharge capacity of 166 mAh g−1, at least 25% higher than 
GO-free cells (136 mAh g−1). As discussed earlier, here also 
surface wetting of the LMB electrodes by additional liquid 
electrolyte was unavoidable to ensure good electrode–electro-
lyte contact.

Grafting/functionalization of GO is also a valuable strategy 
for PCE preparation. The grafting process improves the 
dispersion of the nanofiller in the polymer host, resulting 
in homogenous PCEs. For example, Zhao et  al. used PEO-
grafted GO for PCEs composed of polyvinylidene difluoride 
(PVDF)-hexafluoropropylene (HFP) polymer host, a room tem-
perature ionic liquid (RTIL) plasticizer, and Li-salt (lithium 
bis(trifluoromethylsulfonyl, LiTFSI).[79] The resulting g-PCE 
with PEO-grafted GO (2.4  wt%) was claimed to display better 
ionic conductivity (1.6 mS cm−1, 30 °C) and interfacial compat-
ibility with Li metal than its pristine-GO encompassed counter-
part. In an LFP||Li cell, the g-PCE displayed a specific capacity of 
40 mAh g−1 at a high C-rate of 5 C (RT). Another report also used 
a similar polymer-grafted GO for the preparation of d-PCE and 
V2O5||Li cells, which showed a discharge capacity of 287 mAh g−1  
at 60  °C and 0.1 C.[80] It is worth mentioning that in several 
recent reports, RTILs and poly ionic liquids (PILs) are also 
used to postfunctionalize GO and use it as a nanofiller in 
PCE.[81]

Fouladvand et  al. compared the effect of sulfonated GO 
(SGO) as a nanofiller in d-PCEs based on PVDF host.[83] The 
report claimed a high RT ionic conductivity (6.2 mS cm−1) and 
tLi

+ close to unity for a d-PCE loaded with a small quantity of 
SGO (0.004 wt%) over the GO counterpart. The high tLi

+ value of 
the d-PCE could be due to the (SO3)− groups in SGO favoring 
selective Li+-ion transport. The LMB cell (LiMnO2||Li) based 
on the SGO-based d-PCE at RT delivered a specific capacity of  
204 mAh g−1 at 0.1 C with 97% retention over 100 cycles. SGO 
is an exciting derivative of GO as its single-ion conducting 
feature can be applicable for preparing single-ion conducting 
PCEs. In such a work, Nicotera et al. loaded SGO in the lithi-
ated Nafion host and activated it in liquid electrolyte (ethylene 
carbonate (EC)/propylene carbonate (PC), 1  m lithium trif-
luoromethane sulfonate, LiOTf), resulting in single-ion con-
ducting g-PCEs (Figure 13c).[82] This g-PCE displayed an ionic 
conductivity close to 0.5 mS cm−1 at RT and tLi

+ value close to 
unity. At 0.05 C, the LFP||Li cell with the SGO-based g-PCE 
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showed a specific capacity of 100 mAh g−1 (30 °C) with stability 
over 50 cycles.

All the above reports suggest that both GO and function-
alized GO are equally suitable for d-PCEs and g-PCEs. GO 
provides opportunities for surface modification due to the 
availability of many oxygen functionalities. The general 
reason for using GO over graphene in PCE is its lower elec-
tronic conductivity. However, Liu et al. suggested that the elec-
tronic conductivity of graphene is not significant when used 
in tiny amounts for preparing g-PCEs. They used the gra-
phene nanofiller in tiny amounts of 0.002  wt% in the PVDF 
host for the preparation of a polymer composite film, followed 
by its activation in liquid electrolyte.[84] Interestingly, the ionic 
conductivity was doubled to 3.61 mS cm−1 in the g-PCE with 
graphene than its graphene-free counterpart. The porosity of 
the polymer composite membrane was also improved by 50% 
in the presence of graphene, which influences the electrolyte 
uptake (160% increase). The researchers also demonstrated 
the cycling of g-PCEs at RT in an LCO||Li cell for more than 
100 cycles without any issues related to short-circuit arising 
from the graphene nanofillers. Ultimately, all forms of gra-
phene, e.g., pristine graphene, GO, functionalized GO, etc., 

or even the reduced GO (rGO), are suitable for PCEs, but in 
appropriate amounts according to its electronic properties. 
More investigations and validations are inevitable to bring 
maximum benefits out of various forms of graphene as 2D 
layered nanofillers for PCEs.

4.2. Boron Nitride as Nanofiller in PCEs

The chemical compound boron nitride (BN) has an equal 
number of B and N atoms in its structure. It is isoelectronic 
to sp2 carbon lattice, and the structure is comparable to 
carbon allotropes. Therefore, BN is often called “white gra-
phene/graphite.”[39,85] The four different polymorphic forms 
of BN are i) hexagonal BN (h-BN), ii) rhombohedral-BN 
(r-BN), iii) cubic polymorph BN (c-BN), and iv) wurtzite BN 
(w-BN) (Figure 14a–d).[86] Among them, h-BN gained much 
attention due to its peculiar properties such as, low dielec-
tric constant, high thermal/chemical stability, and intrinsic 
electrical insulation characteristics.[86c,87] The synthesis of 
h-BN employs mechanical separation, CVD, wet chemical 
routes, etc.[86c,88] In h-BN (honeycomb-like structure), B and 

Figure 13.  a) Solution blending of GO, PEO, and Li salt for the preparation of d-PCE and illustration of their intercalation and related 
intermolecular interactions. Reproduced with permission.[78a] Copyright 2014, Royal Society of Chemistry; permission conveyed through 
Copyright Clearance Center, Inc. b) Ion-transport mechanism in PCE made of GO, PAN, and Li salt assisted by Lewis acid–base inter-
actions involving oxygen functionalities of GO. Reproduced with permission.[78b] Copyright 2018, Elsevier. c) Mechanism of single-ion 
conduction in g-PCE based on lithiated Nafion and sulfonated GO. Reproduced with permission.[82] Copyright 2019, American Chemical 
Society.
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N atoms are arranged alternately where the BN bond length 
is 1.45 Å. The interlayer spacing between two layers of h-BN 
is 0.333  nm (interlayer spacing in graphene is 0.335  nm).[89] 
Similar to graphene, the weak van der Waals forces hold the 
adjacent layers together, and the three sp2 hybrids formed by 
each B and N atom in h-BN give a graphene-like layered struc-
ture.[89,90] h-BN finds application in batteries as an electrode 
additive, interfacial layers to resist dendrites related short-cir-
cuit, and 2D nanofillers in g-PCEs and d-PCEs. For example, 
h-BN has been studied as a nanofiller in LIB electrodes to 
produce binder-free anodes, which achieved enhanced cycling 
stability and specific capacity at higher C-rates.[91] However, in 
this review, we are discussing the role of h-BN as nanofiller 
in PCEs.

The porosity control and related electrolyte uptake as a func-
tion of h-BN nanofiller additive amount in a polymer host 
are shown by Aydin et  al.[94] After the activation in 1  m LiPF6 
in EC:EMC (1:1) v/v solution, the g-PCE membrane exhibited a 
high ionic conductivity (>10−3 S cm−1 at RT) and higher oxida-
tion stability (4.7  V vs Li|Li+) than the h-BN-free sample. The 
g-PCE membrane in LCO||Li cells delivered a high specific 
capacity of 144 mAh g−1. Indeed, it has been noted that the 
porosity of the polymer composite membrane and the uptake 
of liquid electrolyte are influenced by h-BN addition, which 
determines the overall performance of the resulting g-PCE. 

Therefore, it is worth highlighting that rather than acting as 
a true g-PCE, the polymer composite after activation func-
tions as a separator to hold the liquid electrolyte components. 
An attempt to prepare a true d-PCE based on PVDF-HFP and 
h-BN nanofiller with improved electrochemical and physical 
properties was reported by Zhang et  al.[95] The d-PCE com-
posed of 1.0 wt% h-BN additive demonstrated enhanced ionic 
conductivity and mechanical characteristics compared to the 
h-BN-free counterpart. Although the PCE claims a high ionic 
conductivity of 1.82 mS cm−1 at RT, the contribution to the 
ionic conductivity from the residual solvent is evident. The 
presence of dimethylformamide (DMF) impurity could be one 
of the reasons for the considerable drop in capacity within the 
first 50 cycles of an LFP||Li cell. Therefore, more studies are 
necessary to decipher the exclusive influence of h-BN fillers 
in d-PCEs.

Recently, Li et al. reported for the first time a d-PCE based 
on h-BN nanofiller in PEO.[92] Interestingly, they observed 
a decrease in ionic conductivity by adding the h-BN nano-
filler into the PE. Notably, the tLi

+ value and electrochemical 
stability window of the d-PCE containing h-BN were higher 
than the h-BN-free counterpart. The density functional theory 
(DFT) calculations and molecular dynamic (MD) simulations 
proved that h-BN has a peculiar feature of binding with TFSI 
anion; in other words, adding h-BN facilitates selective Li+-ion 

Figure 14.  Various crystal structures of boron nitride: a) cubic, b) wurtzite, c) hexagonal, and d) rhombohedral. Reproduced with permission.[86c] 
Copyright 2018, Wiley-VCH. e) An illustration showing the role of h-BN in the PCE in suppressing the dendrite growth during cycling. f,g) The scanning 
electron microscopy (SEM) images of the Li metal surface after long-term Li plating/stripping cycling with respective PCEs. Reproduced with permis-
sion.[92] Copyright 2020, Royal Society of Chemistry. h) Structure of the functionalized h-BN (FBN). Reproduced with permission.[93a] Copyright 2017, 
Royal Society of Chemistry.
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transport. The high tLi
+ value of the d-PCE also reflected on 

its dendrite-suppression capabilities compared to a PCE free 
of h-BN (Figure 14e–g). In a recent report, Erikson et al. com-
pared the effect of oxide nanofillers, e.g., Al2O3, TiO2 and h-BN, 
in a d-PCEs made of poly(ε-caprolactone) (PCL) and lithium 
salt.[96] An apparent reduction in PCL crystallinity was evident 
in all the d-PCEs with nanofillers. However, they also observed 
no significant improvement in ionic conductivity in the case of 
h-BN compared to oxide nanofillers. Although this work did not  
consider the tLi

+ values, it mentions that the difference in 
ion transport properties could be due to the varied nature of 
interactions of nitrides with PCL than oxides. All these recent 
reports indicate that more efforts are required to understand 
the behavior of h-BN against different polymer hosts and 
lithium salts while considering it as a potential nanofiller 
in PCEs.

Like GO, functionalized h-BN (FBN) also received atten-
tion as an additive in PCEs.[93] Shim et  al. demonstrated the 
lithium dendrite suppression ability of PCEs based on func-
tionalized few-layer h-BN-nanoflakes (BNNFs) in S||Li and 
Air||Li batteries.[93a] They functionalized the h-BN surface 
with perfluoropolyether (PFPE) (Figure  14h) and used it for 
PVDF-HFP-based g-PCEs. The functionalization increased 
the compatibility of the nanofiller particles with the polymer 
matrix. They observed that h-BN could interact with Li+-ions 
enhancing the cation transport properties by trapping the 
anions. 1  m solution of LiTFSI in EC:DEC is used to pro-
duce g-PCEs. The hence produced g-PCE enhanced overall 

physicochemical and electrochemical characteristics even with 
0.5  wt% of PFPE-functionalized BNNFs. Interestingly, unlike 
other reports, the presence of FBN in g-PCE improved the 
ionic conductivity (0.8 mS cm−1), maintaining an appreciable 
tLi

+ value (0.62). Overall, this report highlights that modifying 
h-BN could be a viable strategy to improve its compatibility 
with otherwise noncompatible polymer hosts, e.g., PCL. Simi-
larly, h-BN functionalized by SiO2 in the form of boron nitride 
nanosheets (BNNS) has been used as a nanofiller in d-PCEs to 
produce multicomponent systems such as PEO/LiTFSI/SiO2@
BNNS.[93b] Using this approach, thermal stability, electrochem-
ical stability, dendrite resistance, tLi

+ and long term cyclability of 
the d-PCEs are enhanced.

4.3. 2D Transition Metal Dichalcogenides (2D TMCs)  
and Oxides (2D TMOs) as Nanofillers in PCEs

Like graphite, layered TMCs, commonly represented as MX2 (M 
and X represent the group 4–10 transition metals and group 16 
chalcogen elements of the periodic table, respectively), consist 
of monolayers stacked to each other by van der Waals interac-
tion along the crystallographic c-axis (Figure 15a).[40,97] The bulk 
TMCs can be downsized to obtain single- or few-layer forms, 
as in the case of other layered materials. The interest in exfoli-
ating TMCs to their monolayer forms started in the mid-1970s, 
even before the discovery of graphene.[98] These earlier reports 
demonstrated the exfoliation of TaS2 and NbS2 by electrolysis 

Figure 15.  a) 3D structure of layered MoS2. Reproduced with permission.[40] Copyright 2011, Springer Nature. b) Scheme showing the various stages 
of preparing a nanohybrid PCE with PDDA polymer (MoS2/OCNC/PIL powder) and its coating onto LFP cathode. c) Temperature-dependent ionic 
conductivity data of DPE and nanohybrid PCE, and d) cycling stability performance of LFP-based LMB cells with respective electrolytes. Reproduced 
with permission.[101] Copyright 2018, Elsevier.

Adv. Energy Mater. 2023, 13, 2203326

 16146840, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203326 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [26/06/2023]. 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



www.advenergymat.dewww.advancedsciencenews.com

2203326  (16 of 46) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

based on the insertion of hydrogen and water, which inspired 
further studies on monolayer TMCs.[99] Later, MoS2 exfoliation 
using butyl lithium in hexane in 1986 by Joensen et al. opened 
up new avenues for semiconducting 2D layered nanomaterials 
fabrication.[66d] Interestingly, around the same time, 2D layered 
MoS2 was also recognized as a potential electrode material for 
LIBs.[100] So far, the mainstream applications of 2D layered 
TMCs in the battery domain represent them as electrode mate-
rials for charge storage.

Although 2D layered TMCs are an appealing choice as nano-
fillers due to their high aspect ratio and the possibility of intro-
ducing desired surface functionalities,[102] their application in 
PCEs is rare. In 1990, Yang et al. reported TMC/polymer com-
posites produced from water-soluble polymers such as PEO, 
poly(ethylene glycol) (PEG), and poly(vinylpyrrolidone) with 
monodispersed MoS2 or WS2 through a physical (solution) 
blending process.[103] The composite material showed random 
stacking and expanded interlayer spacing, indicating the ability 
of TMCs to encapsulate polymer chain in its interlayer space. 
Similarly, Ana et  al. showed intercalation of PAN and Li+-
ions into MoS2, leading to an expansion of interlayer spacing 
from 0.61 to 1.15  nm.[104] The interaction of Li+-ions with the 
obtained organic–inorganic hybrid material led to a higher 
Li-diffusion coefficient (4.3 × 10−11 cm2 s−1, RT) and an ionic 
conductivity of 0.33 mS cm−1 (RT). After all, the composite 
material (Li0.6MoS2(PAN)1.2) with mixed ionic and electronic 
conducting properties is oxidatively stable up to 2.85 V versus 
Li|Li+. This value is higher than MoS2 (pure), MoS2 (restacked), 
LixMoS2(PEO)1, and LixMoS2(DEA)0.2 samples. Ultimately, this 
work gives insights into the improved electrochemical proper-
ties of polymer intercalated MoS2 and the significance of the 
nature of intercalants in PCEs. Another report demonstrated 
that atomic layers of 2D MoS2 can build surface protection 
on Li anode to prevent direct contact between the electrolyte 
and metallic Li in LMBs.[51d] During lithiation process, the 
transition of MoS2 from the semiconducting 2H phase to a 
metallic 1T phase also plays a beneficial role in reducing the 
electrode|electrolyte interfacial resistance, hence controlling the 
smooth deposition of Li on the metallic anode.

Recently, Wu et  al. pointed out a few exciting properties of 
MoS2, which can rejuvenate the interest in developing TMC-
based PCEs for LBs and other electrochemical devices.[101] As 
MoS2 is a semiconductor, incorporating MoS2 into the polymer 
electrolyte in a small quantity will not cause electrical contact 
between the electrodes. Earlier reports showed that layered 
MoS2 can uptake many Li+-ions during the exfoliation of the 
bulk phase in Li+-containing solvents.[106] These intercalated 
ions can improve the ionic conductivity of the PCEs. Besides, 
the transition metal centers in TMCs will likely immobilize 
the electrolyte anions through Lewis acid–base interaction and 
offer free passages for Li+-ion transport. Considering these 
possibilities, they developed a plastic crystal-based PCE 
by combining Li+-intercalated exfoliated MoS2, a cationic 
polymer (poly(diallyldimethylammonium chloride, PDDA), 
1D-oxidized cellulose nanocrystal (OCNC), and a plastic 
crystal (succinonitrile, SN) (Figure  15b).[101] The improved 
ionic conductivity (0.8 mS cm−1 at 30 °C), tLi

+ value (0.65), and 
cycling stability (≈100% capacity retention over 80 cycles at 
RT and 60 °C) offered by the PCE compared to the MoS2-free 

PDDA–LiTFSI counterpart indeed validated the advantages 
of MoS2 nanofiller (Figure  15c,d).[101] The MoS2 layers when 
used in PCEs often restack and agglomerate during the elec-
trolyte processing, resulting in reduced polymer|nanofiller 
interfacial contact. These aggregates can block ion trans-
port channels and hamper the mechanical properties of the 
electrolyte. However, the negatively charged OCNC in the 
reported PCE prevented the restacking of the exfoliated MoS2 
by inducing electrostatic interactions and steric hindrance 
within the PCE. After all, since the selected polymer (PDDA) 
carries a positive charge, the uniform coating of the polymer 
around the negatively charged MoS2/OCNC hybrid is highly 
favorable.

The physicochemical properties of TMO and TMCs are 
often alike.[107] Like TMCs, 2D TMOs can host neutral or 
charged species, including polymers, metal ions, etc., through 
coordination, ion-exchange process, acid–base coupling, and 
other weak interactions.[107b] Due to the semiconducting nature 
and multiple oxidation states of transition metal centers, 
TMOs have been primarily considered as electrode materials 
for LBs. Although, a few earlier reports studied the effect of 
polymer on Li+-ion diffusion in TMOs, the end application 
of these TMO/polymer composites was focused on electrode 
materials.[108] For example, studies by Nazar et  al. suggested 
that the intercalation of PEO into layered MoO3 facilitates 
Li+ -ions diffusion through the inorganic lattice.[109] However, 
the recent reports on polymer electrolytes show that the eth-
ylene oxide units in PEO strongly coordinate with the Li+-ions 
causing restricted ionic mobility. In this case, introducing 
a lithiophilic material as an additive into the polymer could  
minimize the interaction between Li+-ion and the polymer.  
This concept inspired Li et  al. to develop a new TMO-based  
PCE by dispersing MnO2 nanoflakes in the PEO matrix 
(Figure 16a–c).[105] A 5.0  wt% of MnO2 nanofiller in PEO–
LiTFSI (PEO/LiTFSI/5.0  wt% MnO2) significantly improved 
the ionic conductivity and oxidative stability of PCE to 0.21 mS 
cm−1 at 60 °C and 4.5  V versus Li|Li+, respectively compared 
to a MnO2-free PEO/LiTFSI system. The improved properties 
of the PCE are attributed to the lithiophilic nature of MnO2 
nanosheets, which increase the dissociation of lithium salt in 
the polymer and facilitate the diffusion of Li+-ions among the 
PEO chains. The advantages of PCE are also evident in the low 
overpotential and stable cycling performance of corresponding 
Li||Li and LFP||Li cells (Figure 16d,e). Hence, in summary, the 
reports suggest that the use of 2D layered TMCs can enhance 
electrochemical stability, ionic conductivity, and Li+-ion trans-
port properties of PCEs. However, the material and its quan-
tity should be appropriately selected and more practical valida-
tions in LB full cells must be conducted to improve the overall  
performance of TMC-based PCEs.

4.4. MXene as Nanofiller in PCEs

MXenes are the youngest member of the inorganic 2D layered 
nanomaterials family. They are few-atom-thick layers of transi-
tion metal carbides, nitrides, and carbonitrides (Figure 8c,d).[41,110] 
MXene’s general chemical formula is Mn+1XnTx (n = 1–3), where 
M, X, and Tx stand for transition metal, carbon/nitrogen, and 

Adv. Energy Mater. 2023, 13, 2203326

 16146840, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203326 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [26/06/2023]. 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



www.advenergymat.dewww.advancedsciencenews.com

2203326  (17 of 46) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

surface termination groups (e.g., OH (hydroxyl), O (oxygen), 
F (fluorine), etc.). MXenes are derivatives of the parent MAX 
(Mn+1AXn) phase (bulk), a layered hexagonal material in which 
the alternating Mn+1Xn layers and A atoms are connected through 
metallic M–A bonds (Figure  8c,d). Preparation of MXenes 
involves selective etching of the A layer from the MAX phase 
by chemical means (reaction with HF, fluoride salts, NaOH, 
etc.) without damaging the M–X bonds in the Mn+1Xn layers.[111] 
Although most MXenes developed so far comprise one transi-
tion metal on the M sites (e.g., Ti2CTx, Ti3C2Tx, V2CTx, Ta4C3Tx, 
etc.), a few examples of double transition metal MXenes (e.g., 
TixTa4−xC3) are also available.[112] The first MXene, developed by 
Gogotsi et  al. in 2011, was titanium carbide (Ti3C2Tx, where T 
stands for F or OH terminations), which remains the most 
popular and widely used MXene.[65a,110a]

Following its discovery, extensive studies on MXenes have 
explored interesting properties from the material and applica-
tion perspectives. MXenes, possessing a unique combination of 
high in-plane conductivity (contributed from the metal carbide/
nitride layers) and hydrophilicity (originated from the oxygen-
containing functional groups attached to the surface), play sig-
nificant roles as electrode materials for charge storage.[112b] The 
functional groups are also responsible for creating a net nega-
tive surface charge (zeta potential below −30 mV)[113] that ena-
bles the intercalation of cationic species (TBA+, Li+, Al3+, etc.) 
and polymers into the interlayer galleries of layered MXenes. 
Inspired by the intercalation property of MXene, Gogotsi and 
co-workers prepared Ti3C2Tx MXene-clay (also called “conduc-
tive clay”) that shows cation exchange and hydration behavior, 
as seen in some clay solids.[111a,114] Such ion-exchange capacity 
is attractive in the context of inducing ionic conduction prop-
erties into MXenes for developing PCEs. The interactions of 
the surface functionalities of MXene flakes with the functional 
groups in the polymers via hydrogen bonds, van der Waals 

force, electrostatic force, etc., enable uniform mixing of the 
organic and inorganic phases in the resulting PCE. Studies 
show that the intercalation of polymer chains between the 
MXene layers increases the interlayer distance and homogeni-
zation; hence, reinforcing the stability and mechanical proper-
ties of the resulting polymer composites. For example, work 
done by Sheng et al. demonstrated that by introducing 0.5 wt% 
of exfoliated Ti3C2Tx Mxene one can significantly augment 
the tensile strength and storage modulus of polyurethane.[115] 
These MXene based polymer composite can be prepared using 
ex situ blending (through direct physical mixing or surface 
modification) or in situ polymerization routes.[116] Indeed, the 
stability of the composites obtained through physical mixing 
mainly relies on the weak interactions between the surface 
groups anchored on MXene and hydrophilic units present in 
the polymer. Whereas, hydrophobic polymers show poor com-
patibility to the oxygen rich surface functionalities of MXene, 
resulting in an inhomogeneous mixing. So, approaches of 
chemical modification of the MXene surface via nitrogen 
doping, diazotization reaction, etc., are helpful to realize better 
interaction between MXene and polymer.

Pan et al. first demonstrated d-PCE using MXene as a nano-
filler in PEO (Figure 17a–c).[117] The d-PCE comprising exfoli-
ated Ti3C2Tx MXene flakes embedded in PEO matrix exhibited 
enhanced ionic conductivity (0.69 mS cm−1) compared to the 
nanofiller-free electrolyte (0.36 mS cm−1, Figure 17b). However, 
the ion transport properties (tLi

+) achieved by adding MXene as 
filler in the d-PCE was negligible. In an LFP||Li cell, the opti-
mized MXene-based d-PCE displayed cycling stability over 
100 cycles (Figure 17c). Optimizing the concentration of MXene 
in PCE is also crucial to control the aggregation and crystal-
linity of the polymer matrix. For instance, a trace or excess 
amount of MXene can accelerate PEO crystallization by hetero-
geneous nucleation, while an optimum loading can hinder the 

Figure 16.  a) Scheme and b–c) digital images of a PEO/LiTFSI/MnO2 based PCE. Cycling comparison of PEO/LiTFSI/MnO2 PCE and PEO/MnO2 
electrolyte in d) Li||Li symmetric cell and e) LFP-based LMB cell. Reproduced with permission.[105] Copyright 2020, Royal Society of Chemistry.
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growth of crystalline domains.[116a] Similarly, MXene-induced 
heterogeneous nucleation mechanisms for crystallizing other 
polymers are also available.[118] This property of MXene is dif-
ferent from the other 2D nanofillers favoring the amorphiza-
tion of polymers and could result in interesting properties of 
MXene-based PCE.

Another interesting aspect of MXenes is their ability to direct 
the uniform nucleation of Li on Li metal anode to inhibit the 
growth of dendrites or HSAL. Both O and F containing 
functional groups on MXene can serve as nucleation sites for Li 
deposits, which eventually coalesce and agglomerate into large 
secondary particles to form a dense plating of Li.[119] Hence, 
many studies have utilized MXenes to develop artificial protec-
tion layers (artificial SEI), modification of separators, etc., for 
LMBs. In a recent report, Yang et al. demonstrated that MXene 
is beneficial as an additive in g-PCEs for lowering the interfa-
cial resistance and smoothening the Li deposition on the sur-
face of Li metal anode in a Li–O2 battery.[120] The fluorine func-
tionalities in Ti3C2Tx MXene lead to the formation of a durable 
SEI layer; besides favoring good Li+-ion transport, such SEI 
composition is equally desirable for dendrite-free Li plating on 
Li metal anode. Other than electrolyte additives, a few studies 
have considered MXenes for designing artificial SEI,[121] modi-
fying the commercial polypropylene separator, etc., to improve 
the cycle life of LBs.[122] Similarly, the flame-retardant property 
of MXene could be also appealing in the context of developing 
fireproof PCEs for potentially safe nonaqueous batteries.[123]

Despite the merits mentioned above, the high elec-
trical conductivity (≈103 S cm−1) and aggregation of MXene 
nanosheets often downplay their prospect as nanofiller in 
PCEs. In this direction, Shi et al. developed a hybrid nanofiller  
(MXene-mSiO2) consisting of Ti3C2Tx MXene nanosheet 
sandwiched between mesoporous SiO2 (mSiO2) layers  
(Figure 18a).[124] The MXene-mSiO2 was synthesized using the 

in situ hydrolysis of tetraethyl orthosilicate on the surface of 
cationic surfactant (CTAB)-coated MXene nanosheets, thanks to 
the negative surface charge of Ti3C2. The MXene-mSiO2 hybrid 
nanofiller (0.023 mS cm−1) displayed a seven-order magnitude 
less electronic conductivity than bare Ti3C2 (1400 mS cm−1). 
Adding 2.0  wt% of this hybrid nanofiller in poly(propylene 
oxide)–LiTFSI (PPO–LiTFSI) g-PCE electrolyte (Figure  18b) 
increased the ionic conductivity to 0.46 mS cm−1, which is 
higher than many of the then-reported PCEs. The better per-
formance of MXene-mSiO2-based g-PCE was attributed to the 
Lewis acid–base interaction of LiTFSI with the F functionality 
on MXene and OH in silica. Finally, the high oxidation sta-
bility (4.3 V vs Li|Li+) and good compatibility with Li (plating/
stripping cycling up to 2000 h) allowed the use of g-PCE as sep-
arator in LFP||Li full cell (Figure 18c). The influence of MXene 
nanofiller in the g-PCE for improving the specific capacity of 
the LFP||Li cell is apparent in Figure  18c. Hence, adopting a 
similar approach with MXenes to develop PCEs and investigate 
both their performance and their ability to regulate the surface 
morphology of the Li anode would be interesting.

4.5. Phosphorene as Nanofiller in PCEs

Phosphorene is the mono- or few-layered form of black phos-
phorous, the most stable allotrope of phosphorous.[126] Black 
phosphorous (BP), often viewed as the graphite analogy of 
phosphorous, is a layered material in which the individual 
atomic layers are stacked together by van der Waals interac-
tions.[127] The number of layers can vary depending on the 
synthesis methods, resulting in 2D phosphorene nanosheets 
with thicknesses between 2 and 10  nm. Although graphene 
and phosphorene are conceptually similar, they are of distinct 
structural and chemical nature. In phosphorene, the sp3 

Figure 17.  a) Scheme showing the components of MXene-based d-PCE prepared through solution blend method. b) Temperature-dependent ionic 
conductivity of various d-PCE membranes prepareds with different concentrations of MXene nanofiller. c) Capacity versus cycle number (at 60 °C) of 
LFP||Li cell assembled with PEO20–LiTFSI–MXene0.02 d-PCE. Reproduced under the terms of the CC BY-NC 3.0 license.[117] Copyright 2019, The authors, 
published by Royal Society of Chemistry.
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hybridized P4 units (each phosphorous atom forms the covalent 
bonds with three adjacent phosphorous atoms) are connected 
to form a puckered honeycomb structure (Figure 19a–c), which 
differs from the planar structure of graphene.[42] Besides, unlike 
graphene, phosphorene is semiconducting and has a nonzero 
bandgap between 0.3 and 2  eV (bulk phase to monolayer).[126] 
These distinct properties of phosphorene, combined with 
graphene-like mechanical strength and flexibility, have driven 
its applications in electronics, energy storage, catalysis, etc. The 
monolayer of phosphorene was first isolated in 2014 (by Zhang 
and co-workers) from black phosphorous following a scotch-
tape-based microcleavage method.[128] Isolation of 2D mono
layer forms is also possible for other phosphorous allotropes, 
e.g., blue and red phosphorous.[129] These allotropes possess a 
similar layered structure as black phosphorous but exhibit dis-
tinct physical and chemical properties due to the difference in 
atomic configurations.[130]

Rojaee et  al. reported a novel g-PCE by combining phos-
phorene with PEO/LiTFSI-based polymer electrolyte.[125] The 
addition of phosphorene in an optimum concentration of 
0.5  wt% (PCE-0.5P) showed an enhanced Li+-ion transport 
property and reduced interfacial resistance in electrochemical 
cells. The RT ionic conductivity and tLi

+ of PCE-0.5P reached 
2.3 mS cm−1 and 0.32, respectively, much higher than the phos-
phorene-free (PCE-0P) electrolyte (0.59 mS cm−1 and 0.18). The 
improved ionic mobility mainly originated from the reduced 
ion-pair interaction of LiTFSI with BP nanosheets in the elec-
trolyte, as revealed by the molecular dynamics simulation 
studies (Figure 19d). The results also showed that the degree of 
dissociated Li+-ions increased from 71% (PCE-0P) to 94% (PCE-
0.5P), which support low propensity toward ion-pair formation 
in the presence of BP nanosheets. The low plating/stripping 
overpotential and long cycling performance of Li|PCE-0.5|Li 
and LFP|PCE-0.5|Li (Figure  19e) cells compared to BP-free 

Figure 18.  a) Steps involved in fabricating sandwich-like MXene and mSiO2 composite. b) Preparation of g-PCE using MXene-mSiO2 hybrid nanofiller 
and plausible Li+-ion transport pathway. c) Cycling performance of LFP||Li cell with various electrolytes demonstrating the significance of MXene-mSiO2 
nanofiller compared to mSiO2-based or nanofiller-free PEs. Reproduced with permission.[124] Copyright 2020 Wiley-VCH.
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electrolyte combinations further evidenced the beneficial effects 
of BP nanosheet as an additive in PCEs.

Phosphorene with good Li+-ion transport kinetics can 
also stabilize Li metal anode and tune the composition of 
the SEI layer in LMBs. Li-metal spontaneously reacts with 
phosphorous to form an electrochemically stable and Li+-ion 
conducting Li3P compound.[131] Wu et  al. investigated the 
favorable effect of Li3P formation on Li-metal surface, which is 
in contact with d-PCEs composed of BP, LiTFSI, and a cross-
linked PEO-based polymer host derived from poly(ethylene 
glycol) methyl ether acrylate.[131c] The in situ formed Li3P at 
the Li metal surface minimizes the interfacial resistance of the 
cell by offering intimate contact between the Li metal anode 
and the d-PCE. The improved electrode|electrolyte contact 
increases the LMB cells’ rate capability. The report also claims 
that due to the presence of the in situ formed Li3P interphase, 
the d-PCE displayed excellent HSAL and dendrite growth inhi-
bition properties. Ultimately, the LFP||Li solid-state LMB cell 
cycled at 60 °C displayed a good capacity retention of 75% for 
over 200 cycles.

Despite the reports mentioned above, validating the superi-
ority of phosphorene as electrolyte components requires fur-
ther studies. Since phosphorene is one of the new entrants 
in the 2D materials landscape, there is still a lot of scope 
for investigation and improvements. Table 1 represents the 
overall characteristics of the 2D TMCs, 2D TMOs, MXene, and 
phosphorene-based electrolytes reported for LB applications 
to summarize this section on synthetic inorganic 2D layered 
nanomaterials.

5. Naturally Occurring Layered Clay Minerals  
as Nanofiller in PCEs
Sections 4.1–4.5 considered several synthetically available inor-
ganic 2D layered materials as nanofillers in PCEs. However, 
naturally occurring inorganic 2D layered materials can also act 
as passive and active nanofillers in PCEs.[132] In this direction, 
2D layered silicates (often called phyllosilicates, sheet or layered 
silicates, or 2D silicates) and LDHs are popular nanofillers used 

Figure 19.  Illustration of the structure of phosphorene: a) bird’s eye view, b) side view, and c) top view. Reproduced under the terms of the CC BY 3.0 
license.[42] Copyright 2014, IOP Publishing Ltd and Deutsche Physikalische Gesellschaft. d) Ion transport mechanism in the bulk of the PCE demon-
strating the role of phosphorene as a nanofiller. e) Cycling data of LFP||Li cell with PCE-0.5P as PCE. Reproduced with permission.[125] Copyright 2020, 
Wiley-VCH.
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for PCEs. Both 2D layered silicates and LDHs are known as clay 
minerals, however, they are chemically distinct in terms of their 
net charge. For instance, 2D layered silicates are cationic clay 
minerals (CCMs) with a net negative charge and a high cation 
exchange capacity (CEC). On the contrary, LDHs are anionic clay 
minerals (ACMs) that possess a net positive charge, exhibiting 
anion exchange properties. Due to the charge characteristics, 
when CCMs and ACMs are used as nanofillers they can influence 
the ion transport properties (e.g., ionic conductivity, tLi

+, etc.) of 
the resulting PCEs. The following subsections will highlight the 
importance of these two nanofillers in PCEs for LB applications.

5.1. 2D Layered Silicate Clay Minerals for PCEs

2D layered silicates (2D silicates) are CCMs finding 
immense attention as nanofillers in PCEs.[133] They comprise 
corner-sharing silicate tetrahedrons, covalently bonded to octa-
hedrons of small cations (e.g., Al3+, Mg2+, etc.), resulting in a 
crystalline structure consisting of tetrahedral and octahedral 
layers (Figure 20a–c).[43,134] 2D silicates are attractive materials 
due to their high aspect ratio (≈1 nm layer thickness and lateral 
dimension ranges from dozens of nm to a few µm depending 
on the silicate origin and composition).[134b,135] Mainly, two 
types (1:1 and 2:1) of 2D silicates are available depending 
on the arrangement of tetrahedral and octahedral layers in  
them.[9,43,132,134a,136] The 1:1 type of 2D silicates contain each 
alternating octahedral and tetrahedral layers (Figure  20a). In 
contrary, in the 2:1 counterpart (Figure  20b,c), one octahedral 
layer is sandwiched between two tetrahedral layers.

Two major factors contribute to the net negative charge of 
2D layered silicate CCMs: 1) permanent or structural charge 
and 2) variable charge. The former is due to the isomorphous 
substitution of the Si4+ in the silicate tetrahedral layers by tri-
valent ions (e.g., Al3+, Fe3+) and Al3+ in octahedral sheets by 
divalent ions (e.g., Fe2+/Mg2+/Mn2+).[137] These negatively 

charged sites lie at the basal planes of the individual silicate 
layers and takes part in cation exchange reactions for charge 
neutralization (ion intercalation into 2D layered nanomaterials, 
explained in Section  2).[134b] This property of cation exchange 
reactions is unique to 2D silicates and is significant for PCEs 
for lithium and post-lithium battery applications. There is a 
possibility of introducing alkali-metal ions (e.g., Li+, Na+, etc.) 
and divalent cations (e.g., Ca2+, Mg2+, etc.) by replacing the 
naturally intercalated cations in their crystal structure, critical 
for post-lithium battery technologies. The net negative charge 
of 2D silicates is advantageous in a PCE since the anion migra-
tion between the clay layers will be minimal, resulting in high 
cation transference number values. In any case, 2D silicates 
possessing high CEC values are essential to facilitate structural 
modifications with exchangeable cations. Table 2 summarizes 
the CEC values of various 2D silicate clay minerals.[138] The 
latter factor of variable charges in 2D silicates results from the 
nature of interactions between nonsaturated bonds of func-
tional groups (e.g., hydroxyl groups) present at the amphoteric 
clay edges and the solution in contact with it.[137,139] It is worth 
highlighting that apart from the characteristic cation exchange 
properties, there are also special cases of 2D silicates exhibiting 
pH-dependent anion exchange reactions.[138a,140]

Many of the 2:1 silicate exhibits high CEC values, allowing 
facile incorporation of mobile cations (e.g., Li+, Na+, etc.), often 
making them active nanofillers in PCEs.[141,142] A high CEC value 
of 2D silicates is essential for delivering high ionic conductivity 
in PCEs. For the same reason, MMT, vermiculite, saponite, 
etc., are well-explored for PCEs. In such PCEs, the secondary 
intercalation of polymer chains between the interlayer galleries 
of phyllosilicate layers is also probable; hence all four types of 
polymer composite microstructures (Figure 9) may be achieved 
depending on the polymer/clay organization within the PCE. 
The interlayer galleries of 2D silicates act as nanochannels for 
cation transport, minimizing the effect of ion pairing in PCEs. 
Besides, intercalation into interlayer clay galleries can improve 

Table 1.  Summary of electrochemical properties of PCEs based on 2D TMCs, 2D TMOs, MXene, and phosphorene nanofillers.

2D nanofiller Polymer components Conductivity  
[mS cm−1]

tLi
+ Voltage  

(V vs Li|Li+)
Electrochemical performance in LB cell Refs.

MoS2-OCNC PDDA 0.80 at 30 ° C
1.36 at 60 °C

0.65 2.5–4.2 ≈120 mAh g−1 at 0.5 C and 60 °C and 90% capacity 
retention over 200 cycles (LFP cathode)

[101]

MnO2 (5 wt%) PEO 0.02 at 30 °C
0.21 at 60 °C

0.38 2.5–4.0 ≈110 mAh g−1 at 0.5 C and 60 °C and 87% capacity 
retention over 300 cycles (LFP cathode)

[105]

Ti3C2Tx MXene  
(1.5 wt%)

PEO 0.02 at 28 °C
0.69 at 60 °C  

(CPE with 3.6 wt% MXene)

0.18 2.5–4.0 ≈140 mAh g−1 at 0.3 C and 60 °C and 91% capacity 
retention over 100 cycles (LFP cathode)

[117]

Ti3C2Tx MXene-mSiO2 
(2 wt%)

PPO 0.46 at ≈20 °C – 2.5–4.0 ≈142 mAh g−1 after 250 cycles at 0.5 C  
and 25 °C (LFP cathode)

[124]

Ti3C2Tx MXene PVDF-HFP/PEO 0.55 at 25 °C 0.47 ≈4.0 V 18 000 mAh g−1 (O2 cathode) [120]

Black phosphorous  
(5 wt%)

PMEA-TEGDA 0.20 at 60 °C 0.40 2.5–4.0 ≈140 mAh g−1 at 0.1 mA cm-2 and 60 °C, and 76% 
capacity retention over 200 cycles (LFP cathode)

[131c]

Phosphorene  
(0.5 wt%)

PEO-TEGDME 2.4 0.32 2.5–4.2 ≈130 mAh g−1 at 0.14 A g−1 and ≈100% capacity  
retention over 100 cycles (LFP cathode)

[125]
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the polymer host’s thermal, mechanical, and electrochemical 
behavior compared to the pristine polymer host in conventional 
DPEs. The drop in the crystalline character of the polymer host 
with the addition of 2D silicate nanofillers also benefits the 
ion transport properties of the related PCEs. Discussion on a 
few exciting results on PCEs of 2D silicates for LB applications 
appears in the following part of this section on CCMs.

MMT is one of the most explored 2D silicates for PCE prepa-
ration and application in LBs (Figure 20b). Ion-exchange reac-
tions may replace the intercalated Na+ and Ca2+ ions with H+, 
Li+, Mg2+, organic cations, etc., in MMT.[141,146] For instance, a 
multistep ion-exchange reaction involving proton intercalation 
followed by Li+-ions for Li-MMT preparation is described in 
Figure 21a–c.[144,147] An advantage of MMTs is the weak inter-
action between the intercalated species and the layers due to 
the low ion substitution and appropriate interlayer charge 
(≈0.55 m.equiv./100  g). The weak interaction between the 
layers of MMT helps the secondary intercalation of polymer 
chains during the composite preparation, which exposes more 
interaction sites in the PCEs. Besides, it is reported that the 
energy barrier for the diffusion of Li+-ions within the interlayer 
regions of the MMT framework is 0.155 eV, a lower value than 
the traditional functional polymers.[144,148]

Several polymer hosts, PEO, PMMA, PVDF, PVDF-HFP, 
etc., have been used to process MMT-based PCEs.[27,145] Zhao 
and Wang reported the preparation of a d-PCE comprising 
MMT, LiTFSI, and Li6.4La3Zr1.4–Ta0.6O12 (LLZTO) in PEO for 
LMBs.[143] The d-PCE (indeed a HPE) preparation involved a 
solution-blending process. The report emphasizes that Li+-
MMT interactions in the HPE weaken the PEO-Li+ coordina-
tion (Figure 21d), delivering improved Li+ transport properties 

Figure 20.  Representative crystal structure of 2D silicates in the a) kaolin (1:1 2D silicate), b) smectite (2:1 2D silicate), and c) mica (2:1 2D silicate) 
group. Reproduced with permission.[43] Copyright 2018, Springer International Publishing.

Table 2.  CEC values of commonly found 2D silicate clay minerals.

CCM type Cation exchange capacity (centimole 
charge (+) per kg or cmol(+) kg−1)

Kaolinite 3–15

Halloysite·2 H2O 5–10

Halloysite·4 H2O 40–50

Montmorillonite 70–120

Vermiculite 130–210

Illite 10–40

Micas (biotite, muscovite) Up to 5

Chlorite 10–40

Sepiolite, palygorskite 20–30

Adv. Energy Mater. 2023, 13, 2203326
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(ionic conductivity of 0.02 and 4.2 mS cm−1 at 30 and 70  °C, 
respectively). Besides, MMT claims to help remove trace water 
and impurities at the electrode|electrolyte interface, offering 
oxidation stability of 4.6 V versus Li|Li+, higher than the MMT-
free counterpart (3.9 V vs Li|Li+). The advantage of MMT addi-
tives is apparent from the high specific capacity (140 mAh g−1, 
0.08 C, 70 °C) of the LFP||Li full cell, which is superior to the 
LMB cell without MMT filler (120 mAh g−1). The sodium form 
of MMT (Na-MMT) is known as bentonite. In the work of 
Moreno et  al., bentonite-Li+ preintercalated with PEO (PEO@
bentonite-Li+) was used as nanofillers in PEO host for the prep-
aration of d-PCE films by melt-blending process and hydraulic 
pressing.[149] The mechanical agitation (ultrasonication) and 
solvent swelling favored the preintercalation of neutral PEO 
chains into the interlayer galleries of bentonite-Li+. The ionic 
conductivity of the resulting d-PCE with the PEO@bentonite-
Li+ nanofiller (PEO/PEO@bentonite-Li+, 1.81 × 10−7 S cm−1, 
25 °C) was higher than the PEO-free bentonite nanofiller (PEO/
bentonite-Li+, 3.89 × 10−8 S cm−1, 25 °C). Despite the low ionic 
conductivity values, this work demonstrated the advantage 
of polymer preintercalation in 2D silicates, which helps in 
achieving better blending of the nanofiller and the polymer host 
within PCEs.[149,150] Similar preintercalation strategies to make 
organophilic MMTs by organic cationic intercalants, such as 
dodecyl ammonium cations to improve the nanofiller–polymer 
host interaction are also known.[151]

The size of anions also influences the ionic conductivity of 
PCEs. For example, it has been reported that the ionic conduc-
tivity of melt-blended PEO-MMT (1.0–20  wt% MMT loading) 
PCEs with LiClO4/LiBF4 is higher than with LiCF3SO3.[152] In 
a report from Tominaga and co-workers, the directional ori-
enting of MMT layers in a specific direction within the polymer 

host has been found to influence the ion transport properties 
of the PCE.[153] This involved utilizing an in situ polymeriza-
tion technique for the PCE processing in three steps: 1) orien-
tation of MMT in the monomer solution under a strong mag-
netic field, 2) solvent removal, and 3) in situ polymerization. 
Strong magnetic fields help align the MMT in parallel and per-
pendicular orientations toward the conductivity measurement 
direction (Figure 22a–c). Compared to the neat PEO-Li+ DPE, 
the PCE with MMT layers parallel to the direction of conduc-
tivity measurement displayed six times higher conductivity 
(0.012 mS cm−1, 30 °C, 5.0 wt% loading). This phenomenon is 
an example of anisotropy shown by the 2D silicates due to the 
intrinsic 2D structure.[9,136a]

MMT-based PCEs with polymer hosts other than PEO are also 
known for LB applications. Sengwa and Choudhary reported 
several d-PCEs and plasticized PCEs based on the PMMA-PEO 
blend and MMT in the presence and absence of PEG plasti-
cizer.[155] Indeed, the dielectric properties and relaxation times of 
these PCEs varied as a function of the nanofiller and plasticizer  
amount. In the works of Srinivasan and co-workers, g-PCEs 
based on MMT in PVDF[156] or PVDF-HFP[154] hosts for LMB 
application are studied. The MMT/PVDF film (casting by phase 
inversion technique) or MMT/PVDF-HFP film (casting by elec-
trospinning) composites have been prepared by the solution-
blending method, and the obtained films follow activation in 
a carbonate-based liquid electrolyte (1  m LiPF6 in EC:DEC). 
Figure  22d illustrates the effect of sonication time directing 
the microstructure of the resulting g-PCEs. An increase in 
sonication time helps achieve better exfoliation of MMT layers 
and improved Li+-ion transport pathways within the g-PCE. 
These works also emphasize the benefit of converting hydro-
philic-MMT to organophilic-MMT by preintercalating cationic 

Figure 21.  Illustration of a) framework of MMT and the cations present in the interlayer space. b) Multistep cation-exchange reaction of Na-MMT involving 
protons and Li+-ions. c) Energy profile diagram depicting the favorable diffusion of Li+-ions within the interlayer spacing of MMT framework compared to 
a carbon-based electrode. Reproduced with permission.[144] Copyright 2018, Wiley-VCH. d) Scheme showing the interactions in a d-PCE/HPE composed 
of PEO, MMT, and LiTFSI salt. Reproduced under the terms of the CC BY 4.0 license.[143] Copyright 2019, The authors, published by Springer Nature.
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surfactants (e.g., quaternary alkyl amines) since the organophilic 
MMT exhibits superior interactions with the hydrophobic PVDF 
or PVDF-HFP. Adding 1.0–4.0 wt% of the MMT nanofiller into 
PVDF and PVDF-HFP widens/diminishes the XRD peaks of 
MMT (2θ  = 2°–10°), indicating clay exfoliation and polymer 
intercalation. It is noteworthy that the PVDF and PVDF-HFP 
based g-PCEs exhibit 1.98 and 5.5 mS cm−1 (30 °C, 1.0 wt% MMT 
loading) ionic conductivities, respectively. The superior ion 
transport properties of the MMT/PVDF-HFP electrolyte are due 
to the additional Li+ coordination interactions offered between 
the exfoliated clay layers and the CF3 groups of PVDF-HFP, 

which is absent in the PVDF counterpart (Figure 22e). The well-
aligned nanofibers of electrospun PVDF-HFP must be another 
reason for the better ion transport properties of MMT/PVDF-
HFP. The LiMn2O4|MMT-PVDF|Li and LFP|MMT-PVDF-HFP|Li 
cells differed in their specific capacity (120 and 160 mAh g−1,  
respectively, at 25 °C).[154,156] Still, the performance was neverthe-
less superior to the individual MMT-free cells.

A recent report suggests incorporating Li-MMT into 
poly(ethylene)carbonate for PCE preparation.[157] In this 
work, the PCE processing involves solution casting fol-
lowed by hot pressing. The PCE also contains LiFSI salt, 

Figure 22.  MMT orientation in PCE: a) random, b) parallel, and c) perpendicular directions to the direction of conductivity measurement and cor-
responding 2D wide-angle X-ray diffraction (WAXD) patterns. Reproduced with permission.[153] Copyright 2012, The Society of Polymer Science, Japan.  
d) Effect of sonication time in directing the microstructure of the PCE during the solution-blending process. e) Interactions between PVDF-HFP, 
exfoliated clay layers, and Li+-ions in a PCE. Reproduced with permission.[154] Copyright 2013, Elsevier.
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poly(tetrafluoroethylene), and fluoroethylene carbonate 
(FEC) to improve ionic conductivity, mechanical stability, and 
electrode|electrolyte interphase and interfacial properties, 
respectively. The presence of liquid additive (FEC) contri
butes to the resulting PCEs ionic conductivity (0.35 mS cm−1, 
25 °C). Therefore, the PCE reported in this work may fall into 
a g-PCE or plasticized PCE category. The report claims that the 
FSI anion of the lithium salt tends to approach the positively 
charged edges of the Li-MMT clay, facilitating Li+ intercalation 

into the interlayer clay galleries. Besides Li+-ions, the interca-
lation of FEC molecules is also feasible. The anion-trapping 
capability of the Li-MMT clay (Figure 23a) accounts for the high 
tLi

+ value (0.83) observed for the optimized g-PCE. The g-PCE 
displays HSAL and dendrite growth inhibition capability with 
bare and 3D Li metal anodes (Figure  23b–d). Moreover, the 
high oxidation stability of the g-PCE (4.6 V vs Li|Li+) is an addi-
tional advantage for allowing its applicability in high-voltage 
LMBs. For instance, the LMB full cell with NMC-111 cathode 

Figure 23.  a) Illustration of anion trapping and ion transport mechanism in Li-MMT-based g-PCE. b–d) The HSAL inhibition property of Li-MMT-based 
g-PCE compared to a conventional liquid electrolyte-based LMB cell. The surface morphology of the bare and 3D Li metal anodes following cycling is 
also shown. The e) galvanostatic charge–discharge (GCD) and f) cycling stability profiles of NMC-111|g-PCE|Li cell. Reproduced with permission.[157] 
Copyright 2019, Wiley-VCH.
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exhibits a specific capacity of 160 mAh g−1 (0.2 C, 25 °C) with 
a retention of 92% over 100 cycles (Figure  23e,f). The use of 
MMT to modify separators (polypropylene, polyethylene, etc.) 
to minimize polysulfide diffusion and dendrite-growth sup-
pression is also known.[144,158] Although these MMT-separator 
systems cannot be directly called PCEs, the possibility of sepa-
rator modification proves the compatibility of MMT, and the 
large pool of polymers used in separators other than the PE hosts.

Like MMT, vermiculites,[159] a magnesium aluminosilicate 
(2:1 2D silicate) with high CEC value, are also widely used for 
PCE preparation. Vermiculite’s thermal expansion and solvent-
swelling properties have recently gained immense attention 
for PCE processing.[160] The works of Tang et  al.[161] discusses 
the prospect of tuning the ion transport and physicochemical 
properties of PEO using few-layered vermiculites. One of 
the works uses the property of thermally expanded vermicu-
lite clay undergoing easy exfoliation on direct-ion exchange 

reactions in the alkali-metal salt solution.[161a] It is interesting 
to note the property of the exfoliated vermiculite (nano)sheet 
(VS) forming self-standing films (Figure 24a,b), even in the 
absence of any polymer host. Later, VS, PEO, and lithium salt 
(LiTFSI) undergo the solution-blending process in acetoni-
trile, resulting in d-PCE films (Figure  24c,d). The optimized 
d-PCE film (10  wt% VS) displayed high ionic conductivity  
(Figure 24e, 0.03 mS cm−1 at 25 °C and 1.2 mS cm−1 at 60 °C) 
and tLi

+ of 0.25 at 25 °C. The superior oxidation stability (4.5 V 
vs Li|Li+) of the d-PCE over the nanofiller-free DPE is also a 
notable advantage (Figure  24f). The d-PCE is claimed to sup-
press the HSAL deposition and displays a specific capacity of 
160 mAh g−1 (0.1 C, 60 °C) in LFP|d-PCE|Li cells.

The same group has also reported the advantage of infil-
trating vertically aligned vermiculite (nano)sheets (VAVS, 
prepared by temperature gradient freezing) into a PEO 
host for improving the low-temperature performance (ionic 

Figure 24.  a) Photograph and b) SEM cross-sectional image of a vermiculite nanosheet (VS)-based self-standing film. c) Photographs of the VS-based 
d-PCE films. d) Illustration of the mechanism of ionic conductivity enhancement in VS-based d-PCE. e) Ionic conductivity of d-PCE loaded with varying 
amount of VS as a function of temperature. f) Linear sweep voltammetry analysis of d-PCEs with and without VS nanofiller at 25 and 100 °C for the 
determination of oxidation stability. Reproduced with permission.[161a] Copyright 2018, Wiley-VCH.
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conductivity of 0.20 mS cm−1 (25  °C) and tLi
+ of 0.5) of the 

d-PCE (Figure 25a,b).[161b] The performance improvement is 
apparent from the specific capacity (167 mAh g−1, 0.1 C) and 
cyclic stability (82% retention, 200 cycles, 0.5 C) of the LiFP||Li 
cell at 35 °C (Figure 25c). Another interesting work from Zhai 
et  al. put forward a novel approach for processing d-PCEs 
based on vermiculite and PEO for Li–S batteries.[162] The d-PCE 
preparation involves intercalating PEO–LiTFSI into the ver-
miculite layers by a swelling and filtration process (Figure 25d). 
The solid-state d-PCE displays high ionic conductivity of  
0.01 mS cm−1 (25  °C), tLi

+ of 0.42, and excellent mechanical 
properties. The improved ion transport is due to the enhanced 
mobility of PEO chains within the interlayers of the laminar 
vermiculite framework (Figure  25e,f). The d-PCE in the Li–S 

battery delivers an initial specific capacity of 1254 mAh g−1 
(0.05 C, 60  °C), a value 50% higher than the vermiculite-free 
DPE (Figure  25g). The higher capacity retention (81% over  
150 cycles) offered by d-PCE is also interesting, indicative of its 
capability to minimize polysulfide shuttling (Figure 25h).

Apart from using MMT and vermiculite, a few other silicates 
in the smectite family have also been investigated for PCEs. For 
example, saponite (Nax(Si4-x, Alx)(Mg3)O10(OH)2),[163] a trioctahe-
dral clay, has been utilized for the preparation of d-PCEs with 
PEO.[164] For this purpose, Na-saponite is initially converted 
to Li-saponite by LiOH treatment in solution. The solution-
blended d-PCE displayed a superior ionic conductivity (25  °C)  
of 4.1 mS cm−1 compared to the melt-blended counterpart  
(1.4 mS cm−1), implying an improved PEO intercalation by the 

Figure 25.  a) Illustration of the crystal structure of vermiculite clay. b) Temperature gradient freezing and casting of the d-PCE with vertically aligned 
vermiculite (nano)sheets (VAVS). c) GCD and cycling stability (inset) profiles of LFP|PCE|Li cell (35 °C). d) Illustration of the intercalation of PEO–LiTFSI 
into vermiculite interlayers by swelling and filtration process. e,f) Illustration of the ion transport channels and enhanced mobility of PEO chains within 
the laminar vermiculite framework. g) GCD and h) cycling stability profiles of S|PCE|Li cell (60 °C). (a–c,f) Reproduced with permission.[161b] Copyright 
2019, Wiley-VCH. (d,e,g,h) Reproduced with permission.[162] Copyright 2020, Royal Society of Chemistry.
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former processing method. The exceptionally high tLi
+ value 

(0.99) and the high ionic conductivity of the saponite-based 
d-PCEs, in contrast to the classical PEO-Li DPE, are also worth 
mentioning. 

Unlike the 2:1 silicate mineral in the smectite and vermic-
ulite family, the CEC value of 2D silicates in the mica family 
is relatively low (Table 2). Besides, micas are generally known 
as non-expandable clays,[165] whereas smectites, vermiculates, 
etc., are examples of expandable clays.[166] Due to the low CEC 
value and non-expandable nature, the cations in muscovite 
mica (KAl2(AlSi3O10) (F, OH)2) are not exchangeable under 
ambient conditions,[133a] and have therefore received little 
attention for PCE preparation. However, a recent report by 
Wang et  al. suggests that inherent solid-state Li+-ion conduc-
tivity occurs in a modified muscovite called lepidolite, making 
it a suitable active nanofiller in PCEs (Figure 26a,b).[142,167] It is 
worth mentioning that the exchanged cations are not respon-
sible for the observation of ionic conductivity in lepidolite. By 
contrast, the ionic conductivity is due to the doping of octa-
hedral Al3+ by Li+-ion in the crystal structure, creating ion 
transport pathways accompanied by defects. Hence prepared 
d-PCE (indeed an HPE) based on lepidolite and PEO displays 
an ionic conductivity of 0.015 mS cm−1 (100 °C). Indeed, it has 
been reported that incorporating additional LiClO4 salt into 
the same d-PCE improves ionic conductivity (0.15 mS cm−1,  
35  °C). An optimum amount of 43  wt% of lepidolite in the 
d-PCE improves the tLi

+ to 0.72. The LFP||Li cell fabricated 
using this optimized d-PCE delivers a specific capacity of  
125 mAh g−1 (0.15 C, 60 °C, 25th cycle) (Figure 26c,d). Similarly, 

other reports have shown that integrating lepidolite (6 wt%) in 
PVDF in the presence of DMF (3.9 wt%) as plasticizer results 
in a g-PCE that shows an ionic conductivity of 0.125 mS cm−1 
at RT.[168] Lepidolite clays have also recently attracted interest 
in the battery research community as a polypropylene sepa-
rator modifier that prevent polysulfide shuttling and decrease  
Li+-ion diffusion barrier (0.031  eV).[169] These new results 
suggest that, similar to other 2D silicates, lepidolites are also 
exciting candidates with great potential for futuristic PCEs for 
Li–S batteries.

5.2. Layered Double Hydroxides for PCEs

The well-known examples of 2D layered ACMs, characterized 
by their anion exchange capacity (AEC), are LDHs. The high 
AEC of LDHs could be functional for anion conducting (e.g., 
OH−) PCEs for fuel cell applications.[170] Besides, the redox 
and electrocatalytic activity of several LDHs make them suit-
able as electrode materials for batteries, supercapacitors, fuel 
cells, etc.[171] The ideal structural formula of LDH minerals is  
[MII

1-xMIII
x(OH)2]x+

intra[Am−
x/m .nH2O]x−

inter, referred to as the 
subgroup of hydrotalcite natural mineral structure.[49c,172] MII 
and MIII are divalent and trivalent metal cations, respectively,  
and Am− is the anions. The layers of LDH compose of bru-
cite-like ((Mg(OH)2) edge-sharing octahedrons (M(OH)6) 
(Figure 27a).[173] Examples of MII cations include Mg2+, Mn2+, 
Co2+, Fe2+, etc., whereas, Al3+, Fe3+, Ni3+, etc., for MIII. Halide 
ions, CO3

2−, SO4
2−, etc., are a few of the anions (Am−) found in 

Figure 26.  a) SEM image and b) crystal structure of lepidolite. c) GCD and d) cycling stability profiles of LFP|d-PCE|Li cells. Reproduced with permis-
sion.[142] Copyright 2019, American Chemical Society.
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LDHs.[174] The “intra” and “inter” terms in the structural formula 
indicate the intralayer domains and interlayer galleries, respec-
tively. Typically, the distinct net positive charged layers in LDHs 
arise due to the partial substitution of divalent cations (MII) by 
trivalent counterparts (MIII).[172b,174] LDHs containing mono-
valent metal ions, such as Li+ in place of MII are also known, 
although rare.[175] Indeed, these Li+ LDHs could be exciting can-
didates as active nanofillers in PCEs since recent reports suggest 
their capability of Li+ diffusion.[176] The representative structure 
of M(OH)6 octahedron, LDH structure, its exfoliation, and the 
AEC values of certain LDHs are shown in Figure 27a–d.[173,177]

Due to the low CEC values of LDHs, during the last two  
decades (the year 2000 to 2020), they have only rarely found appli-
cations in cation-conducting PCEs for lithium- and post-lithium 
batteries. For example, in the works of Liao and Ye from the 
early 2000s, anionic surfactants based on sulfonate (SLDH) and 

phosphonate (PLDH) were used for modifying the LDH struc-
ture.[178] Due to the AEC of LDHs, anionic surfactants/polymers 
are suitable for surface modification. The intercalation and exfo-
liation induced by the surfactant molecules improve the com-
patibility of LDHs with polymers, such as PEO, thereby finding 
application in PCEs. It is worth noting that the PLDH displays 
effective exfoliation, but SLDH exists as aggregated nanosheets. 
When used in d-PCEs, the exfoliated PLDH improves interac-
tions with PEO and helps reduce its crystallinity, favoring ionic 
conduction (0.015 mS cm−1, 30 °C).[178a] Similarly, incorporating 
PEO, phosphonate improves the tLi

+ value of the d-PCE to 0.42, 
as reported in another work from the same group.[178b] This high 
tLi

+ value, despite using PEO as the PCE host, could be due to 
the anion-trapping capability of LDHs owing to their high AEC 
values. Another work from Bhat and co-workers reports a PCE 
based on PEG (Mw = 2000 g mol−1), LiClO4, and hydrotalcite LDH 

Figure 27.  Crystal structure of a) brucite and b) LDH. c) Illustration of exfoliated LDH layers in a solvent.Reproduced with permission.[173] Copyright 
2014, Springer Nature. d) Plot representing the AEC values of some of the LDHs. Reproduced with permission.[177] Copyright 2001, American Chemical 
Society. e) Illustration of the trapping mechanism of polysulfide anions by LDH in S||Li cells. Reproduced with permission.[180] Copyright 2016, Wiley-
VCH. f) Scheme representing hydrotalcite LDH encapsulated in PEO host. g) Comparison of cycling stability of an LFP||Li cell with and without hydro-
talcite nanofiller in a polymer electrolyte. Reproduced with permission.[181] Copyright 2020, Elsevier.
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([Mg0.67Al0.33(OH)2] [(CO3)0.17·mH2O]).[179] Despite the low CEC 
value of hydrotalcite LDH, the d-PCE in this work exhibits RT 
ionic conductivity of 0.01 mS cm−1 due to the low Mw of PEG and 
the improved percolation effects at the LDH/polymer interfaces.

Inspired by these earlier reports, the prospect of LDHs for 
PCE preparation is recently gaining immense attention among 
battery researchers. For instance, the anion trapping capability 
of LDHs has been of great interest to modify polymeric separa-
tors in Li–S batteries to trap the dissolved polysulfide anions 
(Figure  27e), thereby improving cycling stability.[171a,180] Unlike 
earlier reports on PCEs based on LDHs, which primarily 
emphasized ion transport properties, recent reports have also 
demonstrated the application of LDH-based PCEs in LMB 
cells. For instance, Wang et al. used a combination of hydrotal-
cite and LiTFSI in PEO for d-PCE preparation, which resulted 
in an RT ionic conductivity of 0.01 mS cm−1 and a tLi

+ of 0.42 
(Figure  27f).[181] This d-PCE further exhibited dendrite inhibi-
tion capability when used in LMBs employing an LFP cathode 

(practical specific capacity of 138 mAh g−1, 0.2 C, 60  °C, 88% 
retention after 100 cycles), thereby inspiring subsequent works 
on LDHs for PCEs. Although not used for PCE preparation, 
another recent report suggests the compatibility of PMMA and 
FeAl-LDHs for polymer composite preparation.[182] The com-
patibility of various LDHs with polymer hosts other than PEO 
could be exciting for designing better PCEs based on LDH in 
the future. In line with this, the latest report from Xia et  al. 
suggests the prospect of an LDH containing Li+ in the crystal 
structure (LiAl2-LDH) for d-PCE preparation (Figure 28a).[183] 
The exfoliated LiAl2-LDH incorporated in PVDF-HFP polymer 
host in the presence of LiTFSI salt by a solution-blending 
method results in a PCE with a high RT ionic conductivity of 
0.22 mS cm−1. This PCE displays an excellent tLi

+ value of 0.78 
due to the anion trapping capability of the LiAl2-LDH. The high 
oxidation stability of the PCE (4.9  V vs Li|Li

+) is an additional 
advantage, which is significantly higher than the nanofiller-
free counterpart (4.10  V vs Li|Li

+). Moreover, LMB cells based 

Figure 28.  a) Illustration of the crystal structure of LiAl2-LDH and their exfoliated layers encapsulated within the PVDF-HFP host. The anion trapping 
capability of LiAl2-LDH assists in improved Li+-ion transport pathways. b) GCD and c) cycling stability profiles of LFP||Li and NMC-811||Li cells, respec-
tively. Reproduced with permission.[183] Copyright 2021, Wiley-VCH.
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on LFP cathodes using this d-PCE displays excellent RT cycling 
stability with a retention of 98% of initial capacity (190 cycles, 
157 mAh g−1, 0.1 C) (Figure  28b). Besides, the d-PCE exhibits 
decent cycling behavior also with LCO and NMC-811 cathodes 
(Figure 28c).

6. MOFs: 2D Organic–Inorganic Hybrid 
Nanofillers for PCEs
MOFs are crystalline organic–inorganic porous materials made 
of ordered arrays of molecular building blocks consisting of 
metal centers coordinated to electron-donating multidentate 
organic ligands.[184] MOFs, also called “coordination polymer,”[185] 
are characterized by their unique open framework structure 
with tuneable porosity and high surface area (≈6000 m2 g−1).[186] 
Apart from coordination bonds, other weak interactions such as 
hydrogen bonding, van der Waals interactions, and π–π stacking 
contribute to stabilizing their framework under harsh condi-
tions.[187] Interestingly, it is possible to localize the coordination 
process within the desired space to obtain MOFs with 0D, 1D, 
2D, or 3D spatial dimensionalities (Figure 29).[188] The unique-
ness of MOFs lies in their structural versatility and extended 
porous (nano- to macroscale pores) networks. According to the 
pore diameter, a wide variety of guest moieties (gas molecule, 

organic solvent molecule, dyes, etc.) can fit into the cavities in 
MOFs through host–guest interaction involving the metal cat-
ions and the functional organic linkers. Such structural and 
dimensional flexibilities open possibilities to tailor the properties 
of MOFs that are crucial for applications such as gas storage and 
separation, catalysis, and electrochemical energy storage.[189,190] 
Another emerging approach is to utilize MOFs as stand-alone 
electrolytes or additives in PCEs.[191,192] The organic functional 
groups in MOFs can facilitate homogeneous blending of MOF 
additives and polymers through Lewis acid–base complexation 
interactions. For instance, the 3D porous MOF, Zn4O(BDC)3 
(MOF-5) has been proven to interact with the PEO and TFSI− 
to reduce the polymer crystallinity and increase the Li+-salt dis-
sociation when used in a d-PCE (Figure 30a,b).[191] Although 
MOF-5 with a cage-like framework structure does not fall into 
the 2D layered nanomaterials category, in recent years, MOFs 
possessing layered structure (2D MOFs/MOF nanosheets) are 
gaining great attention as nanofillers in PCEs.

Like other 2D layered nanomaterials discussed in the pre-
vious sections, the synthesis of 2D MOFs also proceeds through 
bottom-up or top-down strategies, involving mechanical exfo-
liation, surfactant-assisted reactions, and interfacial reactions 
(Figure  30c).[193] 2D MOFs are fascinating because they have 
high aspect ratio and contain more exposed active sites on 
the surface, which is beneficial for creating better functional 

Figure 29.  The illustration shows the preparation of MOFs with different dimensionalities (0D, 1D, 2D, and 3D), their structure, and electron microscopy 
images. Reproduced with permission.[188a] Copyright 2014, Royal Society of Chemistry.

Adv. Energy Mater. 2023, 13, 2203326

 16146840, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203326 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [26/06/2023]. 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



www.advenergymat.dewww.advancedsciencenews.com

2203326  (32 of 46) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

interfaces with the polymer matrix. Han et  al. developed a 
d-PCE of Ni-based 2D MOF (constructed from Ni(II) node and 
1,4-benzenedicarboxylic acid (BDC) ligand) nanosheet (NMS) 
mixed with PEO–LiTFSI following a solution casting strategy 
(Figure 31a).[194] The ionic conductivity of the d-PCE containing 
an optimum concentration (8 wt%) of NMS was 0.017 mS cm−1  
(tLi

+ = 0.38), one order magnitude higher than the Al2O3 coun-
terpart. The NMS nanofiller also imparted higher anodic sta-
bility and interfacial stability to the d-PCE in contact with the 
Li-metal anode, as reflected in the better plating/stripping pro-
file (Figure 31b,c), Li deposition morphology (Figure 31d,e), and 
specific capacity of the Li||Li and LFP||Li cells. The favorable 
impact of the NMS nanofiller originated from several possible 
factors: 1) the large lateral dimension of NMS helps reduce the 
extent of polymer crystallization, 2) NMS can cross-link the 
PEO chains and improve the mechanical strength of the PCE, 
and 3) the Lewis-acidic surface of NMS (due to the unsaturated 
Ni sites) facilitates Li+-ion mobility by blocking the diffusion of 
TFSI− ions.

In contrast to the conventional approach of preparing 
PCEs by mixing the nanofiller with the polymer host of 
interest, Yu et  al. developed a 3D continuous nanofiller scaf-
fold using Cu(BDC) 2D MOF (Figure 32a) nanosheets and 
a nonwoven fabric (NWF) substrate.[45] They decorated the 
NWF by sequentially soaking the substrate in the ligand (BDC) 
and Cu(II) salt solution. Finally, the impregnation of PVDF-
LiClO4/DMF solution into the NWF@Cu(BDC) scaffold and 
subsequent evaporation of the solvent resulted in the desired 
d-PCE (NWF@Cu(BDC)-PVDF). Figure  32b depicts the steps 
involved in the NWF@Cu(BDC)-PVDF preparation process. 

The 3D continuous architecture of the d-PCE provides high 
mechanical strength and accelerates the Li+-ion diffusion in 
two pathways: 1D channels (Figure  32a) inside MOF and 3D 
through the MOF/PVDF interface. The experimental findings, 
coupled with DFT studies, further elucidated the coordination 
of ClO4

− anions with the uncoordinated Cu2+ site, which eases 
the LiClO4 salt dissociation and makes the Li+-ion mobility 
more facile (Figure  32a). As a combined effect, the ionic con-
ductivity of the d-PCE (0.24 mS cm−1 at 30 °C) was higher than 
the MOF-free DPE and Cu(BDC)-PVDF d-PCE, prepared by the 
conventional cast-then-dry method. The performance of NWF@
Cu(BDC)-PVDF d-PCE in an LMB cell with high-voltage NMC-
811 cathode delivering 164 mAh g−1 capacity and good capacity 
retention over 80 cycles is appreciable (Figure 32c,d).

Despite the advantages mentioned above, the application of 
2D MOFs for developing PCEs for LBs is still underexplored. 
Hence, future studies on introducing new 2D MOFs and under-
standing the interface of MOF nanosheet with polymer and salt 
constituents are essential to exploit the full advantages of 2D 
MOF-based nanofillers. In this direction, an exciting approach 
could be developing cationic 2D MOF by grafting organic cat-
ions onto the MOF surface, since such cationic nanofiller can 
immobilize the electrolyte anions and provide seamless pas-
sage for Li+-ion conduction.[195]

7. COFs: Organic Nanofillers for POCEs

Similar to MOFs that are porous organic–inorganic hybrid 
materials, organic porous materials possessing framework 

Figure 30.  A plausible mechanism for improved ionic conductivity of PCE assisted by MOF-5: a) interaction of anion with the unsaturated metal sites 
of MOF, and Li+-ions with the PEO chains in PCE and b) ion transport in 3D directions through the pore channels of MOF-5. Reproduced with permis-
sion.[191] Copyright 2013, Elsevier. c) Bottom-up and top-down strategies for preparing 2D MOF nanosheets. Reproduced under the terms of the CC BY 
3.0 license.[193] Copyright 2018, The authors, published by Royal Society of Chemistry.
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structure also offer opportunities to develop solid- and quasi-
solid-state electrolytes for LBs. In this regard, COFs are suitable 
candidates, which are organic framework materials composed 
of organic ligands that are covalently bonded to each other. 
COFs are generally classified into 2D and 3D COFs.[196] 2D 
COFs are the most common, which crystallize as stacked sheets 
with 1D porous channels, whereas 3D COFs are characterized 
by crystalline, extended, net-like reticular structures. One of the 
attractive properties of 2D COFs is that they are often prone to 
exfoliation into 2D nanosheets through physical or chemical 
processes. Envisaging the future potential of such 2D COFs 
as nanofillers in PCEs, this dedicated section aims to give the 
readers a summary of several COF-based electrolytes reported 
for LBs so far. Herein, one of the objectives is to enlighten the 
readers about the prospects of the emerging field of COFs for 
LB electrolyte applications. Therefore, this section also con-
siders reports on both 2D and 3D COF electrolytes though they 
do not really fall into any PCE category. In any case, the term 

polymer organic composite electrolytes “POCEs” is used to 
account for the organic nature of COFs whenever a report on 
COF-based PCE is under discussion.

In 2015, Park et al. reported a Li+-ion conducting crystal-
line covalent organic porous network based on cucurbit[6]uril 
(CB[6]), a well-known macrocyclic molecule resembling a 2D 
COF.[196e] The ionic conductivity of the CB[6] pellets soaked in a  
carbonate-based liquid electrolyte showed values in the range of  
0.08–0.10 mS cm−1 at RT. The low activation energy (0.32–0.38 eV)  
and a high tLi

+ value (0.7–0.8) were attributed to the excellent Li+-
ion transport predominantly provided by the narrow 1D channels 
and the capability to block the bulky anions transport through 
these pores (Figure 33). This report on CB[6]-based electro-
lyte opened up new avenues toward developing 2D COF-based 
electrolytes with Li+-ion conducting properties. For example, 
research in similar direction was reported by Vasquez-Molina 
et  al. using electrolyte-impregnated COF pellets made of 2D 
COFs with different symmetries and functionalities (COF-5 and 

Figure 31.  a) Illustration showing the preparation of d-PCE comprising Ni MOF nanosheets; cycling test of Li||Li cell with b) PE and c) MOF-based 
d-PCE at 0.3 mA cm−2 and 50 °C. d) and e) Ex situ scanning electron microscope images and digital photographs (inset) of the Li electrodes recovered 
from the cells mentioned in (b) and (c), respectively. Adapted with permission.[194] Copyright 2020, American Chemical Society.
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TpPa-1, Figure 34).[196a] They observed improved electrochemical 
stability and fast Li+-ion conduction, especially through crystallo-
graphically aligned 2D COF materials than the nonaligned coun-
terparts. Later, Zhang et al. used simulation studies and found 
that short-range diffusion of Li+-ions and their coordination are 
driven by the rotation of anions and the solvent, which facilitates 
the 1D liquid-like diffusion of Li+-ions in 2D COFs.[197]

A recent report focused on developing boron-containing 2D 
COF as a nanofiller to prepare a gel POCE (g-POCE) for LIBs 
(Figure 34). For this purpose, the 2D COF named H-COF-1@10 
was encapsulated within PVDF host followed by activation in 
a liquid electrolyte (1 m LiClO4/EC:DMC (1:1)).[198] The H-COF-
1@10-based POCE exhibited an ionic conductivity of 0.25 mS 
cm−1 (RT). The higher ionic conductivity arises from the strong 

adsorption of anionic moieties to the H-COF-1@10 fillers. The 
presence of polarizable ClO4

− ion enables the formation of 
the complex with more B atoms in the 2D COF framework, 
resulting in a high tLi

+ of 0.71. The incorporation of electron-
withdrawing groups such as fluorinated aryl and alkyl groups 
in the framework structure may be a suitable strategy for fur-
ther reducing the anion mobility and improving the tLi

+ values 
for POCEs based on these 2D COFs.

A common feature of the 2D COFs discussed in the above-
mentioned reports is that none of them bear a charged moiety, 
or put in other words, they are all neutral. However, it is possible 
to design COFs with positive or negatively charge bearing 
functional groups. Hu et al. developed a series of crystalline 
imidazolate 2D ionic COFs (ICOFs) with ionic linkages that 

Figure 32.  a) The structure of Cu(BDC), mechanism of LiClO4 salt dissociation assisted by Cu(BDC), and representation of 1D porous channels in 
the MOF for fast Li+-ion conduction. b) Process involved in the in situ growth of Cu(BDC) nanosheets over the nonwoven fabric and developing 3D 
Cu(BDC)-based PCE in the subsequent steps. c) Cycling stability data and d) voltage profile of the NMC-811||Li cell with NWF@Cu(BDC)-PVDF PCE. 
Reproduced with permission.[45] Copyright 2021, American Chemical Society.
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inherently possess Li+-ions in the structural framework suitable 
for ion conduction. Interestingly, these ICOFs with immobile 
anionic moieties resembled SIC-PEs and may be called single-
ion conducting COFs (SIC-COFs).[1a,200] These 2D ICOFs acti-
vated in a liquid electrolyte displayed exceptional ionic conduc-
tivity at RT and lower activation energy (Figure 35).[46] Herein, 

the imidazolate groups in the ICOFs displayed weak imida-
zolate-Li+ binding interactions, and the presence of well-defined 
1D porous channels facilitated the free movement of Li+-ions. 
The lithiated CF3-Li-ImCOF displayed the maximum RT ionic 
conductivity (7.2 mS cm−1), low activation energy (0.10 eV), and 
high tLi

+ value of 0.93. The weaker ion pairing and the anionic 
character are justified for CF3-ImCOF due to the electron-
withdrawing effect of CF3 than the CH3 in CH3-ImCOF. 
Although 2D ICOFs are yet to be used for PCOEs, Du et al. 
used a 3D ICOF (ICOF-2, Figure 35) for g-POCE preparation in 
combination with PVDF polymer host.[196b,199,201] The g-POCE 
membranes (soaked in PC (24 h)), showed an ionic conduc-
tivity of 0.03 mS cm−1 (RT) and activation energy of 0.24 eV. The 
POCE displayed a high tLi

+ value of 0.80 ± 0.02 due to the ani-
onic character of the ICOF-2.

Most of the COF materials developed for electrolyte applica-
tion use liquid electrolytes for activation in one way or another. 
However, the new concept of using COFs without any solvent 
for Li+-ion conduction is also gathering immense attention 
among researchers as an alternative to ISEs. Such COFs with 
inherent Li+-ion conduction feature could be called “all-solid-
state COF electrolytes”.[202a,203,204] For instance, an all-solid-state 

Figure 33.  CB[6]-based electrolyte illustrating the Li+-ion transport 
pathway in the 1D channels. Reproduced under the terms of the CC BY 
3.0 license.[196e] Copyright 2015, The authors, published by Royal Society 
of Chemistry.

Figure 34.  Chemical structures of neutral 2D COFs: COF-5, TpPa-1, and H-COF-1@10 used for various electrolyte applications.
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COF electrolyte based on a 2D cationic ICOF nanosheet (CON) 
was reported by Chen et  al.[202a] The Li-CON-TFSI (Figure 35) 
prepared by ion-exchange reaction between CON-Cl and LiTFSI 
exhibited ionic conductivities of 0.06 and 0.21 mS cm−1 at 
30 and 70 °C, respectively. The irregular 2D nanosheets showed 
an activation energy of 0.34  eV atom−1 with an average tLi

+ of 
0.61 ± 0.02. In this case, faster Li+-ion conduction in CONs was 
achieved due to the interaction of TFSI− ions with the 2D CON 
framework, which further liberated Li+-ions freely. Similarly, 
reports on all-solid-state anionic COFs based on lithium sul-
fonated 2D COFs exhibiting tLi

+ value as high as 0.90 are also 
known.[204] Despite these advancements in the preparation and 
validation of ICOFs as all-solid-state electrolytes, they are yet to 
be used as a nanofiller in POCEs, which is highly likely to come 
into the limelight in the upcoming years.

Functionalized 2D COFs having PEO/PEG units directly 
attached to their framework structure are innovative mate-
rials, which bridge benefits of COFs and the polymer host 
used in conventional PEs.[205–208] These polymer units can 
influence the crystallinity of COFs and are often suitable 
for improving the thermal and mechanical properties of 

nonfunctionalized 2D COFs. In this regard, Zhang et al. intro-
duced PEO into the inner space of a 2D COF by self-assembly 
approach to prepare glassy COF electrolytes (Figure 36).[206]  
Three PEO functionalized hydrazone-linked COFs, COF-PEO-x: 
x = 3, 6, and 9, were synthesized using a solvothermal method. 
To investigate the Li+-ion conductivity, COF-PEO-x-Li was pre-
pared by immersing COF-PEO-x in LiTFSI-containing THF 
solution. Ionic conductivity of 1.33 mS cm−1 was obtained for 
COF-PEO-9-Li at 200  °C. A decline in ionic conductivity was 
observed at lower temperatures and in COFs with less density 
of PEO chain accumulation. Later, there have been attempts 
to introduce various branched PEO chains onto the pores 
of COF by condensing 1,3,5-tris(4-formyl-phenyl)-benzene 
with three PEG-based hydrazide monomers.[207] LiTFSI was 
introduced into the COF through a soaking process to obtain 
COF-PEG-Bn-Li (Figure  36, Bn represents no. of chains with 
n  = 1,3,6). The ionic conductivity of COF-PEG-B6- Li showed 
the highest ionic conductivity values of 3.4 × 10−3 mS cm−1 
at 60 °C, 0.16 mS cm−1 at 140 °C, and 1.5 mS cm−1 at 200 °C. 
However, with an increase in chain length, a higher activation 
energy of 0.60 eV was observed for COF-PEG-B6-Li.

Figure 35.  Chemical structures of ionic COFs: anionic spiroborate-based 3D ionic COF (ICOF-2), anionic imidazolate ICOF (ImCOF), and 2D COF 
nanosheets (CONs, Li-CON-TFSI).
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In conclusion, different strategies have been employed to 
design 2D COF materials for their use as stand-alone electro-
lytes and nanofillers in POCEs. Table 3 further summarizes 
the characteristic features of 2D COF-based materials and 
POCEs evolved from these efforts. Introduction of ionic moie-
ties, PEOs, defect engineering, and post-functionalization has 
improved Li+-ion conductivity and Coulombic efficiency, and 
lowered activation energy. The field is relatively new, and inno-
vative synthetic modifications and molecular engineering to 
achieve realistic COF systems with acceptable electrochemical 
performance are inevitable for their widespread application and 
commercial demonstration.

8. Conclusion and Future Perspectives

This review article thoroughly covered the potential uses of 2D 
layered nanomaterials as nanofillers in PCEs. Compared to 
classical PCEs using ceramic nanoparticle fillers, the 2D layered 
nanomaterial encompassed PCEs deliver targeted characteris-
tics even in very low quantities. Indeed, polymer molecules and 
ions can intercalate into the interlayer galleries of 2D layered 
nanofillers, which can significantly impact the physicochemical 
and electrochemical properties of the resulting PCEs.

Being natural and easily available, clays (2D silicates 
and LDHs) dominated the early reports on 2D nanofillers-
based PCEs. Synthetic 2D layered nanomaterials (MXenes, GO, 
phosphorene, h-BN, etc.) have also been emerged as suitable 
nanofillers finding a great deal of application in PCEs. The most 
recent entrants such as 2D MOFs and COFs into the 2D mate-
rial landscape, further add to the research portfolio accessible 

in this field. For the same reason, identifying, designing, and 
engineering the most reliable candidates among the variety of 
2D layered nanomaterials are important, however such a step 
is challenging as no performance benchmark is available to 
compare. In this scenario, it is important to develop standard 
protocols to test and report these materials for rapid screening 
for both academic and commercial purposes.

It is clear from this review that the electronic conductivity/
semiconducting properties of several 2D layered nanomate-
rials, which could be detrimental to any electrolyte, do not pose 
a significant problem when present in PCEs in extremely low 
amounts, e.g., graphene. If required, the detrimental electronic 
conductivity can often be made minimal by straightforward 
methods, e.g., the oxidation of graphene to GO, which can 
provide a chemical functionalization pathway that is generally 
beneficial for the PCE. Moreover, it is clear that the 2D layered 
nanomaterials generally improve mechanical and thermal sta-
bility, and prevent Li dendrite formation, which can otherwise 
be problematic for neat DPEs or (especially) GPEs. Indeed, 
the high-aspect-ratio characteristic of these nanofillers was 
focused, which favored more polymer-nanofiller interfaces for 
creating fast ion-transport pathways with low activation energy, 
ultimately influencing the global Li+-ion transport mechanism 
in PCEs. In other words, at the polymer–nanofiller interfaces, 
an otherwise semicrystalline polymer turns amorphous; or 2D 
layered nanomaterials act as solid-plasticizers, promoting the 
bulk ionic conductivity in the resulting PCE. Even though, the 
low-aspect-ratio 3D nanofillers used in the classical PCEs also 
contribute to bulk ionic conductivity, they generally display a 
weaker contribution towards global ionic conductivity through 
the interfacial transport processes.

Figure 36.  Chemical structures of PEO/PEG functionalized COFs (COF-PEO-x and COF-PEG-Bn-Li).
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Another benefit of 2D nanofillers is their net surface charge, 
which aids in improving salt dissociation and often contri
butes to enhancing the cation transference numbers in PCEs. 
For example, the high cation exchange capacity of 2D silicates 
is known to favor the interlayer diffusion of Li+-ions in PCEs. 
Similarly, the trapping of the salt anions by LDHs due to their 
net positive surface charge also enhances the cation transference 
number of the resulting PCEs. It is worth mentioning that the 
net positive charge of the LDH has the capability of minimizing 
the diffusion of polysulfides, especially when used in Li–S bat-
teries. The application of 2D silicates and LDHs in inherently 
conducting Li+-ions is highly promising, as they can open up the 
field of 2D layered ISEs as potential active fillers for PCEs. How-
ever, the bulk of the scientific literature is focused more on mate-
rials performance than on elucidating the origins of ionic conduc-
tion. As can be concluded from this review, there is an apparent 
lack of MD simulation studies that can elucidate the global and 
local transport mechanisms existing in multicomponent PCEs, 
and hence it is difficult to scientifically and systematically tailor, 
identify, and optimize these materials further. Another common 
observation regarding natural and synthetic 2D layered nano-
materials is the selection of polymer hosts, mostly conventional 
polymers such as PEO, PVdF-HFP, etc. have been employed, 
nevertheless, other polymer hosts, poly(trimethylene carbonate), 
poly(caprolactone), polyketones, etc., have also emerged as 
promising new candidates in PCE research. In this regard, while 
considering the prospects of inorganic 2D layered nanomaterials 
and related PCEs, it is worth highlighting that new and target-
specific polymer hosts that are available from the large pool of 
PE literature need to be considered.

With the progress in solid-state batteries, it is a good sign 
that the recent works on 2D layered nanomaterials based PCEs 
emphasize achieving enhanced electrochemical properties and 
performance in LMB cell batteries. It is noticed that LFP is the 
most studied cathode material for 2D layered nanofiller-based 
PCEs, and there are several early reports on LCO as well. How-
ever, it is vital to investigate their performance against other com-
mercially crucial high-voltage cathode materials free of Co and 
having high Ni content (e.g., NMC 811, LNMO, etc.). More studies 
are needed to understand their electrochemical degradation in 
LMB cells, especially against Li metal anodes and high-voltage 
cathodes, to make them competitive with existing or futuristic 
solid-state and/or gel electrolytes. In this respect, going beyond 
sweep-voltametric techniques could be attractive in gaining a real-
istic picture of the electrochemical stability of these PCEs.[208]

A critical observation from this review article is the foray of 
organic and organic–inorganic hybrid 2D layered nanomate-
rials into the PCE research landscape. In this regard, several 
academic publications on 2D COF and 2D MOF nanofillers for 
PCEs are already available. Unlike inorganic layered materials, 
there are many additional opportunities with these organic and 
organic–inorganic hybrid 2D layered nanomaterials for mole-
cular engineering because of the presence of organic building 
blocks. For instance, there are 2D COFs that are inherently con-
ducting while possessing single-ion conducting properties. 2D 
MOFs may also imbibe similar features by tweaking the organic 
ligands with the targeted functional moieties. Although the field 
of MOFs are just two decades old, it is interesting to note that 
PCEs based on 2D MOFs are used against high-voltage cathodes 
such as NMC-811 on a lab-scale. Recent reports of MOFs with 

Table 3.  Summary of COF-based electrolytes and POCEs for LB application.

Sr. no Material Salt Solvent Conductivity  
[mS cm−1]

tLi
+ Activation 

energy [eV]
Refs.

1. Cucurbit[6]uril 1 m LiPF6 or LiClO4 PC 0.08–0.10 (RT) 0.7–0.8 0.32–0.38 [196e]

2. COF-5 1 m LiClO4 THF 0.26 (RT) [196a]

3. ICOF-2 PC 0.03 (RT) 0.80 ± 02 0.24 [199]

4. H-Li-ImCOF Lithiation by n-BuLi in 
hexane

PC 5.3 (RT) [46]

CH3-Li-ImCOF 0.08 (RT)

CF3-Li-Im-COF 7.2 (RT)

5. PVDF/H-COF-1@10 LiClO4 EC/DMC 0.25 (RT) 0.71 [198]

6. Li-CON-TFSI 0.06 (30 °C)
0.21 (70 °C)

0.61 ± 0.02 [202a]

7. dCOF-ImTFSI-60@Li LiTFSI 7.05 (150 °C) 0.72 0.28 [202b]

8. PEG-Li+@EB-COF-ClO4 LiClO4 0.02 (30 °C)
1.78 (120 oC)

0.60 0.21 [203]

9. TpPa-SO3Li LiOAc 0.027 (RT) 0.9 0.18 [204]

10. Li+@TPB-DMTP-COF
Li+@TPB-BMTP-COF

LiClO4 1.36 × 10−4 (40 °C)
6.74 × 10−4 (60 °C)
5.37 × 10−3 (80 °C)
6.04 × 10−3 (40 °C)

0.03 (60 °C)
0.17 (80 °C)

0.96
0.87

[205]

11 COF-PEO-x-Li LiTFSI 1.33 (200 °C) [206]

12 COF-PEG-B6- Li LiTFSI 1.5 (200 °C) 0.30 0.60 [207]

Adv. Energy Mater. 2023, 13, 2203326

 16146840, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203326 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [26/06/2023]. 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



www.advenergymat.dewww.advancedsciencenews.com

2203326  (39 of 46) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

inherent Li+-ion conduction in the solid-state are also promising 
for solid-state batteries, as these MOFs may find application as 
active fillers in PCEs. Ultimately, 2D COFs and MOFs are inter-
esting nanofillers for PCEs and certainly demand further atten-
tion from the battery community. However, more validation is 
required to understand how the organic moieties present in 
these materials reacts in high-oxidative and reductive environ-
ments in contact with reactive electrodes inside a battery.

In summary, the role of 2D layered nanomaterials as nano-
fillers in PCEs is encouraging due to the possibility of tailoring 
their properties according to the targeted battery chemistry. 
This comparatively new research field hence demands thor-
ough investigations and explorations, which could revolutionize 
the field of PCEs and its application in solid-state lithium and 
post-lithium battery systems.
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