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The urgent need for developing energy storage devices is promoting the studies of alkaline metal based batteries with high

DOI: 10.1039/x0xx00000x

energy density and long life. Two-dimensional (2D) inorganic non-conductive materials have shown their unique

physicochemical properties, making them great potential in energy storage and conversion due to the planar structure, high

surface-to-volume ratio, and non-electronic conductivity. Among the 2D inorganic non-conductive materials, hexagonal

boron nitride (h-BN), graphitic nitride(g-C3N,), montmorillonite (MMT), and vermiculite (VMT) have shown some potential

application in alkaline metal based batteries. Herein, the synthesis strategies of these inorganic two-dimensional non-

conductive materials in recent years and their applications as electrode materials additives, metal anode supports, building

block of solid interfacial and separator additives in alkali metal based batteries are comprehensively reviewed in recent

years. The challenges of using 2D materials in alkali metal based to improve performance are discussed and possible

solutions are proposed. These 2D inorganic non-conductive materials have the potential to get broader usage in alkali-based

batteries in future considering their unique structure and properties.

1. Introduction

The development of renewable energy is paramount in
addressing energy depletion and environmental pollution.
However, the instability and volatility of renewable energy
sources can bring a significant challenge in terms of energy
storage. Rechargeable batteries are widely employed to store
renewable energy and bridge the gap between supply and
demand.! Among these, lithium-ion batteries (LIBs) as one type
of alkali metal based batteries have emerged as one of the most
commonly used energy storage solutions due to their high
energy density, long cycle life, and low self-discharge rate.
Nevertheless, with the rapid development of electric vehicles
and portable electronic devices, the demand for higher battery
energy density and extended driving range has grown, pushing
traditional LIBs close to their limits. As a result, researchers have
turned their attention to next-generation battery technologies
with higher theoretical energy densities.

Besides LIBs, other alkali metal based batteries such as Li-metal,
Li/Na-0,, Li-S, and Na/K metal batteries have been paid much
attention due to higher specific capacity, and lower costs.
Lithium metal batteries (LMBs) have received significant
research and exploration, in which lithium metal is used as the
anode material, being able to offer higher theoretical energy
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density. As is known, lithium metal has a lightweight (0.59 g
cm™3), low reduction potential (-3.04 V vs. the standard
hydrogen electrode), and high theoretical specific capacity
(3860 mAh g~1). However, LMBs face multiple challenges such
as lithium dendrite formation and electrolyte decomposition,
needing necessary improvements for practical application.?
Another promising type of alkaline based battery is lithium-
sulfur (Li-S) batteries? because of the high theoretical capacity
and abundant resources of sulfur element. However, Li-S
batteries also face challenges such as the shuttle of polysulfide
shuttle and the low conductivity of the S element, which need
to be addressed to achieve reliable commercialization.
Additionally, lithium-oxygen (Li-O,) batteries (LOBs) are
considered a potential high-energy-density energy storage
device.? LOBs utilize oxygen gas as the cathode active material,
enabling higher theoretical energy density. However, LOBs face
challenges related to the formation of solid oxide byproducts,
and catalytic efficiency of the oxygen electrode. Even without
considering scientific issues, the large-scale application of
lithium based batteries will be restricted by the limited and
uneven distribution of lithium reserves. To deal with this,
researchers have begun to study sodium-ion batteries (SIBs) 3¢
and potassium-ion batteries (PIBs) 7 as cost-effective
alternatives to LIBs. Sodium and potassium elements with rich
resources, exhibit similar chemical properties and ion transport
mechanisms, making them potential substitutes for LIBs.

SIBs may exhibit poor kinetic characteristics due to the larger
radius of Na ions during their insertion into the host structure,
which can result in the degradation of the host material. In
addition, the lower Lewis acidity of sodium complexes leads to
higher solubility of solid-electrolyte interphase (SEl), which can
result in incomplete coverage of the electrode surface and
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some detrimental side reactions, accelerating heat generation.
Furthermore, the cathode materials currently used, including
oxides, poly-anions, organics, Prussian blue, and its analogs, all
suffer from poor electronic/ion conductivity.> In addition,
although the use of sodium metal as the anode can solve the
issues of poor kinetic insertion of Na* ions and low capacity, it
faces a similar dilemma as lithium metal anode. During the
cycling process, the reaction between the sodium metal and the
electrolyte continuously increases the interface impedance and
consumes the electrolyte, leading to a continuous decrease in
the Coulombic efficiency during the charge-discharge process.
Furthermore, the formation of a large number of sodium
dendrites on the anode surface and the generation of "dead
sodium" also reduce the cycling stability. If the further growth
of sodium dendrites may penetrate the separator, leading to
short circuits and even explosions. 8

Potassium possesses a standard hydrogen electrode potential
(-2.936 V vs SHE) that falls between lithium and sodium.
Additionally, potassium ions have smaller solvation shells
compared to lithium and sodium ions, resulting in higher ionic
conductivity and solubility. However, as research in this field is
still in its early stages, potassium-ion batteries face similar
challenges to SIBs. The insertion of larger potassium ions causes
more significant volume changes in electrode materials during
charge-discharge processes compared to other alkali metal ion
batteries, leading to unstable electrode structures. 7 °
Additionally, the low diffusion rate of K* in solid electrode
materials limits its rate performance. Similarly, the lower
potential and higher capacity make potassium metal an
attractive candidate as a negative electrode for potassium
batteries. However, potassium metal electrodes also face
challenges with dendritic growth. Furthermore, the
incompatibility of K metal and routine copper foil current
collectors presents another significant obstacle to its
development.!® Studies have shown that the modification of
electrode materials is very helpful in addressing the issues in
these batteries.

As is known, inorganic materials play a critical role in alkaline
metal-based batteries. For example, the common commercial
LIBs use graphite as anode and LiNi,Co,Mn, as cathode. Some
inorganic materials have shown the unique role in alkali
metal/ion batteries. As an example, sodium trisilicate can be
used as electrode binder to produce rigid, load-bearing
batteries due to its high strength and stiffness.!!

Two-dimensional (2D) inorganic non-conductive materials
with unique properties are expected to be one of the key
materials in improving the batteries performance. The 2D
inorganic materials can be divided into conductive materials,
semi-conductive materials, and insulators based on their
electronic conductivity. Representative examples of conductive
2D inorganic materials include graphene, MXenes (M,.1AX,),*?
and black phosphorus (BP) nanosheets. However, sometimes it
is difficult to distinguish between insulators and wide-gap
semiconductors, and thus these materials can be classified as
non-conductive materials. There are also various inorganic non-
conductive 2D materials such as metal hydroxide!3, BN,
graphitic carbon nitride (C3N4),*> MMT, and VMT.6
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In fact, non conductive 2D inorganic materials cap,contribute
a lot as additives for SEI, separator, or elde®tolft& AlHobgi R
synthesis of non-conductive 2D nanosheets have been
summarized in previous reports,4 1719 there are few reviews on
the recent progress of 2D non-conductive inorganic materials as
functional additives in alkali metal based batteries.

Herein, we have provided an overview of the typical 2D
inorganic non-conductive materials, including BN, g-C3N;, MMT,
and VMT in recent years, and their application in alkali metal
based batteries. We will discuss their synthesis and
fundamental properties briefly. And then, we will emphasize
their applications in alkali metal based batteries, such as
Li/Na/K-ion batteries, Li/Na/K-metal batteries, and Li-S/O
batteries, shown in Figure 1.

2D Inorganic

Materials ol % |

Figure 1. Schematic Diagrams of the structure of representative 2D inorganic non-
conductive materials and their application in Various Alkali Metal Based Batteries

2. Overview of 2D inorganic non-conductive
materials

2.1. Basic properties of representative 2D materials

2D inorganic non-conductive materials class of
nanomaterials with ultrathin thickness and much larger lateral
size. Their unique geometric structures provide them with
unique merits including large specific surface area, short
diffusion path of carrier ion, and rich surface chemistry.
Additionally, the interlayer covalent bonds in 2D planes ensure
adequate mechanical strength. The 2D materials can be
prepared by exfoliation of layered materials. 2D inorganic non-
conductive materials can be used as building block of other
micro/nano structures, making them suitable to be applied in
various energy storage fields. Furthermore, the wide bandgap
of 2D inorganic non-conductive materials makes them
favourable to be used as key components in passivation layer.

are a

2.1.1 Basic properties of hexagonal BN

There are multiple allotropes for boron nitride, and hexagonal
boron nitride (h-BN) and cubic boron nitride (c-BN) among
them, are more stable compared to others.2° h-BN is a layered
hexagonal crystal, with a structure analogous to graphite. It
belongs to the P63/mmc space group, with lattice parameters of
a=2.505A and c = 6.653 A. The B and N atoms are bonded
through in-plane connections, forming a hexagonal lattice, and

This journal is © The Royal Society of Chemistry 20xx
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multiple layers stack to create large h-BN crystals.?! Thanks to
the sp? bonding, the B-N bonds within the plane exhibit
remarkable in-plane thermal conductivity, chemical stability,
and strength. Due to the layered structure, h-BN bulk materials
can be exfoliated into BN nanosheets. The bulk modulus of a
single layer of h-BN is approximately 160 GPa, while the bending
modulus is around 31.2 GPa. The presence of empty 1t orbitals
renders h-BN an electrical insulator, with an energy bandgap of
approximately 5.955 eV.?!22 The ionic nature of the B-N bonds
results in layer-to-layer interactions, leading to an AA' stacking
configuration where each N atom is directly above the B atoms
of the subsequent layer. In addition to AA' stacking,
energetically higher AB stacking (Bernal stacking) is occasionally
observed in thin h-BN films.24-27

The unique structure of BN has led to its unique properties such
as high chemical stability, strong mechanical strength, special
optical properties, and special optoelectronic properties.

2.1.2 Basic properties of g-C3N,

Graphitic carbon nitride (g-CsN4) exhibits a planar two-
dimensional layered structure resembling graphene, with
carbon and nitrogen atoms in a sp? conjugated configuration,
forming a hexagonal structure, shown in Figure 2.2 This
structure consisting of six atoms is referred to as a triazine ring.
Each triazine ring is linked to the adjacent unit through C-N
bonds. Currently, it is widely believed that g-CsN; may have one
of two chemical frameworks: g-CN with triazine rings (C3Ns),
which is a part of the Rzm space group, or g-CN with 3-s-triazine
rings (CsN>), which is a part of the P6m? space cluster.?®° Within
g-C3N,4, each triazine ring is connected to the next one via a
terminal nitrogen ion, resulting in a homogeneous structure
capable of infinite growth. Subsequent experimental and
computational analyses have indicated that g-C3N4 composed of
triazine rings as the fundamental unit is more stable than the
structure composed of 3-s-triazine rings. During the preparation
process, g-C3N4 can be controllably adjusted to adopt 0D, 1D,
2D, and 3D morphologies.3® Generally, OD structured g-C3N,4
exhibits significant size quantization effects, surface effects, and
quantum confinement effects. For 1D structured g-C3sN4 (mainly
nanotubes and nanofibers), it provides a direct pathway for
electron transfer. The interconnected structure of 3D g-C3Ny4
allows for good porous channels, rapid electron transfer, larger
specific surface area, and more active sites. Additionally, the
two surfaces of the two-dimensional nanosheets possess
expansive specific surface areas and abundant exposed surface
sites.3! Due to the special structure, g-C3N, displays tunable
optoelectronic properties.3?

2.1.3 Clay-based 2D materials

Montmorillonite (MMT) belongs to the natural smectite group,
which is a layered silicate mineral with a layered structure and
high mechanical properties, as shown in Figure 2(e).3® The
composition can be expressed as [(Na,Ca)gss (Al, Mg),(SizO10)
(OH),-nH,0]. The basic molecular structure is composed of silica
tetrahedra and aluminum octahedral units. The Si** cation has
tetrahedral coordination with oxygen, while the AlI3* cation has
six-fold or octahedral coordination with oxygen.3* MMT consists
of two layers of O-Si-O tetrahedral silicate sheets sandwiching

This journal is © The Royal Society of Chemistry 20xx

an alumina layer, forming a 2:1 clay with O-Al (Mg):Qestahedral
sheets. The silica layers form a hexagonBPhétwork Iy AMaing
three corners with adjacent tetrahedra.3> The remaining fourth
corner of each tetrahedron is connected to adjacent octahedral
sheets. Aluminum or magnesium, coordinated with oxygen and
hydroxyl groups from the tetrahedral layer, form the octahedral
layers. With the help of van der Waals and electrostatic forces,
or through hydrogen bonding, neighboring layers of
approximately 10um in size stack together to form the basic
particles of MMT.36 Additionally, the isomorphous substitution
of part of the AI?* in the octahedral sheets with divalent metal
cations such as Mg?* and Fe?* or other lower charge cations
leads to the charge deficiency of the MMT layers. To balance
the charge deficiency, interlayer cations can be exchanged with
other metal cations.37: 38

Vermiculite (VMT) is a common layered silicate mineral that is
characterized by its natural, non-toxic, high expansion, and
load-bearing properties. It is a primary product of low-
temperature hydrothermal alteration of biotite and phlogopite
micas.3% 40 VMT is formed by the progressive transformation of
the original mica. Monolayer VMT has a typical 2:1 structure,
composed of two layers of silicon-oxygen tetrahedra
sandwiching a layer of magnesium-oxygen octahedral, shown in
Figure 2(f).*! The thickness of a monolayer VMT s
approximately 1 nm, with an interlayer spacing of about 1.4
nm.2% Due to the substitution of aluminum for a portion of
silicon in the silicate layers, VMT layers carry a negative
charge.*? Therefore, there are numerous cations, such as K*,
Mg?*, and Ca?*, present in the interlayer space of VMT to
maintain charge balance.*? VMT exhibits a unique characteristic
of volume expansion upon heating at elevated temperatures.**
Expanded VMT possesses excellent properties such as
lightweight, low thermal conductivity, insulation, sound
absorption, and adsorption.'® 45 Furthermore, Delaminated
VMT nanosheets have a larger specific surface area than
expanded VMT due to the exposed interlayer surfaces after
delamination.**->0 Thus, the fresh surface of delaminated VMT
nanosheets possesses abundant reactive sites, contributing to
significantly higher reactivity compared to expanded VMT.
Moreover, VMT nanosheets exhibit a high concentration of
negative charges on their surfaces, providing excellent electrical
conductivity compared to expanded VMT.>!

© Mg @ Fe @ Al “g~ Water molecule

Figure 2. (a) Layered van der Waals structure of bulk h-BN and (b) planar view of an
atomically thin sheet of sp>-bonded B and N atoms that comprise the h-BN crystal or BN
nanosheets (BNNS). Adapted with permission.>? Copyright 2012, The Royal Society of

Chemistry. The stacking 2D layering composition, the fundamental constituent elements
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are (c) s-triazine and (d) tri-s-triazine of g-C3N,. 33 Copyright 2017, Elsevier. (e) Schematic
representation of the MMT structure.>® Copyright 2021, Multidisciplinary Digital
Publishing Institute. (f) Schematic diagram of VMT structure. 1° Copyright 2021, Elsevier.

The single layer of VMT has a typical 2:1 structure, which
consists of two layers of silicon oxygen tetrahedron sandwiched
by a layer of magnesium oxygen octahedron. There are many
cations, such as K*, Mg?*, Ca?*, and so on, in the interlayer of
VMT to maintain electrical balance.®

2.2. Preparation methods of 2D non-conductive
materials

2.2.1 Synthesis of BN nanosheets

There are multiple methods, which can be used to prepare h-
BN nanosheets. These methods can be divided into two
categories: top-down process and bottom-up process. Top-
down processes mainly include liquid phase exfoliation, and
mechanical exfoliation, while bottom-up processes include
physical vapor deposition, solvothermal synthesis, laser plasma
deposition, chemical vapor deposition, vapor-liquid-solid
growth, and molecular beam epitaxy growth. 2° The detailed
synthesis methods have been introduced in previous reports. A
typical bottom-up growth process of h-BN involves initial
annealing and treatment of the substrate/catalyst, followed by
exposure to precursors containing B and N compounds at high
temperatures. The catalytic substrate promotes the
decomposition of surface precursors and the nucleation and
growth of h-BN.27:5570 For example, h-BN can be directly grown
on SiO, substrates using low-pressure chemical vapor
deposition (LPCVD) with solid ammonia borane precursors or Ru
(0001) surface via CVD method., resulting in h-BN films with
thicknesses of dozens of nanometers. (Figure 3 (a-c))’+74

2.2.2 Synthesis of g-C3N,

Similar to h-BN, both top-down and bottom-up approaches can
be applied to prepare 2D g-C5N4. A lot of methods including the
template method, sol-gel method, and exfoliation method can
be used to prepare graphitic carbon nitride. Wang et al.”> have
summarized the recent advances in preparation and application
in the environment of g-C3N, based materials. The preparation
of g-C3N4 nanoparticles (NPs) involves the heating convection of
various N-containing organic compounds, including melamine,
urea, thiourea, cyanamide, dicyandiamide, etc. 307885, The top-
down approach utilizes methods such as thermal oxidation,
ultrasonic treatment, and chemical etching to exfoliate g-C3N4
into ultrathin sheets. The bottom-up approach involves the
direct synthesis of g-CsN; nanosheets using nitrogen-rich
precursors, templates, or intermolecular interactions.®3 An
example of the top-down method was shown in Figure 3(d), in
which Niu et al.8* prepared g-CsN, by exfoliation of bulk g-CsN4
via thermal oxidation The top-down approach allows for the
exfoliation of bulk materials into g-C3N; nanosheets, but it
should be noted that the thinnest material does not necessarily
guarantee the best performance.8?2 For the bottom-up
approach, Kang et al.8> prepared highly dispersed g-C3N,
nanosheets with a thickness of approximately 2-3 nm by in-situ

4| J. Name., 2012, 00, 1-3
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direct thermal decomposition of NH4HSO, and melaminedp air.
86 Additionally, Zhang et al.?” first prepaf&d dRtaERIRRIEPRRZ:
like C3N4 (g-C3N4) nanosheets from bulk g-C3N4 in water via a
“green” liquid exfoliation route. The resulting ultrathin g-CsN4
nanosheet solution is highly stable in acidic and alkaline
environments and exhibits pH-dependent photoluminescence
(PL). (Figure 3(e))
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Figure 3. (a) Schematic of h-BN growth process. (b) Variations of h-BN film thickness at
different CVD growth times for SisN,/Si, SiO,/Si, and Si substrates.”? Copyright 2017,
American Chemical Society. (c) LEEM images of different stages of h-BN growth on
Ru(0001) via CVD.” Copyright 2011, American Chemical Society. (d) Schematic of the
structures of the bulk g-CsN4 and the g-C3N, nanosheets. A volume comparison of 50 mg
powder of bulk g-C3N, and g-C3N, nanosheets is given.® Copyright 2012, Wiley-VCH. (e)
Schematic diagram of g-C3N4 preparation, physical image, and perfect crystal structure
diagram.8® Copyright 2012, American Chemical Society.

2.2.3 Synthesis of 2D clay nanosheets
2.2.3.1 Synthesis of 2D MMT

According to the previous context, it is known that the
interlayer cations of MMT can be exchanged with other
metal/organic cations. And the ion exchange is the most
commonly applied modification method to prepare 2D MMT
nanosheets. For example, Yang et al.88 prepared lithium-
intercalated MMT (Li-MMT) by adding commercial calcium-
based MMT and Li,COs; to distilled water, shown in Figure 4(a).
Hu et al.8° employed a similar method to modify sodium-based
MMT with hexadecyltrimethylammonium bromide (CTAB) to
obtain CTAB-MMT, in Figure 4(b). Specifically, during the
pretreatment of the original MMT, the slurry was first subjected
to low-speed centrifugation, and then the upper suspension
was centrifuged further at high speed to obtain thinner MMT
flakes. Using this ion exchange strategy, carbon intercalated®°
and FeS, intercalated MMT?! can be prepared.

2.2.3.2 Synthesis of 2D VMT nanosheets

VMT also belongs to one kind of natural hydrate clay mineral.
VMT is composed of multiple-lamella (silicon-oxygen
tetrahedron) and intercalated ions.?? These 2D nanosheets
form three-dimensional structures through weak interlayer
interactions such as hydrogen bonds and van der Waals
forces.*’” Therefore, by weakening the interlayer interactions in
the VMT interlayer space and increasing the interlayer spacing,
VMT can be exfoliated into two-dimensional nanosheets.”3
Thus, there is a close relationship between the expansion and
exfoliation mechanisms of VMT.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 (a) The schematic illustration of the synergistic protection of MCMB by Li MMT
and PVDF.88 Copyright 2022, The Royal Society of Chemistry. (b) Schematic of
insertion/surface-adsorption of CTAB cations for OMMT.® Copyright 2022, Elsevier. (c)
Thermally expanded vermiculite crystals (scale bar, 5 mm), which can be exfoliated by
ion exchange to form (d) SEM (scale bar, 50 nm). (e) a single to few-layer dispersion in
water. (f) The dispersion exhibits strong birefringence when viewed through crossed
polarizers, suggesting nematic ordering originating from the high aspect ratios of the
flakes.*® Copyright 2015, Springer Nature. (g) Physical and schematic diagram of
ultrasonic and shear force preparation of expanded vermiculite.®* Copyright 2018, The
Royal Society of Chemistry.

The difference between VMT exfoliation and expansion
primarily lies in the degree of weakening of the interlayer
interactions in VMT. When the interlayer interactions are
weakened to a certain extent, VMT undergoes exfoliation. VMT
can be exfoliated into monolayer nanosheets with diameters
ranging from tens to hundreds of nanometers. Furthermore,
the thickness of VMT nanosheets typically consists of only a few
atomic layers.®® The general approaches for preparing
exfoliated VMT nanosheets include chemical treatment,
mechanical treatment, and combinations of both methods.*®
Figure 4c-g shows two typical examples to prepare 2D VMT
nanosheets. %>

3. 2D inorganic materials in alkali metal based batteries

3.1. Application of h-BN in alkali metal based Batteries

The 2D non-conductive materials can hardly be used as
electrode materials directly due to the poor capability of
electron transfer. However, they can be used as additives in
electrode materials, separators, and electrolytes because of
their unique structure. As batteries are complex systems
composed of multiple components including electrode
materials, electrolytes, separators, and SEl layer, the
modification of the individual component is expected to
effectively enhance the overall battery performance. On one
hand, conductive 2D inorganic materials can significantly
enhance the electrochemical performance of electrode
materials. On the other hand, the components in batteries such
as separators and SEl layers require materials with non-
conductive properties. Goodenough et al.?® proposed that the
stable window of the electrolyte can be evaluated by the
following equation.

Eg=ELUMO'EHOMO-

(Where Eymo and Eyomo correspond to the voltages of the
lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) of the electrolyte,
respectively.) When the chemical potential of the anode (l,) is

This journal is © The Royal Society of Chemistry 20xx

greater than Eymo (Ha ”ELumo), electrons tend to transfer. from
the anode to the electrolyte LUMO con®Gttion Band, "tREerEBYy
reducing E,ymo, this widens the stable window of the
electrolyte. Additionally, the formation of a SEI layer on the
negative electrode can extend the stable window, but the
formation of the SEl layer results in irreversible lithium
consumption. Therefore, pre-assembling an artificial SEI layer
on the negative electrode of the battery can effectively widen
the stable window of the electrolyte and reduce the irreversible
lithium consumption during SEI layer formation. Additionally,
the separator, as a crucial component of the battery, serves to
isolate the cathode and anode while containing the electrolyte,
thus facilitating ion transport. The failure of the membrane can
have severe consequences for the battery.

Separators play a vital role in batteries. The separator should
possess the following characteristics to ensure proper
operation of batteries: (1) excellent chemical stability and
compatibility to prevent reactions with other battery
components and ensure compatibility with the electrolyte; (2)
outstanding mechanical strength to maintain the integrity of
the separator and prevent dendrite penetration; (3) good
thermal stability to avoid significant shrinkage at high
temperatures, and (4) good ion permeability to facilitate rapid
ion transport. The thermal stability of commercial PP or PE
separators should be further enhanced, thus coating inorganic
materials on the surface of these separators has been proven
an effective method to improve the thermal stability. °7

3.1.1 Alkali-ion batteries

3.1.1.1 Electrode material additives

As the extensively used and commercially available alkali
battery, LIBs mainly use graphite as an anode, but they suffer
from a lack of safety and a low theoretical capacity. Graphene
nanosheets can be as anode materials with a higher capacity in
LIBs, however, their cycling stability is poor. Li et al.%® prepared
reduced graphene oxide (rGO)/nitride boron thin films through
a simple vacuum filtration followed by thermal treatment.
(Figure 5(a) Thanks to the unique structure of the rGO/h-BN thin
films and the synergistic effect between the layered BN and
graphene, the electrolyte penetration was accelerated, and the
volume expansion during lithiation and delithiation was
buffered. Therefore, the prepared rGO/BN binde-free film with
2wt.% BN content exhibited high reversible capacity, high rate
capability, and high capacity retention during the first 200
cycles, achieving a capacity of 278 mAh g* at 100 mA g™ as
anode in LIBs. (Figure 5(b) Due to the 2D structure of BN
nanosheets, porous carbon can be embedded in BN nanosheets
using MOF-5 as a carbon precursor.?® The prepared composites
demonstrated good cycling stability and high specific capacity
characteristics. The improved electrochemical performance
was attributed to the high specific surface area of 1790 m2 g!
and enhanced ionic transport, which was caused by the
introduction of BN nanosheets.

As an important member of the alkali metal ion battery family,
SIBs have become a strong competitor to LIBs due to their richer
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availability of sodium resources in nature, moderate energy
density, and power density. Datta et al.’® demonstrated
through density functional theory (DFT) calculations that the
adsorption energy of Li/Na in the hetero-structures of h-BN and
black phosphorus is significantly higher than the cohesive
energy of the metals. This ensures that alkali metal aggregation
is avoided within the anode material, leading to enhanced
cycling stability. Additionally, the atomic incorporation of Li/Na
results in an upward shift of the Fermi level in the hetero-
structures, facilitating the transition from a semiconductor to a
metal and subsequently improving the conductivity. Regarding
blue phosphorene, which has similar properties to black
phosphorene. (Figure 5(d-i)) Tian et al.l%1 demonstrated via
calculations that when it forms a heterostructure with h-BN, it
can achieve a high theoretical capacity of 801 and 504 mAh g*
for LIBs and SIBs, respectively.

Through DFT calculation, Ahuja et al.1%2 demonstrated that
introducing vacancy defects into the h-BN monolayer can
effectively reduce its bandgap width. When Li*, Na* or K* are
adsorbed, the bandgap width disappears, displaying metallic
properties. The maximum theoretical capacity of alkali metal
ions adsorbed on the h-BN monolayer reaches up to 762, 572
and 127 mAh g! for Li, Na, and K, respectively, however, these
materials themselves can hardly be used as anode materials due
to the poor electronic conductivity.

3.1.1.2 Separators additives

As one of the most critical components of LIBs, the separator
does not directly participate in the electrochemical reaction
inside the battery. However, it can prevent contact between the
electrodes to avoid internal short circuits, store the liquid
electrolyte, and ensure efficient ion transport during charging
and discharging. However, the commonly used polymer
separators, such as polyethylene (PE) and polypropylene (PP),
have poor thermal stability at high temperatures in LIBs.
Considering the excellent thermal stability and non-conductive
nature, 2D h-BN nanosheets are very promising in addressing
the poor thermal stability of traditional polymer separators. He
et al.193 fabricated a bilayer separator by incorporating BN and
LaO into a Poly (vinylidene fluoride-hexafluoropropylene) (PVH)
matrix through roll-pressing. (Figure 5(j) The incorporation of h-
BN showed a strong interfacial interaction with the PVH matrix,
greatly enhancing the mechanical strength and thermal stability
of the separator. As a result, the bilayer separator with a
thickness of 25 um only shrank by 5.2% after annealing at 150
°C for 1 hour, whereas the shrinkage rate of the commercial
Celgard 2325 separator was as high as 40%. Furthermore, in
another study by their team, %4 it was demonstrated that h-BN
has strong adsorption energy and a large interaction area with
polymers, which can prevent the delamination of bilayer
organic separators and lead to improved overall performance.
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Figure 5. (a) TEM images of the prepared rGO/BN-2% composite film, and rGO and BN.
(b) Cycling performance for different separators.’® Copyright 2015, Elsevier. (c)
lllustration of the synthesis pathway of MOF-5/BNNs-x, and the cycling performance.®®
Copyright 2021, Elsevier. Schematic representation of the diffusion path of alkali (d)
along the intercalated region between the h-BN and Pn layers and (g) above the surface
of the Pn layer, the diffusion barrier for (e) Li and (f) Na along the armchair and zigzag
pathways in the intercalated region, the diffusion barrier for (h) Li and (i) Na along the
armchair and zigzag pathway over the Pn surface.'® Copyright 2016, American Chemical
Society. (j) Schematic illustration of preparation of bi-layer separator.19 Copyright 2019,
Elsevier.

3.1.2 Alkali-metal batteries
3.1.2.1 Additives for metal surface modification

LMBs are very promising based on their high energy density in
the future. However, the uncontrollable growth of lithium
dendrites and volume expansion during lithium
plating/stripping processes have hindered the application. The
high mechanical strength and thermal stability of h-BN are
considered capable of restricting lithium dendrite growth and
have therefore been widely used in the modification of lithium
metal anodes. Zhu et al.% jn-situ exfoliated bulk BN into BN
nanosheets using lignosulfonate (SL) and prepared a layered
porous SL/BN three-dimensional composite substrate using a
freeze-casting method. The exfoliated BN nanosheets
effectively regulated the temperature distribution and induced
uniform lithium deposition. The generation of lithium dendrites
was effectively suppressed during the lithium plating/stripping
process, achieving stable cycling for 500 hours at 4 mA cm™2. Li
et al. 1% improved the performance of LMB by introducing h-BN
in Li-Zn alloy. They proposed that the uniformly distributed h-
BN in the anode leads to strong electrokinetic effects due to the
high Zeta potential, resulting in a fast transport of Li-ions.
Furthermore, h-BN is found to be able to change the interface
between lithium metal and solid state electrolyte. For instance,
Huang et al.1%7 constructed a Li-BN nanosheet composite anode
by adding only 5 wt% of BN nanosheets to lithium metal,
triggering the transition from point contact to complete
adhesion between Li metal and ceramic solid-state electrolytes,
greatly reducing the interface resistance between the electrode
and the electrolyte, and thereby improving the electrochemical
performance.

3.1.2.2 Building block of artificial SEl layer

Due to the high chemical reactivity of lithium metal, it easily
reacts with the electrolyte to form a SElI layer. During
subsequent cycling, uneven lithium deposition can lead to the
growth of lithium dendrites and volume expansion, resulting in
the rupture of the original SEl layer. This causes the growing

This journal is © The Royal Society of Chemistry 20xx
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lithium dendrites to contact the electrolyte again, forming a
new SEI, which then fractures and regenerates in the following
cycles. This further promotes the growth of lithium dendrites
and consumption of the electrolyte, significantly reducing the
Coulombic efficiency of LMBs. Previous studies have shown that
the adsorption energies of Li atoms on the (001) and (110)
planes of lithium metal surfaces are -1.68 and -1.85 eV,
respectively, far greater than their adsorption energy on the h-
BN surface (-0.56 eV).198 According to the calculation, h-BN can
effectively block electron transfer to the electrolyte. Therefore,
lithium will hardly deposit on the surface of h-BN. The
introduction of h-BN can lower the migration barriers. The low
lithium migration energy barrier and high stiffness of the h-BN
film can synergistically promote the uniform distribution of
lithium underneath the h-BN film, induce a hierarchical growth
mechanism of the hidden lithium metal layer, and suppress the
growth of lithium dendrites.

As the building block of artificial SEl, this boron nitride material
can be used alone or in combination with other materials. Cui
et al.1%° deposited a layer of h-BN film on a copper foil surface
using chemical vapor deposition (CVD) and slurry coating. It is
found that both methods can reduce the deposition energy
barrier due to the excellent chemical stability, mechanical
strength, and flexibility of h-BN, shown in Figure 6a. Tian et al.%0
used pulsed laser deposition (PLD) to construct a 3D hairball-
shaped h-BN structure consisting of nanosheets on the lithium
metal anode, in which the stable and highly mechanically
resistant h-BN coating can serve as an interfacial layer. Due to
the flexibility of the h-BN coating and its ability to effectively
alleviate the decomposition of the electrolyte, the growth of
lithium dendrites during cycling is suppressed, leading to a
significant improvement in cycle stability. In addition, Li et al.*?
proposed an integrated comprehensive strategy to construct a
highly dispersed BN nanosheet and lithiophilic inorganic
components (Li,0 and Li,CO3) decorated 3D-graphene
framework. Due to the Lewis acid and non-conductive nature of
BN in the special architecture, lithium metal can be uniformly
deposited from top to bottom. They proposed that BN and a
large number of inorganic nanoparticles not only generate a
uniform electric field to facilitate the migration of Li*; but also
contribute to the construction of a strong inorganic-rich SEl with
high mechanical and chemical stability.

3.1.2.3 Additives in separator

The greatest safety hazard faced by LMBs is the growth of
lithium dendrites, which can penetrate the separator and cause
internal short circuits and heating, leading to battery
combustion or even explosion. Therefore, it is particularly
important to improve the separator. Hu et al.?'2 improved the
thermal conductivity of a commercial separator (Celgard 2325)
by directly coating it with BN nanosheets. During cycling, the
heat distribution was more uniform, resulting in more uniform
lithium plating/stripping and better Coulombic efficiency and
cycling performance. Subsequently, their team integrated BN
nanosheets into poly (vinylidene fluoride-co-
hexafluoropropylene)  (PVDF-HFP) using 3D  printing
technology.!!? The dispersed BN nanosheets not only allow for
more uniform heat distribution, but their excellent thermal

This journal is © The Royal Society of Chemistry 20xx

stability allows the separator to shrink by only 6% after;,0.5hof
treatment at 150°C. Zhou et al.114 reporf&d: A0siRiBIBAYREREtit
strategy for large-scale fabrication by coating h-BN/polyimide
(P1) onto commercial polypropylene (PP) separators. Due to the
presence of h-BN, the separator exhibits good wettability,
thermal stability, and thermal conductivity. In addition, the
calculation showed that h-BN has weak adsorption on inorganic
SEl components, which can induce the formation of a more
stable SEl layer, making it both capable of inhibiting lithium
dendrites and dendrite blocking.

3.1.2.4 Additives in liquid electrolyte and gel-polymer electrolyte
in both liquid
electrolytes polymer electrolytes. Huang et al.'?® reported the
use of BN nanosheets as an additive in liquid electrolytes. The
BN nanosheets can automatically and continuously flatten the
lithium deposition, preventing the formation of lithium
dendrites, and reducing the volume changes during the lithium
plating/stripping process. The B atoms on BN nanosheets,
serving as Lewis acid sites, can interact with Lewis basic anions
in the electrolyte, lowering the concentration gradient of Li*
ions and promoting the uniform deposition of lithium.

In the gel polymer electrolyte (GPE), h-BN can play an
important role. Lee et al.l® found that lithium dendrite
formation can be suppressed in gel polymer electrolyte (GPE)
by incorporating fully fluorinated polyether (PFPE)
functionalized 2D h-BN nanosheets (FBN). Even at a low FBN
content of 0.5 wt%, the ion conductivity, Li* transference
number, and mechanical modulus of GPE were significantly
improved. Using a similar strategy, Reza et al.''” embedded
highly aligned BN nanosheets into a polyvinylidene fluoride
composite electrolyte using the direct ink writing (DIW)
method. The addition of BN nanosheets resulted in a composite
electrolyte with enhanced mechanical strength,
electrochemical stability, thermal safety, and a 400% increase
in thermal conductivity. Moreover, studies have shown that the
binding energy between TFSI~ and BN/PVDF is stronger than
that between Li* and BN/PVDF, which promotes the dissociation
of LiTFSI and increases the free migration of Li*.118 These reports
disclose that BN nanosheets can significantly improve the ionic
conductivity, Li* transference number, mechanical modulus,
tensile strength, and dendrite suppression ability of the
composite polymer electrolyte.

The introduction of BN nanosheets is also beneficial to
polyethylene oxide (PEO) based electrolytes. In general, its poor
mechanical properties and low ionic conductivity of PEO
impede the suppression of lithium dendrite growth. Yao et al.11?
prepared a sandwich-structured BN nanosheets coated PEO
polymer electrolyte in which BN serves as a protective layer.
The ionic conductivity and mechanical strength of the BN-
modified PEO were significantly enhanced. Moreover, the
BNNSs-coated PEO polymer electrolyte strongly suppressed
lithium dendrite growth. (Figure 6(b1-b6)) Min et al.120
dispersed BN nanosheets (BNNSs) surface modified with SiO; in
PEO-based electrolyte to prepare PLSB CPE with improved
thermal stability and ionic conductivity. Ding et al.’?! also
demonstrated that the binding energy of TFSI- anions to
unmodified h-BN was higher than that of Li*. Therefore, the

BN nanosheets can be used as additives
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addition of h-BN can inhibit the diffusion of anions in the
composite polymer electrolyte, reducing concentration
gradients and polarization, which can improve the stability of
lithium deposition. There are similar reports on the positive role
of h-BN nanosheets in suppressing the growth of lithium
dendrite in PEO electrolytes. 122123

3.1.2.5 Additives in solid-state electrolytes

As additives in solid-state electrolytes (SSEs), the introduction
of h-BN nanosheets can improve the ionic conductivity of SSEs,
reduce the thermal runaway of batteries, and suppress the
formation of lithium dendrite. One of the constraints limiting
the practical usage of SSEs has always been their relatively low
ionic conductivity. It is disclosed that the introduction of h-BN
can improve the ionic conductivity of SSEs. Choy et al.t?*
discovered that the addition of only 1wt% nitride-BN to garnet-
type Lig.»sAlg 25LazZr,01, (LALZO) SSEs increased the conductivity
of the electrolyte by 30 times, surface hardness by 6.6 times,
and reduced modulus by 6.3 times. Yang et al.!?> found the
reduction of LATP SSEs by lithium metal can be suppressed
effectively by using CVD-deposited BN nano-coating on the
surface of LATP. It is proposed that the defects in BN can allow
lithium ions to pass through, promoting Li* migration and
reducing interface impedance. As an example, Xia et al.126
constructed a three-dimensional organic/inorganic composite
coating by spraying BN-based release agents (BNRA) on the
surface of LATP. The BNRA layer not only protected LATP but
also formed a Li-N bond in situ, facilitating the migration of Li
ions through BN defects at the BNBR/Li interface. Furthermore,
the BNRA layer eliminated the risk of thermal runaway by rapid
in-plane diffusion.

It is worth mentioning that hybrid solid electrolytes (HSE)
have been widely studied for all-solid-state lithium-based
batteries due to their high ionic conductivity, mechanical
strength, enhanced electrochemical stability, and effective
suppression of lithium dendrite growth. Park et al.1?” prepared
a standalone hybrid solid electrolyte film using poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) as the matrix and
Lig.28Alg24La3Zr,01, (LALZO)/ h-BN composite ceramic fillers as
the filler. The optimal proportion of h-BN (10 wt%) in the HSE
film reduced the crystallinity of the PVDF-HFP matrix, increased
the proportion of electroactive B-phase, and improved the
mechanical strength of the HSE film, as well as the effective
suppression of lithium dendrite growth.

3.1.3 Alkali-S/O batteries

3.1.3.1 The host material of sulfur

Although the lithium metal anode discussed earlier has great
potential, its energy density is still limited by the cathode
material when matched with currently used commercial metal
oxide positive electrodes. However, the development of L-S
batteries has been hindered by issues including the shuttle
effect of lithium polysulfides (LiPSs) during charge and
discharge, poor electronic conductivity of sulfur cathodes, and
large volume change. Therefore, the key scientific problem
currently faced by Li-S batteries is to find effective nano-
anchoring materials to immobilize soluble LiPSs and suppress
their shuttle effect. Through DFT calculations, Jin et al.l?®
proposed that the potential of doped and defective BN
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nanosheets can serve as chemical fixatives for sgluble.LiRSs
species. Dai et al.12° found that nitrogen VataRciesiR BRRRPA
critical role in the conversion and fixation of LiPSs, and can
enhance the diffusion of lithium ions in the cathode. It is
noteworthy that BN nanosheets were frequently used in
combination with materials with high conductivity (MXene, 130
Graphene, 131132 Graphene Oxide, 132 134 Carbon nanotube, 3>
136 etc.) to ensure fast electron transfer.

3.1.3.2 Separator in Li-S batteries

Many reports proved that the modification of the separator is
an effective and straightforward strategy to alleviate the shuttle
effect and enhance the electrochemical performance of Li-S
batteries.’3” Considering the 2D structure and excellent
mechanical properties, it is facile to design or modify the
separator using BN nanosheets. Ungyu et al.'3® designed a
multifunctional three-layered separator consisting of carbon
layers and h-BN layers, which effectively suppresses the shuttle
effect of polysulfides. In addition, it effectively protects the
lithium metal in the anode from the influence of polysulfides
during cycling, enabling stable operation of the anode and
exhibiting good cycling retention performance. Through a
simple BN nanosheet coating, Chen et al.’*® prepared a
multiple-layer separator by coating a thin layer of functional BN
(FBN) nanosheets on a commercial Celgard separator. Due to
the strong electrostatic interaction between negatively charged
polysulfide products and FBN nanosheets, this BN-modified
separator can limit the migration of dissolved PSs through the
separator, enhance Li* migration, suppress internal shuttle
effect, and enable the cell to have a high capacity, high-rate
capability, and long-term cycling stability. Similarly, Xiong et
al.*0 prepared a separator composed of P-doped BN and
graphene oxide, which provided a synergistic effect of a physical
barrier and chemical adsorption for dissolved polysulfides,
showing alleviated polarization and promoted kinetic of the cell.
Chen et al.*! reported the introduction of BN in CoB and rGO
modified PP separator can effectively restrict the diffusion of
polysulfides through enhanced chemical adsorption with
LiS,Li*-N bonding.

Li et al.**?2 reported an ultra-thin and highly efficient
BN/single-walled carbon nanotube (BN/SWCNT) interlayer
(UHEI), which not only hinders the diffusion of polysulfides but
also promotes further redox reactions to facilitate the transport
of Li*. Additionally, UHEI can significantly improve the
electrochemical performance of Li-S batteries under high-sulfur
loading (10 mg cm2) and low electrolyte/sulfur (E/S ratio of 8
puL mg1), manifested by higher plateau capacities and lower
polarization in discharge.

BN nanosheets can increase mechanical strength greatly. For
example, BN modified PVDF separator. can enhance the
compressibility of batteries, which can maintain stable cycling
for 20 times even when subjected to a pressure of 20 MPa.
3.1.3.3 Solid-state electrolytes
The use of SSEs is considered an effective approach to
simultaneously addressing the shuttle effect and suppressing
lithium dendrite growth. The introduction of BN nanosheets in
SSEs can improve the interface compatibility between electrode
and electrolyte. Ci et al.}*® prepared a fully solid-state

This journal is © The Royal Society of Chemistry 20xx
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electrolyte Li;P3S;; with a small amount of BN nanosheets, in
which BN nanosheets can partially isolate Li;P3S;; solid
electrolyte and metallic lithium, thereby improving the
interface compatibility between the electrode and electrolyte
The solid-state Li-S cells using BN-combined Li;P3S;; as solid
electrolytes exhibited better el good cycling stability and high
Coulombic efficiency.

For polymeric-based solid-state electrolytes, BN nanosheet
additives can not only enhance the mechanical strength but also
improve the ionic conductivity. Zheng et al.»** developed a BN
nanosheets doped polymeric electrolyte (BN-PEO-PVDF) for
solid-state lithium batteries. In addition, BN nanosheet

additives can promote the thermal response of polymeric
electrolytes, leading to faster thermal equilibration and more
uniform ion transport in the BN-PEO-PVDF electrolyte.
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Figure 6 (a) Schematic diagrams of lithium deposition and characterizations of h-BN film.
109 Copyright 2014, American Chemical Society. (b1) A surface SEM image of the Li
electrode from the Li/PEO/Li cell. (b2 and b3) Cross-sectional SEM images of the
Li/PEO/Li cell. (b4) A surface SEM image of the Li electrode from the Li/BNNSs-coated
PEO/Li cell. (b5 and b6) Cross-sectional SEM images of the Li/BNNSs-coated PEO/Li
cell.1® Copyright 2019, The Royal Society of Chemistry. Schematics showing (c) a Li-S
battery with a UHEI and (d) the advantages of h-BN.1#2 Copyright 2022, The Royal Society
of Chemistry.

3.2 Application of g-C3N, in Alkali metal-based Batteries
Alkali metal ion batteries

3.2.1 Alkali metal ion Batteries
3.2.1.1 Electrode materials additives
Graphitic carbon nitride (g-C3Ng4), an organic polymer with a
graphene-like structure, has been extensively studied in
photocatalysis due to its small band gap, large specific surface
area, good chemical stability, low toxicity, and high yield. On
one hand, the feasibility of pure g-CsN4; as anode materials in
LIBs was also studied through DFT calculation. Researchers h.
Marlies et al.'#> found that when lithium intercalates into the
triangular pores of g-C3Ny4, the adsorption energy (E.q) is as high
as -4.2 eV, exceeding the desorption energy of the bulk Li (-3
eV), which makes the adsorbed Li atom difficult to desorb from
the structure, resulting in an unstable structure, poor
conductivity, and limited reversible capacity. The introduction
of defects in g-C3N; can improve its electrochemical
performance in LIBs!#® to a certain degree. However, g-CsN,4
themselves showed poor electrochemical performance as the
anode in LIBs in most cases.

On the other hand, the combination of g-C3N4, with electrode
materials can improve the electrochemical performance

This journal is © The Royal Society of Chemistry 20xx

because of the N-rich content, and 2D structure,lt, was. i3ter
discovered that due to the presence ofPRitr8g8h7/BATING2E3A
form hydrogen bonds with anode materials (such as MoS,, SnS,,
LizTisO15, SO, Sn, and GO)*47-1%6 in LIBs, forming a single hybrid
material that utilizes the 2D-2D molecular interactions between
them.
Shao et al.?>” synthesized NiCo,0, directly grown on porous g-
C3N; nanosheets, where the interconnected NiCo,04
nanoparticles can be embedded into the porous nanosheets.
Complete coverage of the g-C3N; nanosheets minimized the
formation of SEI layers, leading to significant synergistic
enhancement of both electrochemical activity and stability of
the hybrid material. Similarly, Su et al.1>8 chose to grow ordered
CuO nanorods on 2D Cu/gC3;N,4 nanosheets, creating a graded
CuO@Cu/g-C3N; nanorod film. The resulting film exhibited
exceptional stability and cycling performance in both CuO and
CuO-based nanoscale architectures, delivering a discharge-
specific capacity of 726 mAhg! after 200 cycles at 0.1C and 457
mAh g after 625 cycles at 1C. The presence of porous g-C3N,4
shows the prepared structure with more active sites, facilitating
Li* transport and volume change accommodation. Yao et al.'>®
synthesized MoO;@MoO, heterojunction anchored on two-
dimensional g-CsN; nanosheets by calcining ammonium
molybdate with urea. The two-dimensional porous structure of
g-C3N; provides abundant active sites for Li-ion storage,
enhances its conductivity, and mitigates the volumetric
expansion effect during the charge-discharge cycle. In addition,
itis reported that g-C3N,4 can buffer the volume change of anode
materials. Lin et al.1® reported a layer-structured g-CsN,@WS,
composite material synthesized via solvothermal reaction. The
synthesized g-C3N;@WS, composite material provides
abundant reactive sites for lithium storage and sufficient voids
to buffer the volume changes of WS, nanoparticles.
Furthermore, the rich N content in g-C3N,4 can provide more
active sites to store lithium. Sun et al.’®! synthesized a
laminated g-C3N;@rGO composite material (g-C3N;@rGO),
(Figure6 (a)) which exhibited excellent cyclic stability (899.3
mAh g after 350 cycles at 500 mA g™') and significant rate
performance (595.1 mAh g after 1000 cycles at 1000 mA g™1).
The presence of g-C3N; in the synthesized g-CsN,@rGO
composite material increased the interlayer spacing of rGO and
provided rich n-active sites and microporous structure, thereby
greatly improving the Li storage performance. Wen et al.16?
achieved significant performance improvement by uniformly
dispersing red phosphorus nanoparticles between the layers of
rGO-C3N4 through a simple high-energy ball milling process. This
is attributed to the interface connection formed by P-N and P-C
bonding between the red phosphorus and rGO-C3N4 skeleton,
which creates a smooth Li*/e” diffusion channel and enhances
its mechanical properties. Cui et al.l'®® found that the
incorporation of g-C3N4 nanosheets into the CuCo,04 nanowire
array can not only shorten the diffusion distance of Li* and the
electron transfer pathway but also provide more active sites for
Li* diffusion to the electrolyte, which can buffer the volume
expansion and aggregation of CuCo,0,. Sun et al.'®* found that
g-C3N4 can play a similar effect on Co,.,S anode materials in LIBs.
Kim et al.16> synthesized honeycomb-like Se-doped g-C3N,4 (Se-
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H-g-C3sN,) via pyrolysis and selenization, where selenium served
as an electron acceptor unit stronger than carbon and nitrogen.
Selenium doping also had a significant impact on the electronic
structure of the carbon skeleton. This is because Se atoms
significantly enlarged the gap between carbon layers, creating
more active sites for lithium-ion storage and accelerating the
diffusion rate.

Moreover, g-C3N,4 can act as a protective layer on the surface of
anode materials. As an example, Pan et al.1%6 synthesized a
graphene-like carbon nitride/Mo,CT, (g-CsN4/Mo,CT,) hybrid
material by in-situ conversion of urea to g-CsN4 and achieving
the exfoliation of Mo,CT, MXene with the construction of a
protective layer. Compared to pure Mo,CT, (19.2% and 101.4
mAh g™1), g-C3N4/Mo,CT, exhibited significantly improved initial
Coulombic efficiency (70.8%) and lithium storage performance
(525.8 mAh g™2). (Figure 7(b))

In SIBs, the incorporation of g-C3N,4 into carbon can enhance the
electrochemical performance of SIBs. Taylor et al.16” obtained
stacked multilayered C/g-CsN, composites by heating a mixture
of inexpensive urea and asphalt in a single pot, which exhibited
twice the sodium storage capacity (254 mAh g™1) relative to the
pristine g-CsN; composite. (Figure 7(c)) Similar phenomena
were also observed in carbon/g-CsN; composites. The high
crystallinity of C3N,, its 2D nanosheet structure with abundant
edges and pores as well as the high concentration of pyridinic N
are attributed to important factors in enhanced sodium
storage.%8 (Figure 7(d1-d6)) Similar to Wu et al.1®° a defective g-
CsN4/graphene heterojunction was prepared by ball milling, and
the nitrogen-containing functional groups were controlled to
improve the sodium storage capacity.
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Figure 7 (a) Synthesis procedure of g-CsN;@RGO.*%* Copyright 2018, American Chemical
Society. (b) lllustrations and SEM images of the prepared g-C3N,/Mo,CT structure, along
with the cycling stability of the assembled battery at a current density of 0.1 A g=1.166
Copyright 2021, Elsevier. (c) Configuration of a C/g-CsN; Na full cell consisting of a
positive electrode of Na,CsOs and a negative electrode of C/g-CsN,;, and Cycling
performance of a C/g-CsN4 Na full cell at 1 A g .17 Copyright 2019, Wiley-VCH. SEM
images of (d1) PTl and (d2) MSGM along with high magnification images inserted in the
inset, respectively. (d3) EDS elemental mappings and (d4-d6) TEM images of MSGM.168
Copyright 2021, Elsevier.

It has also proved that a combination of g-C3N; and
conversion-typed anode materials can enhance the
electrochemical performance. Avesh et al.»>? reported that g-
C3N, in ZnS/g-C5N, composite can prevent the agglomeration of
nanoparticles during the charge/discharge process. The
presence of g-C3N, alleviated the harmful volume change effect
of Li*/Na* ions during the shuttle in ZnS, leading to the
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composite anode exhibiting high reversible capacity,anddpitial
Coulombic efficiency. Similarly, Im et @R720{8aN@4¥hab2eRE
presence of g-CsN; can restrain the severe strain caused by
volume changes during sodium storage of SnS,.

Furthermore, the presence of g-CsN; can enhance the K
storage for carbon materials due to the large surface area and
more active sites. As an example, Zhang et al.1’! designed and
synthesized a one-dimensional/two-dimensional C3N,/rGO
composite material as a host for potassium ions. The resulting
composite exhibited a significant specific capacity of 464.9 mAh
g ! after 200 cycles at 1 A g! and 228.6 mAh g1 after 1000
cyclesat 10A gL
3.2.2 Alkali-metal batteries
3.2.2.1 Anode substrate and protective layer
The natural formation of a ring-shaped micro-electric field
induced by the six p-electrons of N atoms at the tri-s-triazine
units of g-C3N4 not only gives g-C3N, a better lithiophilic, leading
to the formation of more Li nucleation sites but also significantly
reduces the Li nucleation overpotential. This suggests that g-
C3N; holds great potential as a promising material for
application in LMBs. 172173 Duye to its lithiophilic and insulation
properties, g-CsN4 can be combined with other conductive
materials as both a lithium metal anode substrate and a lithium
metal negative electrode protective layer. Yang et al.1’* coated
g-C3N,4 on the surface of nickel foam to combine the Lithiophilic
of g-C3N4 with the 3D structure of nickel foam, thereby
inhibiting lithium dendrite growth and reducing the volume
expansion during the deposition and stripping of lithium metal.
(Figure 8 (a)) Hence, the lithium metal anode based on g-
CN4;@Ni  foam displayed remarkable electrochemical
performances, including high Coulombic efficiency (maintaining
98% after 300 cycles), the ultra-long lifespan of 900 hours, and
low overpotential during Li deposition of 1.0 mA h cm™ (<15
mV). Similarly, g-CsN;-rGO composite with high elasticity and
wrinkled structure as a lithium metal anode substrate showed a
lower nucleation overpotential and small volume expansion
during cycling.17?
3.2.2.2 Components in artificial SEl layer
Some studies showed that g-CsN4 can be a good candidate
material as a component in the artificial SEl layer because of the
rich N-containing functional groups and non-conducting nature.
Tu et al.176 prepared a g-C3N, artificial SEl layer with a thickness
of only 1 nm on lithium foil. The abundant and uniformly
distributed N species in g-C3N4 can form transient Li-N bonds
with lithium ions, thereby regulating the flux of lithium ions and
enabling stable plating/stripping processes. Kang et al.””
designed a uniform and dense artificial interface by wrapping
carbon nanofibers in commercial carbon cloth using g-
C3Nj4.coating to wrap, Lithium metal can selectively deposit into
the interlayer between g-CsN4 and CC, where g-C3N4 as an
artificial interphase has favorable lithiophilic properties,
capable of regulating the distribution of Li ions and eliminating
dendritic hotspots. Thus, uniform lithium deposition can be
achieved for this substrate, leading to a large-capacity metal Li
storage. (Figure 8(b1-b3)) Furthermore, it is beneficial to coat g-
C3N,4 on the surface of MXene 178 and LiMg-LiH'7? as artificial SEI
to improve the performance of LMBs.

This journal is © The Royal Society of Chemistry 20xx
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Itis also effective to coat g-C3sN4 on the lithium metal to enhance
the electrochemical performance in LMBs. 180
3.2.2.3 Separator additives

Differing from previous reports on artificial protective layers,
Kim et al.»®! constructed a dual lithiophilic interlayer on the
separator surface, which, although coated onto the separator,
effectively functions similarly to an artificial SEl layer due to its
direct contact with the lithium metal. The dual lithiophilic
interlayer constructed exhibits affinity for both Li* and Li°,
featuring enhanced Lewis basicity and orbital hybridization
concepts. Furthermore, the strong interaction between Li* and
the dual lithiophilic interlayer facilitates the charge transfer
process. Under the driving force of orbital hybridization, the
deposition of the lithium metal layer beneath the dual
lithiophilic interlayer occurs in a planar growth mode,
alleviating electrolyte decomposition. (Figure 8(c)) The Li/Li
symmetric cells employing the dual lithiophilic interlayer
exhibited over 400 cycles at 2 mA cm=2 and 2 mAh cm~2.
3.2.2.4 Additives in Electrolyte and Gel-polymer Electrolyte
As an additive in polymer electrolytes, g-CsN4 can play a unique
role in improving the electrochemical performance of
electrolytes. Li et al.8 utilized g-C3N,4 as an additive to mix with
[bis(trifluoromethanesulfonimide) lithium  salt/di(ethylene
glycol) dimethyl ether] (LiTFSI-DGM), creating a slurry-like
polymeric electrolyte. Benefiting from the advantages of high
mechanical strength and layered structure availability, g-CsN4
effectively inhibits lithium dendrite growth. This slurry-like
electrolyte exhibits reduced anode-electrolyte interface
resistance (115 Q-cm?) and decreased Li plating/stripping
overpotentials (reaching as low as 50 mV and 100 mV,
respectively, at 0.5 mA cm ~2 and 2 mA cm ~ 2). Zhang et al.183
introduced g-CsN4; nanosheets into the PVdF-HFP based solid
polymer electrolyte (SPE). This effectively disrupted the ordered
arrangement of polymer segments in solid-phase extraction,
reducing the crystallinity of the solid electrolyte and facilitating
faster migration of lithium ions within the PVDF-HFP matrix.
Moreover, the pyridinic N on the g-C3N; nanosheets can be
considered as a Lewis base, promoting the dissociation of LiTFSI
and increasing the concentration of free lithium ions. In
addition, the presence of 2D g-C5N4 can improve the mechanical
strength, reduce the crystallinity, suppress the lithium dendrite
formation,'®%and enhance the thermal stability in PVDF-HFP
based electrolytes. 18>

The addition of g-C3N4 in the PEO electrolyte can significantly
enhance its cycling stability towards lithium anodes as g-CsN4
widens the electrochemical window of the electrolyte,
preventing direct contact between PEO and lithium. 18 The
presence of electronegative N species in g-C3N; ensures the
uniform deposition of lithium ions. Because g-C3N; has
abundant Lewis basic active sites, the addition of g-C3N4 in PEO-
based electrolyte can regulate the distribution of Li* ions,
hereby inhibiting the growth of lithium dendrites.'®’
Symmetrical cells assembled with this CSE successfully cycled
for 1400 hours at 0.1 mA cm=2 and 60°C. Additionally, PCN
reduces the crystallinity of PEO and promotes the dissociation

This journal is © The Royal Society of Chemistry 20xx

of LiTFSI, effectively enhancing the Li* conductivity,@fothe
electrolyte (3.47 x 104 S cm™ at 60°C). DOI: 10.1039/D4YA00209A

Besides the enhancement of mechanical strength and
thermal stability, the presence of uniformly distributed g-C3Ny4
nano-fillers can significantly reduce the crystallinity of the
polymer electrolyte and promote Na* dissociation through the
interaction between surface N atoms and sodium salts,
resulting in a better performance.
3.2.2.5 Solid-state electrolyte
The addition of g-CsN4 nanosheets into solid-state electrolytes
can change the contact between lithium metal and SSEs. Huang
et al.’®® demonstrated that the addition of g-C3N4; nanosheets
into molten lithium can transform the point contact between
lithium metal and the garnet-type solid electrolyte into intimate
contact. Additionally, the increased viscosity of the molten
lithium reduces its surface tension, significantly enhancing the
energy to suppress lithium dendrite growth.

As a 2D nanosheet, g-C3N,4 can be assembled in the interlayer
of inorganic solid electrolyte. Wang et al.2%° fabricated a layered
inorganic solid electrolyte (LLZO/CN LISE) with a thickness of 30
pm by assembling LLZO nanosheets into a layered framework
and growing g-CsN, in situ at the interlayer spacing. At 25°C, the
LLZO/CN LISE exhibited an ion conductivity of 2.50 x 107#Scm™?,
providing a high ion conductivity of 167 mS. Moreover, g-C3N4
formed tight bonding with adjacent LLZO layers, resulting in
excellent mechanical properties of the LLZO/CN LISE.

3.2.3 Additives in Alkali-S/O battery

3.2.3.1 The host of sulfur

Because of the rich N content and high polarity of g-C3N4, g-CsN4
exhibits superior chemical adsorption capability for LiPSs,
effectively suppressing their dissolution in the electrolyte. The
earliest application in 2016, Pang et al. utilized graphitic carbon
nitride (C3N,) as an efficient sulfur-based matrix to enhance the
cycling stability of lithium-batteries.’®® %1 The pyridinic
nitrogen-rich structure in g-CsN,; exhibits superior chemical
adsorption capability for LiPSs. According to DFT calculations,
192 The results indicate that g-CsN, is favorable for achieving
anchoring effects toward LPSs through both chemical bonding
and physical confinement of the relevant species. g-C3N4
provides an appropriate binding energy, enhancing the redox
kinetics. Dispersion interactions are mainly concentrated near
sulfur atoms, and the bonding and charge transfer between Li-
N/C-S result in a strong anchoring effect. Additionally, the
strong coupling interactions formed by g-CsN4 can alleviate the
interaction between LPSs and solvents, thereby playing a
dissolution-mitigating role.

Although feasible in the theoretical calculation, however, the
limited conductivity of g-C3N, itself hampers its practical
application. The composites of BN-based composites can
overcome the disadvantage of g-C;N,. Kuang et al.'®3 fabricated
a 3D lightweight and porous C3N; nanosheets @ rGO (g-
C3N4@rGO) network as a sulfur host. The PCN incorporated in
the nanocomposite provides high nitrogen content (18.99%) for
chemically anchoring lithium polysulfides, while the rGO in the
nanocomposite facilitates rapid electron transfer. Furthermore,
the high surface area of the 3D network provides open channels
for ion diffusion and electrolyte accessibility. A similar
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strategy®®* 195(Figure 8(d1-d6)) shows an example of rGO/g-
C3N4/CNT as a host of LiPSs. Besides the chemical adsorption of
rGO and CNT, the enriched nitrogen (N) atoms in g-C3N, exhibit
strong chemical adhesion for LiPSs anchoring. The dual
immobilization mechanism effectively alleviates the “shuttle
effect” in Li-S batteries. The discharge capacity of the rGO/g-
C3N4/CNT/S cathode after 500 cycles is 620 mAh g1, with a low
capacity decay rate of only 0.03% at 1C. The elevated nitrogen
content in g-CsN,4 effectively enhances the cycling stability of Li-
S batteries and their chemical interactions with polysulfides. 19
Furthermore, due to the significantly increased number of
active sites facilitated by the high specific surface area of g-C3Ny,
its combination with materials such as graphene, **7 carbon
hybrid cages,'®® carbon nanotubes (CNT),%% 200 TixQy-Ti3Cs, 291
rGO (Polypyrrole coated g-C3N,),2%% carbon cloth,?°3 MoSe,,2%*
MXene?%> and Ni?%® as S hosts has exhibited excellent
suppression of polysulfide shuttle effects. In particular, Chen et
al.2% synthesized a composite of ultrathin MoS; nanosheets and
nitrogen-enriched g-C3N4. The strong chemical interactions
between MoS, and nitrogen-rich g-C3N; with lithium
polysulfides effectively hinder the shuttle effect in Li-S
batteries, resulting in stable cycling performance and
outstanding rate capability, while also efficiently suppressing
self-discharge behavior.
In addition to composites with other materials, Huang et al.208
utilized heterojunctions formed between two precursors of g-
C3N,4 to effectively tune the electronic cloud structure and
interface adhesion energy of g-C3N;. This close g-C3N4/g-CsN,
interface imparts significantly accelerated reaction kinetics and
enhanced ion and electron transport.
3.2.3.2 Separator additives
The coating of g-C3N4 on the surface of the separator is also
effective in trapping and fixing polysulfides. Wang et al.?®®
coated commercial separator surfaces with transition metal
coordinated g-C3N, and crystalline carbon (M-C3N,4/C). This
coating exhibits excellent trapping ability and rapid conversion
capability for polysulfides. The uniformly distributed transition
metals on g-C3N,/C serve as active centers to regulate the
behavior of polysulfides, displaying strong chemical adsorption
capacity and high catalytic activity towards polysulfide
conversion. When combined with other functional materials,
the capability of trapping polysulfides for g-C3N,4 can be further
improved. Wang et al.21° designed a novel dual-functional
separator, where a self-assembled FeOOH layer was firmly
formed on the PP separator surface to chemically capture
soluble polysulfides and prevent shuttle effects. Subsequently,
a coated g-C3N,4/KB layer was introduced to greatly enhance the
migration of lithium ions and physically confine the migration of
intermediate products. As a result, batteries employing this
dual-functional separator (referred to as G-SFO) achieved
remarkable rate capacities (1000, 901, and 802 mA h g1 at 0.5,
1, and 2 C, respectively).
The doping to g-C3N,; can further improve the trapping
capability, as illustrated by Co-doped g-C5N,, 2t in which doped
heteroatoms can play a role in catalytic conversion, effectively
mitigating shuttle effects.
3.2.3.3 The catalysts of Li-O battery
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Thanks to its high nitrogen content, g-C3N, facilitates.asimple
synthesis process and possesses moreDattifel Op8aletig Osites
compared to other nitrogen-doped carbon materials, making it
considered a viable non-metallic electrocatalyst for oxygen
reduction reaction (ORR). Liu et al.?'? reported a non-metallic,
standalone mesoporous graphene@graphitic carbon nitride (g-
C3N4) composite air cathode material. In this material, g-C3Ny4
nanosheets function as efficient electrocatalysts, while
mesoporous graphene nanosheets provide spatial
accommodation for Li,O, deposition and promote electron
transfer. The results demonstrate that compared to a pure
graphene air electrode, the graphene@g-CsN; composite air
electrode exhibits a lower charging plateau by 0.48 V, a higher
discharging plateau by 0.13 V, and a discharge capacity
approaching 17300 mA h g™

Moreover, the conductivity and catalytic activity of g-C3N4 can
be enhanced by incorporating it with other materials that
possess better conductivity. For instance, the combination of g-
C3N; with Co,%'3 Fe,?'* and Ni-C030,4,%®> among others, non-
precious metal composites, has been investigated as effective
catalysts in fuel cells and LOBs. These composite materials
exhibit excellent ORR (oxygen reduction reaction) and OER
(oxygen evolution reaction) activity and durability, comparable
to commercial Pt/C catalysts. Shui et al.?1¢ utilized a low-cost
non-precious metal composite of LaNiO3; and g-C3N4 as a dual-
functional electrocatalyst for the air electrode in lithium-oxygen
batteries. The compositional strategy altered the electronic
structure of LaNiO3 and g-C3N,, ensuring a higher Ni3*/Ni?* ratio
and increased hydroxyl surface adsorption on CNL, thereby
promoting the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER). Yu et al.?!” synthesized a composite
material of CoFe,0,/g-CsN,, where the layered structure of g-
C3N, facilitated the transport of oxygen and lithium ions and
hindered the aggregation of CoFe,0, particles. During the
charge-discharge reactions, the CoFe,0, material accelerated
the decomposition of Li,0,, thereby reducing electrode
polarization.

In addition, single-atom metal catalysts have been
demonstrated to decrease costs and more effectively utilize
precious metals. Building upon this, Qian et al.2!® synthesized
single-atom Pt catalysts (Pt-CNHS) supported on hollow
ultrathin g-CsN4; nanosheets through a liquid-phase reaction
between g-CsN; and H,PtClg. The single-atom Pt catalyst
exhibits electrochemical activity. Based on experimental results
and DFT calculations, the excellent electrocatalytic activity of
Pt-CNHS can be attributed to its large specific surface area,
enhanced conductivity, efficient interfacial mass transfer
between Pt atoms, and porous structure.

Inspired by the excellent performance of g-C3N; in
photocatalysis, Zhang et al.?*® designed a novel photo-
responsive cathode by in-situ growth of Co-doped C3N; (Co-
C3N4) on carbon paper (CP). The Co doping not only enhanced
the conductivity and electrocatalytic ability of C3N4 but also
facilitated bandgap tuning, broadening the wavelength range of
light response, and enhancing the photocatalytic performance
of C3Ny4. Anik et al.??0 utilized g-C3N4/rGO nanocomposites as
photocatalysts for efficient light-assisted charging in lithium-

This journal is © The Royal Society of Chemistry 20xx
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oxygen batteries. The formation of new C-C bonds between g-
C3N4 and rGO during the decomposition process of melamine
led to a red shift in the absorption edge of the nanocomposites.
This red shift resulted in a reduction of the optical band gap of
the nanocomposites, enhancing the capture and utilization of
visible light. By employing the nanocomposites as
photoelectrodes in lithium-oxygen batteries, a significant
reduction in charging potential, particularly at high current
densities, was achieved, leading to improved cycling
performance of the batteries.
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Figure 8 (a) Schematic of the Li nucleation and plating process on Ni foam and g-
C3N,@Ni foam.'74 Copyright 2019, Wiley-VCH. (b1) The voltage profiles of Li—Li
symmetric batteries with bare Li, Li/CC, and Li/0.2 mg-CsN,/CC electrode at a
current density of 2.0 mA cm™2. (b2) The SEM images of Li/CC and Li/0.2 m g-
C3N,4/CC after 10, 50, and 100 cycles in Li—Li symmetric batteries. (b3) The Nyquist
plot of impedance spectra of Li—Li symmetric batteries with Li/CC and Li/0.2 m g-
C3N,/CC electrode after different cycles.'”” Copyright 2019, Wiley-VCH. (c)
Schematic illustration for the lithium deposition mechanism under dual-
lithiophilic interfacial layer.1®* Copyright 2022, Elsevier. (d1, d2) High-resolution
TEM (HRTEM) images of GO/g-CsN,/CNT (d3) and rGO/g-CsN,/CNT (d4). (d5) SEM
image and EDS elemental mapping of rGO/g-C5N4/CNT/S. (d6) Elemental line scan
of rGO/g- C3N4/CNT/S.1%5 Copyright 2019, American Chemical Society.

3.3 Application of MMT and VMT in Alkali-based Batteries

3.3.1 Alkali metal ion Batteries
3.3.1.1 Electrode material additives

Montmorillonite (MMT) is a naturally abundant and cost-
effective clay mineral consisting of two layers of silica
tetrahedra and aluminum octahedra sandwiched between
them. Intercalation of hydrated cations occurs between the
layers to balance the charge through van der Waals forces.
MMT possesses a high surface cation
intercalation/exchange capacity, scalability,
thermal/hydrothermal stability making it highly promising for
applications such as adsorbents, catalysts, sensors, and
filtration membranes.

In the field of energy storage, MMT nanosheets themselves
are not suitable to act as anode materials due to their non-
conductive nature although there have been several reports on
this. 221 222 However, MMT can be employed as an auxiliary
material in combination with other anode materials to enhance

area,
and excellent

the electrochemical behavior. Shen et al.??3 disclosed that the
addition of MMT nanosheets can enhance the structural
stability and reversibility of hard carbon materials, as shown in
Figure 9(a,b).

The incorporation of MMT facilitates the formation of a
mechanically stable SElI layer, reducing the electrolyte
decomposition and maintaining the integrity of the electrode

This journal is © The Royal Society of Chemistry 20xx

structure. Yang et al.®88 utilized MMT to constyygt,.a.Qvel
electrode/electrolyte interface for lithih-grapHitet\dGarish
batteries (DIBs). The prepared SEI film can modulate the anion
intercalation/deintercalation behavior, facilitating the rapid
migration of anions while preserving the graphite structure
from degradation. MMT may react with the electrolyte
decomposition products, such as HF, potentially avoiding the
corrosion of battery components under high voltage conditions.
3.3.1.2 Separator additives

MMT as additives

Due to the high porosity and thermal stability of MMT, it finds
extensive applications in the field of separators. Lanceros-
Mendez et al.2?* prepared MMT/P(VDF-TrFE) porous films with
varying MMT contents using a solvent-casting method for LIBs.
The encapsulation of MMT increased the average pore size,
porosity, and electrolyte solution absorption of the film. The
addition of fillers enhanced the mechanical properties of the
film. The presence of clay slightly improved the ionic
conductivity, while significantly improving the temperature
stability. MMT nanosheets can be an efficient additive to
enhance the thermal stability, mechanical strength, and ionic
conductivity of polymer-based separators due to their inorganic
components and 2D structure. 22> 226.227 (Figure 9(c))

VMT as additives

Due to the high stability of sepiolite at temperatures above
1000 °C, Pol et al.??8 chose to coat one side of polypropylene
with a 7 um layer of 1:9 sepiolite to PVDF to enhance the
thermal stability of the separator. Calorimetry experiments
showed that the sepiolite-PVDF modified PP had a lower heat
release rate (101.7 J g™! for PP, 83.16 J g™ for the modified
separator) and a slightly higher melting point (AT = +3.38°C).
This demonstrates that the sepiolite modified separator
improves safety. Further research on increasing the amount of
sepiolite will result in separators with even higher melting
points. Zhang et al.??® incorporated sepiolite nanoparticles
(VMT) and laponite nanoparticles (LPT) into a polyvinylidene
fluoride (PVDF) matrix to prepare organic-inorganic composite
membranes for LIBs. (Figure 9(d)) The membrane exhibited the
best performance when the ratio of the two inorganic
nanoparticles was 1:1. The prepared separator demonstrated
the highest ionic conductivity (0.72 mS cm™) and the lowest
interfacial impedance (283 Q) at room temperature.
Furthermore, the addition of VMT and LPT nanoparticles
effectively reduced the thermal shrinkage of the membrane,
improved the thermal dimensional stability, electrolyte uptake,
and porosity of the membrane. Tu et al.230 discovered that the
addition of two-dimensional sepiolite nanosheets greatly
improved the thermodynamic instability of PVDF/N, N-
dimethylacetamide (DMACc) solution, leading to the formation
of elongated finger-like porous structures. When the content of
the sepiolite nanosheets (VNs) was 7.0 wt%, the ion
conductivity of the separator increased from 0.300 mS cm™ to
1.679 mS cm™, and the thin film exhibited good thermal
stability, with a 2.3°C increase in melting point compared to
neat PVDF. The tensile strength and Young’s modulus
significantly increased by 168% and 172%, respectively.
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Figure 9 (a) TEM image and element mapping of MMT/carbon-700 °C. (b) Rate
performance at a range of current densities from 50 to 10000 mA g™1.223 Copyright 2020,
The Royal Society of Chemistry. (c)The polymerization of anilinium in the interlamellar
space of MMT form an intercalated nanocomposite where the emeraldine positive
charges are balanced with the negative charges of MMT. 2 Copyright 2021, Elsevier. (d)
Schematic illustration of the preparation of composite separators.??® Copyright 2022,
The Royal Society of Chemistry.

3.3.1.3 Additives in Electrolyte and Gel-polymer Electrolyte

Due to the 2D nanosheet structure, alkylammonium ion
spacing/coupling agents and PVDF-HFP copolymers can be
intercalated in the planar layers of MMT. 231 The prepared solid
polymer electrolytes (SPEs) demonstrate good ion conductivity
(e.g., 10® S cm™), solvent retention capabilities, and
dimensional stability. Subsequently, Park et al. 232 233 separately
introduced lithium-ion and organically modified MMT into PEO-
based electrolytes. The addition of MMT in both cases
significantly enhanced the ion conductivity of the electrolyte
and effectively reduced the crystallinity of the polymer.

Due to the unique Li*. .. O-Si interactions present in the
nano-OMMT, the transfer of Li* ions within the plastic polymer
electrolyte occurs more easily. As a result, a higher ion
conductivity of 1.67 x 107'* S cm™* and a migration number of
0.67 were achieved. Similar reports were also reported by
Cheng et al. 23> about a novel functionalized poly(meta-
phenylene isophthalamide) (PMIA)/MMT based gel polymer
electrolyte (GPE) using electrospinning technique. Well-
dispersed MMT fillers within the PMIA membrane can provide
an electro-negative atmosphere, facilitating the convenient
transport of lithium ions across the separator.

3.3.2 Alkali-metal batteries

3.3.2.1 Anode substrate

Thanks to the lithiophilic nature of MMT, it holds great
potential as a lithium metal anode substrate. Zhu et al.236
employed MMT-coated copper foil as a robust substrate to
promote uniform and stable Li nucleation. The results show
that, at 2 mA cm™2 and an aerial capacity of 1 mAh cm™, a
Coulombic efficiency as high as 99% was achieved after 700
cycles. Due to the similar properties such as high
electronegativity shared between VMT and MMT, they can
effectively adsorb Li* and facilitate the deposition of Li*. Luo et
al.?37 proposed the use of a soft-hard organic-inorganic layered
pearl structure to suppress lithium dendrites. In this structure,
lithium metal is employed as the soft component, while VMT
particles serve as the hard inorganic component, exhibiting a
theoretical modulus 30 times higher. VMT flakes possess a high

14 | J. Name., 2012, 00, 1-3

Energy Advances

negative charge. They can absorb a large number af lithiumdans
in the electrolyte and then co-deposROWtAOIRIMY GEi
effectively suppressing the growth of lithium dendrites and
forming a branch-free rock-like structure after hundreds of
cycles. After the deposition of surface-adsorbed Li*, the VMT
flakes regain their negative charge and move away from the
substrate along the electric field, facilitating the further
absorption of new Li* ions and enabling uniform deposition in a
shuttle-like manner. (Figure 10(a)(b))
3.3.2.2 Artificial SEl layer components
The interlayer spacing of MMT provides a fast pathway for Li*
transport and its inherent lithiophilicity makes it a promising
candidate for artificial SEI layer on lithium metal anodes. Li et
al.238 enhanced the SEI performance and suppressed the growth
of dendritic crystals by utilizing Li-ion modified MMT (Li-MMT),
resulting in significant improvements in electrochemical
performance. The Li-MMT SEI not only possesses inherent fast
Li* channels but also serves as a reservoir, providing sufficient
lithium ions between and at the edges of Li-MMT nanoplates for
rapid interlayer and intralayer transfer of lithium ions.
Furthermore, Shu et al.23° employed a similar strategy using Li-
MMT as an artificial SEI layer, and their research primarily
demonstrated that Li-MMT can serve as a single pathway for
lithium ions, inhibiting the transport of TFSI~ anions within the
MMT layer and alleviating the concentration gradient of Li* at
the interface.(Figure 10(c)(d)) Zhang et al.2*° proposed the use
of an Ag-montmorillonite (AMMT) interlayer Li* conductor as an
interface ion transport precision flow pump to induce rapid and
reversible electrodeposition/stripping of Li metal. The
negatively charged layer and inherent channels of the AMMT
pump can reduce the nucleation barrier and facilitate Li*
transport.

VMT nanosheets-based organic-inorganic hybrid film showed
a similar effect in suppressing dendritic growth and mitigating
volume fluctuations.?*! The improved reason is related to the
mechanical strength of the VN layer.
3.3.2.3 Separator additives
The 2D inorganic non-conductive materials can be used as
additives to improve the performance of separators in
batteries. He et al. incorporated clay with atomic interlayer ion
channels into a polymer separator using electrophoretic
deposition technique.?*2 Due to the strong adsorption energy
between Li-MMT and PVDF-HFP, the Li-MMT/PVDF-HFP
membrane exhibits significantly improved electrolyte
wettability, thermal stability, mechanical strength, and
electrochemical performance. The parallel ion channels with
unified Li* flow direction lead to uniform deposition of lithium
ions, resulting in dendrite-free lithium anodes. Wang et al.
coated lithium-modified MMT (Li-MMT) onto a porous PP
membrane.?*3 The Li-MMT facilitated a unified flow direction of
lithium ions, resulting in the uniform deposition of lithium ions
on the anode surface and suppression of lithium dendrite
formation. A similar enhancement for MMT nanosheets as an
additive can be found in PVDF/PAN/VMT 244 and PP/VMT?45 in
polymer separators.

This journal is © The Royal Society of Chemistry 20xx
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3.3.2.4 Additives in Electrolyte and Gel-polymer Electrolyte

In addition, MMT can also function as an additive in liquid
electrolytes. Yan et al. %6 introduced MMT as a nucleophilic
medium into the host electrolyte to modulate the ion
distribution of lithium dendrite deposition. The redistribution of
lithium ions effectively suppresses the formation of ion-
depleted zones on the anode surface by increasing the ion
concentration at the electrode/electrolyte interface, further
delaying the occurrence of dendritic growth. As the deposition
process proceeds, MMT serves as heterogeneous nucleating
seeds for Li ion adsorption, promoting uniform deposition
instead of large clusters or lithium dendrites.

MMT can be used as a functional additive in quasi solid-state
electrolyte. For example, Park et al.?*” designhed a UV-
crosslinked nanocomposite polymer-clay solid electrolyte (U-
CPCE). The addition of MMT not only altered the local
crystallinity of the polymer matrix, increasing the amorphous
region for ion conduction, but also intervened in the ion-ion and
ion-polymer interactions, enhancing the carrier concentration.
It plays a crucial role in improving ion conductivity and
facilitating  Li*  migration, thus enabling excellent
electrochemical battery performance. Ding et al.?*® designed
and fabricated a novel composite solid electrolyte (CMP/MMT),
composed of a robust interpenetrating polymer network matrix
and layered MMT flakes. The ion transport pathways are well
connected, allowing full access of the active materials. The
addition of MMT not only enhances the room temperature ionic
conductivity and Li* migration number but also provides
mechanical support to the soft polymer network, effectively
preventing short circuits under mechanical deformation,
thereby exhibiting excellent electrochemical performance.
Salot et al.?*° incorporated MMT as an inorganic filler into a
PVDF-HFP-based gel electrolyte, resulting in an electrolyte with
high ion conductivity (0.48 mS cm™ at 25°C) and excellent
thermal stability up to 140 °C.

VMT nanosheets can work as additives in polymer based
electrolyte. He et al.2° prepared VMT nanosheets (VNs) with
abundant cation vacancies and incorporated them into a
PEO/PVdF-HFP blend polymer electrolyte. The cation vacancies
not only provided additional Lewis acid-base interaction sites
for lithium ions but also protected the PEO chains from
excessive lithium ion oxidation, thereby enhancing the
dissociation of lithium salt and the hopping mechanism of
lithium ions. Luo et al.?®! investigated vertically aligned two-
dimensional VMT nanosheets (VAVS) as advanced fillers for
solid polymer electrolytes (SPE), exhibiting enhanced ion
conductivity, Li* transference number, mechanical modulus,
and electrochemical stability. Jiang et al.?>2 investigated a
layered ionic liquid composite electrolyte (L-ILCE) by
encapsulating the ionic liquid (ILs) within the ordered interlayer
nanochannels of a VMT framework. Within the nanochannels,
the fine microstructure induces the rearrangement and
crystallinity of the ionic crystals, endowing L-ILCE with the
combined advantages of liquid electrolytes and solid
electrolytes. L-ILCE exhibits high ion conductivity (0.09-1.35 x
10-3 S cm™! over -40 to 100 °C) while polymers and inorganic
electrolytes typically lose their ion conductivity below 0 °C.

This journal is © The Royal Society of Chemistry 20xx

3.3.4 Alkali-S batteries View Article Online
The interaction between 2D MMT nanosheetdaddpotysaifides
can restrain the shuttle effect of polysulfides because Si-OH
groups as Lewis acid sites can form bonds with polysulfides,
which effectively inhibits the diffusion of polysulfides to the
anode. 253 Furthermore, benefiting from the interlayer cation
exchangeability of MMT, the following researchers have
developed various ion-intercalated MMTs to change the charge
of MMT. Thus, carbon-intercalated MMT (MMT@C),?° Li-
MMT,243, 254-256 gnd FeS, intercalated MMT (FeS,@MMT),?! etc
were developed. Among them, Li-MMT is more widely applied
due to the presence of lithium ions in its interlayers, which
facilitates faster Li* transport within the material. Zhang et al.?>”
utilized naturally occurring minerals with 1D to 3D
microstructures as advanced separators for Li-S batteries. The
cell using MMT/CB-Celgard separator exhibited the highest
upper plateau discharge capacity (369 mA h g), initial
reversible capacity (1496 mA h g™* at 0.1 C), rate performance,
and cycling stability (666 mA h g~ after 500 cycles at 1.0 C with
a capacity decay of 0.046% per cycle). Even with a high sulfur
loading (8.3 mg cm™), the MMT/CB-Celgard separator
demonstrated stable cycling in Li-S batteries. (Figure 10(e)).
Additionally, MMT is often used in conjunction with other
materials possessing different properties. Li et al.?>® developed
a multifunctional material composed of MMT and selenium-
doped sulfur-polyacrylonitrile (Seg0eSPAN) support. MMT
provides sufficient channels for Li* transport, while selenium-
doped sulfur-polyacrylonitrile catalyzes the conversion of “dead
sulfur” and contributes to the overall capacity.

MMT nanosheets have a better ionic conductivity, thus MMT
nanosheets can be combined with materials with high
electronic conductivity to provide a fast ion/ electron transport.
As an example, Shao et al.?>> have designed a two-dimensional
(2D) heterostructure by integrating monolayer lithium-
montmorillonite (MMT) with nitrogen-doped rGO. The low
diffusion barrier layer on Li-MMT facilitates rapid Li* transport,
while the adjacent RGO constructs a highly conductive electron
network, enabling efficient adsorption-diffusion-conversion of
polysulfides and achieving fast electrochemical reaction
kinetics.

The addition of VMT in the electrode can act as a host for sulfur
loading to confine elemental sulfur and immobilize polysulfides,
resulting in enhanced rate and cycling performance. 2°°
Compared to conventional carbon-sulfur composite materials,
VMT-sulfur  composites demonstrate improved rate
performance and enhanced cycling stability. (Figure 10(f))

VMT in Li-S batteries

VMT-based separators can inhibit the diffusion of polysulfides
on the separator through electrostatic interactions and spatial
hindrance. 260 Meanwhile, the inorganic thin flakes with high
strength and Young's modulus can prevent the penetration of
metallic lithium dendrites, resulting in improved safety of the
battery. Wang et al.?®® prepared a thin film composite solid
electrolyte (LCSE), namely Vr/PEO-LCSE, by filtering VMT
nanosheets and subsequently embedding PEO-LITFSI into the
interlayer via an expansion filtration method. The continuous
interlayer channels exhibit favorable PEO chain mobility and
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LiTFSI dissociation, resulting in an ion conductivity of 1.22x107>
Scm™ at 25 °C for Vr/PEO-LCSE.
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Figure 10 (a) Schematic illustrating the co-deposition of Li with VS. (b) BSE image of Li
plating in EC/DEC electrolyte with 0.1% VS.237 Copyright 2023, Nonferrous Metals Society
of China. The differential charge densities of (c) Li-MMT with TFSI™ ions (Li-MMT-TFSI)
and (d) Li-MMT with Li* ions (Li-MMT-Li*) and the corresponding adsorption energies.?4
Copyright 2021, Wiley-VCH. (e) Schematic illustration of preparation of the mineral/CB-
coated separators, transmission electron microscopic (TEM) images of Hal, Atp, Mmt,
Dao. And rate performance of the Li-S batteries with different separators and the CNT/S
cathode.?” Copyright 2021, Elsevier. (f) Comparison studies of cycling performance and
long-term cycle stability of the VMT—Sulfur cathodes with different S contents at the
mass loading of 2.0 mg cm=2.25° Copyright 2022, Wiley-VCH.

Table 1 and 2 summarized the application of 2D inorganic non-
conductive materials in alkali metal based batteries. In all, these
materials can be used as additives of SEl building block,
separators and electrode substrate to improve the
electrochemical performance of alkali metal based batteries.

3.4 Challenges and outlook

The application of 2D inorganic non-conductive materials in
enhancing the performance of alkali metal based batteries has
achieved certain successes, but there are still many challenges
that need to be carefully considered.?®? First, methods for
producing high-quality 2D materials on a large scale with a low
cost are still lacking at present time. For example, it is reported
that the industrial-scale efficiency to prepare BN nanosheets
using exfoliation of BN bulk material is much less than 30%.263
Moreover, many 2D inorganic nanosheets are prepared by
exfoliation of the corresponding bulk layered materials. Thus,
defects and/or impurities can be introduced to 2D inorganic
materials during preparation process. Thus, it is highly desirable
to develop novel method to prepare inorganic nanosheets with
a large scale.?®® Secondly; it remains a big challenge to
synthesize the 2D inorganic materials with controllable
microstructure. Thus, the optimization of the microstructure of
2D inorganic materials including surface functional groups, layer
number of nanosheets should be carried out to realize the
desirable properties. Thirdly, it is still a great challenge for the
fine control of electrode functionalities by using 2D materials or
assembles of 2D materials in battery system because
electrochemical performance of batteries is affected by many
factors. 265 After introduction of 2D materials in battery system,
new surfaces and/or interfaces are formed among the electrode
components. As is known, the surface and interface in electrode
strongly affect the mass transport; charge transfer and ions
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diffusion in batteries. Thus, further studies on effects of 2R
inorganic materials to electrode shefaldO ¥eé9/ rerfePrigd
systematically, especially in the relationship between interfacial
properties of inorganic nano-sheets and their functionalities as
additives from atomic level. Finally, it is very important to
develop new 2D non-conductive materials with new structure
and properties to fulfil the requirements in multiple fields in
future.

4. Conclusions

In this review, we summarized the recent progress in the
application of two-dimensional inorganic non-conductive
materials in alkali metal-based batteries. Thanks to their
excellent specific surface area and unique physical/chemical
properties, two-dimensional inorganic materials have shown
great potential in alkali metal-based batteries. Their non-
conductive nature and special properties of the 2D structure
allow them to be applied not only as additives in electrode
materials but also in separators, artificial protective layers, and
solid-state electrolytes. In this review, we provide a detailed
account of the research progress on these materials as
electrode materials or additives in alkali metal-based batteries,
as well as their applications as separators, substrates for
lithium/sodium/potassium metal anodes, anchoring materials
in Li-S batteries, and catalytic materials in Li-O batteries.

The characteristics of two-dimensional inorganic insulating
materials provide them with great potential for further
development. For instance, the abundant adsorption sites for
alkali metal ions make BN and g-CsN; excellent additives for
alkali metal-based ion batteries. Due to the exceptional film-
forming properties of two-dimensional materials, they can even
replace binders and directly form independent thin films with
electrode materials. Moreover, their excellent mechanical
properties, thermal stability, and ion transport properties make
two-dimensional inorganic materials promising candidates as
separator additives and protective layers for alkali metal-based
battery anodes. The addition of materials like BN and g-C3N,4 can
effectively reduce the crystallinity of polymer electrolytes and
enhance ion transport. Additionally, their strong anchoring and
oxygen reduction capabilities make them excellent main
materials or additives for sulfur cathodes and air electrodes.

To sum up, the application of two-dimensional inorganic
insulating materials in lithium metal-based batteries has been
widely studied, but their application in sodium/potassium
metal-based batteries still needs to be further studied. There
are still many obstacles to be overcome from laboratory
research to industrial production Two-dimensional inorganic
insulating materials offer new choices for constructing
components of alkali metal-based batteries and show the
potential to contribute to better battery performance. In the
future, it is expected that alkali metal-based batteries with
higher capacity, higher rate performance, longer cycle life, and
lower cost can be achieved by optimizing the present 2D
material and by using novel 2D materials.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 The application of 2D inorganic non-conductive materials as additives in alkali-ion/S batteries

Material Additives Capacity Rate capacity Cycling Ref.
stability
1. BN
rGO/BN thin film LIBs- At 0.1 Ag™,278 mAh At1Ag 1121 mAh About 95
anode gt g? 100%,200cycles
MOF-5/BNNs LIBs- At 0.1A g1,1050 mAh At 2 A g 1409 mAh About 100%, 96
anode gt g! 1000 cycles
PVH-LaO/PVH-BN LIBs- At 0.5 C,158 mAh g At 20 C, 78 mAh g1 96 %, 1500 100
separator (Based LFP) cycles
PE-BN/PVDF-HFP LIBs- At 2 C,120 mAh gt At4C, 108 mAh g™ 95 %, 500 101
separator (Based LFP) cycles
v-BN Li-S- At 0.2 C, 1262 mAh gt At 1C, 699 mAh g 58 %, 500 125
cathode (1C=1675mAg?) cycles
BN/graphene Li-S- At 0.1C, 1553 mAh g! At2C,914 mAh gt 90 %, 500 127
cathode cycles
FBN/graphene Li-S- At 0.2 C, 1125 mAh gt At 6 C, 556 mAh g 93 %, 1000 128
cathode cycles
S-BN@rGO Li-S- At 0.2 C, 1137 mAh gt At 5C,523 mAh gt 73 %, 500 130
cathode cycles
BN/CNTs Li-S- At 0.2 C, 1374 mAh g! At4C, 840 mAh g™t 77 %, 500 131
cathode cycles
f-BNNS/f-CNTs Li-S- At0.2C, 1136 mAh gt At5C, 430 mAh gt Above 100%, 132
cathode 500 cycles
BN-carbon separator Li-S- At 0.5C, 1018 mAh gt At4C,780 mAh gt 76 %, 250 134
separator cycles
FBN separator Li-S- At 0.2 C, 1486 mAh gt At7C,718 mAh gt 89 %, 1000 135
separator cycles
BN-P@GO Li-S- At 0.2 C, 1092 mAh g* At3C, 626 mAh gt 59 %, 500 136
separator cycles
CoB/BN@rGO Li-S- At 0.35 mAcm?, At 8.7 mAcm, 77 %, 700 137
separator 1450 mAh gt 480.2 mAh g! cycles
BN/SWCNT Li-S- At0.1C, 1124 mAh gt - -,100 cycles 138
separator
BN/PVdF Li-S- At0.1C, 1228 mAh g! At 1C, 791 mAh gt 90 %, 200 139
separator cycles
BN doped Li;P35:; Li-S-SSEs At0.05 C, 803 mAh g1 - 22 %, 50 140
cycles
BN-PEO-PVDF Li-S-SSEs At 0.05 C, 1000 mAh At 0.5 C, 400 mAh g! -, 50 cycles 141
g—l
2. g-C3N4

Please do not adjust margins
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SnOZ@C3N4

SnS,/g-CsN,/graphite
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SnS;@g-C3N,

Sn0,/g-CsN,

Sn0,/G0/g-C3N,

Sn/g-C3N,

NiC0,04/g-C3Ns

CuO@Cu/g-C3N,

Mo0O,/UCN

g8-CsN4/WS,

g-CsN,@RGO

P/rGO-CsN,

CuCo,0,@g-C5N,

Co1,S@g-C3Ny

Se-H-g-C3N,4

8-C3N4/Mo,CT,

C/g-CsNy

crystalline CsN4/C

LIBs-
anode

LIBs-
anode

LIBs-

anode

LIBs-
anode

LIBs-
anode

L/SIBs-

anode

LIBs-

anode

LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
LIBs-
anode
SIBs-
anode
SIBs-

anode

g—l

g—l

g—l

Hl=c s Energy Adv,

At 0.2 C,174.8 mAh gt
(1C=175 mAh g%)
At 0.5 A g™, 900 mAh

At 0.05 C, 2467 mAh

(1c=1Ag7)
156 mA g%, 995 mAh

At 1A g, 571 mAh gt

At0.1A g, 920 mAh

(LIB)
At0.1A g, 501 mAh

(LIB)
At50 mA g1, 736

mAh gt

At0.1C, 733 mAh g

At0.1C, 1456 mAh gt

At 100 mA g1, 592

mAh g1

At 100 mA g1,
1367 mAh gt
At0.1C, 777 mAh gt

At0.1A g7, 1069

mAh g1

g—l

At 0.1 C, 655.7 mAh

At50 mA g, 911

mAh g1

At 200 mA g7,

1806 mAh gt

At0.1A g, 577 mAh

At0.1A g, 789 mAh

At0.1A g7, 814 mAh

At0.1A g, 606 mAh

At0.1A g7, 254 mAh

At0.1A g7, 286 mAh
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g—l

g-l

g—l

At 3.2 C, 142.1 mAh

At6A g, 298 mAh

3943 mAg,
329 mAh gt
At5A g, 470 mAh

At1A g,

612 mAh g 1(LIBs)
At0.1A g,

920 mAh g }(LIB)

At 500 mA g7,
736 mAh gt

At 500 mA g1,
420 mAh gt

At 1000 mA g,
452 mAh gt

At 2 C, 450 mAh gt

At2A g1,
703 mAh gt
At2C, 247.4 mAh gt

At 800 mA g1,
666 mAh gt
At 1000 mA g%,

855 mAh gt
At2 A g1, 499 mAh

At2 A g1, 544 mAh

At2A g, 257 mAh

At1A g, 151 mAh

At3.2A g,
151 mAh gt

Please do not adjust margins
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SnS;@g-C3N,
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rGO/g-C3N4/CNT
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g-C3N4/graphene
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TixOy-Ti3C2/C3 N4
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MoS,/g-C3N,

8-C3Nu/g-CsN,

Heterojunction

Ni-C3N,/C

FeOOH/Coated

g-C3N4/KB

Co-doped g-C5N,

graphene@g-CsN,

Pt@g-C3N,

3. MMT

MMT/carbon

MCMB@MMT

MMT/P(VAF-TrFE)
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Li-S-
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Li-S-
separator
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catalyst

LIBs-
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separator
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At0.1A g7, 285 mAh

g—l

At 50 mA g7, 901

mAh g1

At0.1A g%, 464 mAh

g—l

At0.1C, 1205 mAh gt

At0.5C, 1116 mAh g

At 0.05 C, 1263 mAh

At0.2C, 1018 mAh gt

At 0.2 C, 1098 mAh g

At0.2 C, 870 mAh gt

At0.1C, 1257 mAh g!

At0.5C, 749 mAh gt

At1C,718 mAh gt

At0.5C, 925 mAh g

At1C, 640 mAh g

At 0.1 Ag?, 1253 mAh

At0.1C, 1246 mAh gt

At 0.2 C, 1121 mAh g*

0.2 mA cm™?, 17300

mAh g1

At0.2A g, 13843
mAh g1

At0.02 A g, 1432
mAh g1
At 2C,~ 80 mAhg!
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At0.2 C, 138 mAh g

g—l

g—l

At1A g, 111 mAh

At 2000 mA g,
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At2C, 631 mAhgt
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At2C, 453 mAh gt

At4C, 632 mAh gt

At8C, 472 mAh gt

At2 Ag, 835 mAh

At2C, 802 mAhg?

At2C,529 mAh gt

0.4 mAcm,

1000 mAh gt

At0.8A g},
5964 mAh g!

At1C, 86 mAh g

At1C, 128 mAh g
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5M/P-PMIA

MMT@C@PP

Co/N-C@Li-MMT

MMT/RGP-PP

PPY/Li-MMT

FeS,@MMT

Mmt/carbon black

Seg.06SPAN/MMT@PP

4. ymT
VMT/PP

PVDF/VMT/LPT

PVDF/VMT

2D vermiculite

separator

Vr/PEO-LCSE

LIBs- gel
polymer
electrolyte

Li-S-
separator

Li-S-
separator

Li-S-
separator

Li-S-
separator

Li-S-
separator

Li-S-
separator

Li-S-

separator

LIBs-
separator
LIBs-
separator
LIBs-
separator
Li-S-

separator

Li-S-SSEs

Hl=c s Energy Adv,

At2C, 140 mAh g

At 0.5 mAcm,
1049 mAh gt
At0.1C, 1275 mAh gt

At0.1C, 1389 mAhg?

At 0.2 mAcm™,
1226 mAh gt
At 0.2 C, 1168 mAh g!

At0.1C, 1496 mAh gt

At0.1C, 1454 mAh g

At0.1C, 148 mAh g™
(LFP)

At0.5C, 161 mAh gt
(LFP)
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(LFP)

At 0.1 C, 1000 mAh g™t

At 0.05 C, 1252 mAh

At3mAcm,

684 mAh gt

At 2 C, 656 mAh gt
At3C, 848 mAh g™t
At5mAcm,

540 mAh gt

At 10 C, 358 mAh gt

At3C, 541 mAh gt

At5C, 670 mAh g™t

At2C, 119 mAhg?
(LFP)
At 2 C, 600 mAh gt

At 0.2 C, 1000 mAh

89 %, 200

cycles

90 %, 300
cycles

-, 100 cycles

47 % ,800
cycles

-, 500 cycles

69 %, 1000
cycles

77 %, 500
cycles

66 %, 1000

cycles

-, 25 cycles

98 %, 100
cycles

95%, 100
cycles

-, 50 cycles

-, 150 cycles
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