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The Versatility of Layered Two-Dimensional
Heterostructures for Energy Storage: Bridging Scientific
Insights and Practical Applications

Neetu Bansal, Nitish Kumar, Prakash Kumar Pathak, Heejoon Ahn, Jing Tang,
Yusuke Yamauchi,* and Rahul R. Salunkhe*

Nanoscale manipulation of electronic and ionic charge interactions within
electrode materials is the cornerstone for advancing electrochemical energy
storage. Compared to bulk materials, 2D confined anodes provide lamellar
channels to mobile ions for electrochemical interactions. However, individual
2D layers are often inefficient in delivering desired properties for stable and
rapid kinetics in battery operations. To address this, 2D-2D heterostructures
(2D HRs) that integrate the properties of two or more layers via van der Waals
or covalent bonds can give optimized interfacial features. These structures
modulate electronic properties, such as band positions, activation energies,
diffusion barriers, and binding energies for intercalating ions, thereby
regulating the electrochemical characteristics of batteries to meet practical
challenges. In this context, this review includes the latest experimental
and theoretical investigations to explore the multifunctional roles of 2D HRs
in monovalent ion (Li+, Na+, and K+) batteries (MIBs). First, it elucidates the
fundamentals concerning the impacts of HRs in charge storage mechanisms
and outlines pathways for synthesizing their novel designs. Then,
it summarizes the different configurations of 2D HRs utilized in designing
MIBs. Finally, it underscores the current challenges and future perspectives
for implementing 2D HRs as advanced anode materials in batteries.
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1. Introduction

The rapid pace of global industrialization
has dramatically accelerated the energy de-
mand; hence, the fulfillment of energy stor-
age devices (ESDs) has become an under-
lying issue. Electrochemical devices such
as batteries, fuel cells, and supercapacitors
are leading contenders in the market due
to their distinctive attributes, like high en-
ergy and power density.[1] Among these,
batteries have become a massive part of the
electrical industry and are anticipated to re-
main dominant in the foreseeable future.[2]

In particular, alkali metal or monovalent-
ion batteries (MIBs), including Li-ion bat-
teries (LIBs), Na-ion batteries (SIBs), and
K-ion batteries (PIBs), owing to similar
physicochemical properties, have garnered
widespread attention at industrial and aca-
demic scales. The electrode and electrolyte
materials primarily determine the energy
storage performance of these battery sys-
tems. In this regard, the past two decades
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Figure 1. a) Schematic illustration highlighting the significant challenges for anodes in Li+, Na+, and K+ ion batteries. b) The diagram shows the transi-
tions from bulk 2D structures to 2D HRs and their further classification into vertical and lateral HRs. The HR assemblies improve certain characteristics
of anodes that help to address several challenges in batteries (mentioned by bullet points).

of 2003–2025 have witnessed the maturation of various an-
ode/cathode materials and the rapid growth of new battery
chemistries, some of which have evolved into viable choices
for the battery industry.[3] Nevertheless, each type of battery
presents unique challenges, often arising from the interaction be-
tween metal ions (M+: Li+, Na+, and K+) and electrode materials
(Figure 1a). Typically, the larger size of Na+ (1.06 Å) and K+ (1.33
Å) ions brought major issues like sluggish diffusion and struc-
tural deformations that mitigate the stability of batteries. It is
demonstrated that structural characteristics of anodes, such as
atomic and molecular arrangement, interatomic distance, inter-
facial sites, andmorphology, have an essential role in confronting
these challenges.[4,5] Among these, morphological and interfacial
features determine the wettability and interactions of active ma-
terial with electrolytes. These characteristics precisely control the
adsorption properties of M+ ions over the electrode, thereby reg-

ulating the capacity of batteries.[6] In contrast, lattice structure
parameters are strictly linked with the diffusion kinetics of M+

ions and their redox activity within the electrodes, which consid-
erably impacts the stability and rate capability of batteries.[7]

The bulk materials often contain inaccessible interior sites for
the ions and cannot be efficiently utilized, necessitating their
structural modifications. One effective approach is to reduce the
dimensionality of these materials, which significantly shortens
ion diffusion pathways and facilitates deeper ion penetration.
Since 2008, increasing attention has been directed toward con-
fining anodematerials to 2D nanostructures featuring atomically
thin layered surfaces with a large surface-to-volume ratio and a
mechanically flexible structure. Several 2D materials belonging
to the family of graphite, transition metal oxides (TMOs), transi-
tion metal dichalcogenides (TMDs), phosphorene (P), transition
metal carbides/nitrides (MXenes), and so on, with extraordinary
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properties, have attained significant acclaim in anode systems
of MIBs.[8–13] The covalently bonded 2D layers are stitched to-
gether vertically by van der Waals (vdW) forces, which provide
slit-shaped channels and offer fast diffusion paths for mobile M+

ions in batteries. The dual-sided surface of 2D layers multiplies
the active sites and interaction with electrolytes. Such structural
features reveal their popularity as anode materials for fast op-
erations compared to their 3D counterparts.[14–16] Each 2D ma-
terial is impressively superior in terms of its inherited charac-
teristics. However, no single 2D material provides all the essen-
tial properties crucial for the high performance of batteries, such
as electronic conductivity, high interplanar spacing, and struc-
tural stability. For instance, TMDs with high redox activity can
provide large specific capacities but suffer from poor structural
stability during long-term cycling due to irreversible redox re-
actions. In contrast, graphene (Gr), empowered with excellent
electronic conductivity, reflects limited active sites that restrict its
specific capacity. In addition, most 2D materials encounter poor
cycling stability and rate capability, largely attributed to their ten-
dency to aggregate over repetitive cycles and the development of
polymeric gel-like layers caused by electrolyte degradation during
the electrochemical processes. Therefore, structural modulations
that manipulate the chemical and electrical properties of these
2D architectures become necessary. To address this, several ap-
proaches, such as doping, heterostructure (HR) designing, and
defect engineering, have been introduced that amplify the stabil-
ity and performance of 2D materials.
Subsequently, HRs obtained by strategically hybridizing dif-

ferent materials with 2D layers can improve the performance
of batteries. Depending on the dimensionality of foreign mate-
rials hybridized with 2D layers, the HRs can be categorized as
0D-2D, 1D-2D, 2D-2D, and 3D-2D types.[17] Among these, 2D-
2D HRs (2D HRs) obtained by the synergy of different 2D offer
uniform collaborative features over larger interfacial areas and
can serve numerous locations for the ions compared to other
configurations.[18] Consequently, this unlocks an opportunity to
simultaneously leverage the complementary properties of 2D
materials belonging to different families.[19] Moreover, the cul-
minating physiochemical characteristics of HRs are highly de-
termined by the intrinsic properties of each 2D layer (elemental
composition, Fermi levels, lattice parameters, band gap, attached
functional groups) and the synthesis process. After integrating
the layers with different Fermi levels, the interaction between
layers alters their electron density, electrical conductivity, diffu-
sion barriers, mechanical strength, and adsorption energy for in-
tercalating ions.[20,21] Therefore, the complementarity features of
different layers can be optimized to provide the 2D HRs with a
robust structure possessing less volume expansion, low charge
transfer resistance, high redox activity, and a large accessible area
to the electrolyte. For example, stacking of TMDs over Gr results
in HR that showcases good conductivity (property of Gr) and re-
dox active sites (property of TMDs).[22] Overall, depending on the
characteristics of each layer, the anode material can be optimized
to achieve enhanced rate capability and specific capacity for
batteries.
Furthermore, the 2D HRs can be constructed by knitting the

2D layers laterally by confining them in a single direction (lat-
eral HR) or by stacking them vertically over each other (vertical
HR) as a result of covalent or vdW forces (Figure 1b).[23,24] Several

top-down and bottom-up synthesis methods have been unveiled
for designing such 2D HRs.[25,26] In the last decade, this aspect
has brought various potential composite materials into the en-
ergy storage field by utilizing diverse synthesis techniques. De-
spite their successful outcomes at the laboratory scale, none of
these have proven to be scalable and feasible for industrial-level
battery fabrication. Hence, there is a need to find synthesis tech-
niques to design HRs qualitatively on a large scale, which exhibit
optimum performance for commercialization. As a result, this
field requires significant attention from researchers and neces-
sitates initial guidance for them to target 2D HRs for industrial
battery applications.
To date, very few reviews have been published highlighting

the valuable assets of 2D HRmaterials in ESDs.[27,28] However, a
complete directional review combining the theoretical and exper-
imental aspects of solely 2D HRs in batteries is still missing and
needs significant attention. In this review, we present a system-
atic overview of the hybridization of different 2D layers for elec-
trode materials in MIBs. First, we underscore the challenges for
electrode materials in MIBs and the pivotal role of different 2D
HRs in addressing these issues. In this regard, insight is provided
into how interactions betweenM+ ions and 2DHRhostmaterials
canmodify the physics and chemistry of the electrode/electrolyte
interface, thereby contributing to the development ofmore stable
battery devices. Furthermore, conventional and emerging synthe-
sis approaches utilized for 2D HRs are briefly reviewed, and are
compared in terms of cost, scalability, utility, and quality, which
can add benign effects to achieve battery for the industry. We cor-
relate the theoretically investigated fundamental properties of 2D
HRs with the experimentally observed enhanced performances,
statistically providing an overall evaluation of the electrochemical
properties of the 2D HRs in batteries. Finally, we highlight the
material selection criteria and strategies to boost the efficiency of
2D HRs as electrode materials. Overall, this review explores the
multifunctional roles of 2D HRs in MIBs.

2. Advancements in 2D HRs

The progressive research on different chemistries ofMIBs has fa-
cilitated the discovery of a wide range of anode materials. These
research outcomes have led to the commercialization of certain
electrode materials, such as graphite for LIBs and hard carbons
for SIBs. The anode performance is influenced by numerous fac-
tors, including electrical conductivity, thermal stability, Gibb’s
free energy, structural characteristics, solvated ion properties,
type of electrolyte, and type of interactions with ions. These prop-
erties collectively determine the practical suitability of any anode
material. Depending on the interaction of ions, the electrochemi-
cal reactionmechanisms have broadly categorized the anodema-
terials as (1) intercalation type, (2) conversion type, (3) alloying,
and (4) organic compounds.[29]

The intercalation-type materials include carbons (graphite,
hard carbon, soft carbon) and some other compounds such as
titanium or niobium-based oxides (Li4Ti5O12, TiO2, Na2Ti3O7,
Nb2O5, TiNb2O7) and MXenes. These materials generally have
2D layered structures or 3D frameworks, providing abundant lat-
tice space for reversible movement of ions. The reversible reac-
tions prevent the anodes from severe phase transformations and
crystal structure damage, often resulting in prolonged cycling
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(≈5000 cycles). However, these materials exhibit limited active
sites for ion storage, resulting in poor specific capacities (≈300
mAh g−1). These materials are cost-effective and have received
great acceptance in the battery industry.
In conversion-type anodes, metal oxides (Fe2O3, Co3O4, NiO,

MnO, MoO3, etc.), chalcogenides (MoS2, WSe2, CoS2, VS2, etc.),
and phosphides (CoP, CuP2, NiP2) are majorly investigated ma-
terials. They follow certain reversible redox reactions to store the
M+ ions, and the simultaneous multi-electron transfer generates
a high theoretical capacity for batteries. The reversible reaction is
expressed as:

mayb + (b ∗ n)M+ + (b ∗ n) e− ↔ am + bMny (1)

wherem represents the transition metals (m: Fe, Co, Ni, Cu, Mn,
Mo, etc.) with a number of moles, y refers to nonmetallic anionic
substances (O, S, P, Se, N) having b number of moles, while n in-
dicates the valence state of y. The wide availability and tunability
of m and y elemental compositions offer opportunities to obtain
multiple electrochemical potentials. Nevertheless, the conversion
reactions include continuous phase transformations and large-
volume changes that often lead to particle pulverization, voltage
hysteresis, and electrical contact loss. This eventually causes their
low coulombic efficiencies and fast capacity decay. Also, these
materials inherit poor conductivity due to their semiconducting
nature, which restricts their high-rate performance.
Furthermore, alloy-type anode materials include elements

from the IVA and VA groups. These comprise metallic (Sn, Bi,
Sb, etc.) and semimetallic (Si and Ge) elements. These elements
(m) get alloyed with the multiple M+ ions (represented by x) dur-
ing the charging–discharging process and, hence, are capable of
performing with higher specific capacities than other anode ma-
terials (2–3 times that of conversion-type anodes). The alloying
process is represented as:

m + xM+ + xe− → Mxm (2)

However, the repeated alloying/dealloying reactions during
the battery charge–discharge process often result in the forma-
tion of various irreversible and electrochemically inactive com-
pounds. These byproducts induce substantial volume changes,
structural pulverization, and even complete rupture of the elec-
trode. The severity of these effects is further amplified in the pres-
ence of large-sized Na+ and K+ ions. In addition, these nonuni-
formly formed compounds create heterogeneous active sites for
the metallic ions, which is accompanied by massive dendrite
growth and a rapid capacity decay within a few cycles (much
higher than the conversion-type materials).[30] These materials
also exhibit poor electrical conductivity, which further results in
a drastic capacity fall at higher rates. Moreover, certain materials
perform with dual reactions, i.e., by combining more than one
phenomenon. For example, some layered chalcogenides, namely,
Bi2S3, Sb2S3, and SnS2, first undergo a conversion reaction and
then follow an alloying reaction that brings together the mer-
its and drawbacks of each method.[22] Similarly, there are some
metal chalcogenides, such as MoS2 and FeS2, that initially fol-
low intercalation phenomena and then show redox conversion
reactions.

The inorganic materials in the above-mentioned compounds
contain strong covalent/ionic bonds that mainly cause structural
deformations during the continuous charge–discharge process.
In contrast, organic materials, including small molecules and
large polymeric chains, are composed of weak interactions that
provide sufficient space for reversible ionic movements. This can
help to achieve high-rate batteries. In addition, the environmen-
tal friendliness, sustainability, and diversity are the main high-
lights of thesematerials. Several organic compounds attain C═O,
N═N, and C═N bond sites, which enhances redox activity.[29] De-
spite their high capacity, flexible structure, and easy synthesis
control, the low conductivity and tendency to dissolve in elec-
trolytes showcase their unsuitability for commercial batteries.
The limitations associated with each type of anode demand ef-

fective processing approaches for materials. Also, their 3D bulk
structures restrain the accessibility of ions, resulting in their
partial utilization in electrodes. Confining them to one direc-
tion produces 2D-type materials, which mitigates the issue of
limited ionic accessibility. Since the discovery of Gr in 2004,
dimensionally confined 2D materials have gained huge atten-
tion. After 2010, such layered materials have been widely rec-
ognized as promising electrode materials in LIBs.[31,32] Their
covalently bonded atomically thin layered architecture signifi-
cantly enhances performance due to the distinct advantages, in-
cluding reduced diffusion length, mechanical flexibility, high
surface-to-volume ratios, and slit-shaped channels for efficient
ion transport.[16] It is well known that ion diffusion time (𝜏) in the
electrode is proportionally related to diffusion length (L) by the re-
lation 𝜏∝ L2/D (D is diffusion coefficient, mainly dependent on the
material and temperature).[33] This implies that the 2D structured
materials with a shorter diffusion length allow faster and deeper
penetration of ions compared to 3D bulk materials. This conse-
quently enhances the charging and discharging rates of batteries.
Furthermore, the advantages of 2D structures for ion diffusion in
batteries can be described by Fick’s second law, stated as:[34]

𝜕C
𝜕t

= D 𝜕2C
𝜕x2

(3)

where 𝜕C
𝜕t
represents the change ofM+ ion concentration (C) with

time t, D denotes the diffusion coefficient, and 𝜕2C
𝜕x2

is the deriva-
tive of the concentration gradient with respect to position x. At
a given time, the ion diffusion in solid electrodes depends on
the concentration gradient of the ions.[35] Attributing to the short
diffusion pathways of 2D materials, the electrodes can respond
to different concentrations of ions more quickly ( 𝜕C

𝜕t
), thereby

boosting the rate performance of batteries.[36] In addition, the
increased, 𝜕2C

𝜕x2
due to the thin structure shows that the ion dis-

tribution over the surface of electrodes is more uniform, lead-
ing to less polarization during the charging and discharging of
batteries.[37,38]

For the practical adaptability of any 2D electrode material
with high electrochemical activity, it must possess chemical, me-
chanical, and thermal stability under extreme conditions. De-
spite the immense merits of 2D materials, they encounter lim-
itations when utilized individually as electrode materials in bat-
teries. For instance, Gr and MXenes offer excellent conductivity
andmechanical stability but are prone to restacking and cracking
issues.[15] Weak interlayer forces and a thin structure make them
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Table 1. A comparative analysis of the strengths and limitations of various 3Dmaterials and their 2D counterparts for guiding the selection of compounds
to achieve 2D HRs with tailored properties.

3D materials 2D counterpart Merits Limitations

Graphite Gr Flexible,
high electrical and thermal conductivity,

large surface area

Moderate capacity,
the charge stored only on the surface, restacking,

low wettability

TMDs TMDs High theoretical capacity, low operating potential,
open layered structure, active edge sites

Fast capacity drop due to conversion reactions, and
low conductivity

MAX ceramics MXene High electronic and ionic conductivity, hydrophilic,
high mechanical strength

Restacking occurs, thermodynamically metastable,
low capacity, less active sites

TMOs TMOs High electrochemical activity, low cost Low electronic conductivity, high volume expansion
due to conversion reaction, low ionic diffusion

TMOs LMHs High electrochemical activity Hydroxides not compatible with the nonaqueous
electrolytes (not suitable for nonaqueous

batteries), poor conductivity

Germanium Germanene High theoretical capacity Difficult to synthesize freestanding material

Silicon Silicene High theoretical capacity Difficult to synthesize freestanding material

Phosphorous P High theoretical capacity, electric conductivity,
surface area, adjustable bandgap

Large volumetric changes, extremely reactive to
oxygen

Note: Gr = graphene, TMDs = transition metal dichalcogenides, TMOs = transition metal oxides, LMHs = layered metal hydroxide, P = phosphorene.

highly fragile, which increases the complications in the manu-
facturing process. Conversely, TMOs and TMDs, while offering
robust redox activity and potential for high specific capacities,
are hampered by structural instabilities and poor conductivity. In
addition, a number of materials, such as MXenes, silicene, and
black phosphorene (BlackP), are chemically unstable in air and
oxidize with time at certain temperatures, making their storage
highly challenging for large-scale applications. Also, when their
oxidized counterparts are used as electrode materials, they often
exhibit poor performance in batteries. To survive the real-world
stresses of humidity and temperature instability, key engineer-
ing strategies need to be introduced. Table 1 unveils the com-
parative overview of the strengths and challenges associated with
different classes of 2D materials, which helps to identify the is-
sues associated with different materials that can degrade battery
performance.
To circumvent these challenges, 2D HRs have been developed

strategically by hybridizing the complementary properties of di-
verse 2D layers, thereby improving battery performance. The in-
trinsic properties of different 2D materials (e.g., the conductiv-
ity of Gr and the redox activity of TMOs) are integrated to form
2DHR with optimal electronic conductivity, interplanar spacing,
and structural stability for battery electrodes. Nonetheless, the in-
terfacial coupling between different layers plays a crucial role in
determining the stability of the electrode material and the perfor-
mance of batteries. Notably, in simple composites, the interfacial
coupling is significantly weak, often resulting in sluggish kinetics
of M+ ions and aggregation of active materials, ultimately lead-
ing to a capacity fade and rapid rate decay.[39] However, in HRs,
a strong force of interaction bridging the different layers pro-
vides an indestructible structure to the electrode. For example,
electrostatically synthesized HR of LixV2O5·nH2O and reduced
graphene oxide (rGO) with strong interactions exhibit better rate
performance (≈120 mAh g−1 @ 0.2 A g−1) than the physically
mixed composite material, where it reaches 0mAh g−1.[40] In this
context, the formation of covalently bonded HRs is more favor-

able for stabilizing the performance of batteries.[39] Depending
on the interactions between different 2D stacks, these are classi-
fied as vertical (vdW/covalent interactions) and lateral HRs (co-
valent interactions) (Figure 1b). For assembling lateral HRs, the
layers should exhibit similar lattice structures. Therefore, TMDs
such as MoS2, WS2, and SnS2 with minimal lattice mismatch
are highly investigated for such HRs.[41] Although strict lattice
matching is not required in the vertical assembly of 2DHRs, vdW
interactions can provide 2D HRs with incoherent lattice match-
ing. Such structures sometimes lead to Moirés superlattices.[42]

Consequently, it is imperative to identify the crystal structures
of different layers before assembling them in HR. Figure 2 il-
lustrates the advancements in developing different lateral and
vertical 2D HRs alongside the discovery of 2D materials. It also
presents some of the benchmarks of 2D HRs in monovalent
batteries.

3. Fundamentals of Stable 2D HRs for Battery
Applications

For the rational design of efficient 2D HRs, it is crucial to com-
prehend their interfacial properties and their interactions with
mobile M+ ions. Obtaining the HRs with a stable lattice struc-
ture for the anodes is essential, as it decides several parameters
such as active sites, steric hindrance, and reversible mass trans-
fer for consistent battery performance. In this regard, we initially
highlight the parameters utilized to identify the robust HR con-
figurations, mainly dependent on the lattice structure and orien-
tation of each layer. The thermodynamically stable configuration
ofHRs can be obtained by calculating their formation energy (EF)
which is defined as:[43]

EF = EHR −
∑n

i=1 Ei (4)

where EHR is the total energy of HR, and Ei represents the
total energies of ith monolayer (n is the number of different
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Figure 2. The timeline of various 2D lattices (grey boxes) and 2D HRs (yellow boxes) with different configurations. The discovery of 2D lattices led to
a surge in the development of 2D HRs. Integrating various 2D lattices into a HR enhances the overall properties of a single superlattice, making it a
promising anode material for batteries.

monolayers participating in 2D HR). The HR with higher nega-
tive values of EF will be more stable.[43] However, it is noteworthy
that the stacking configurations, atomic positions, number of lay-
ers, and interplanar spacing of different layers highly influence
EF. Considering this, some of the possible arrangements of layers
in 2D HRs influencing the EF are represented in Figure 3a. Typ-
ically, for the different configurations or arrangements of InSe
over Gr (hexagon hollow center, bond center, and top of carbon
atoms), illustrated in the top three images of Figure 3a, theHR at-
tained dissimilar values of EF (−0.06869,−0.06171, and−0.06128
eV, respectively).[44] Among these, the hexagon center with a high
negative EF value comes out to be the most stable configuration.
Furthermore, to find the most stable configuration of Ti2CS2 and
blue phosphorene (BlueP) HR, Yuan et al. rotated the BlueP lay-
ers around Ti2CS2 at different angles, 0°, 60°, 120°, 180°, 240°,
and 300° to get six distinct configurations.[43] Among these, the
HR with the 120° angle attains the highest negative energy (EF
= −1.27 eV), signifying the most stable configuration. Using a
similar approach, several other stable HRs have been identified
by calculating their EF values.

[45–47]

Moreover, for long-term reversible ionic diffusion and large ac-
cessible active sites in HR, optimum interactions between the
layers must exist. If the interactions are too weak, the layers may
delaminate during cycling; if too strong, the reduced interlayer
spacing can hinder ionic movement. The area-averaged bind-
ing energy of HR (EB) serves as a useful parameter to estimate

the strength of adhesion between different layers after they are
brought together. The equation for EB is given as:

[23]

EB = (EHR− Elayer1−Elayer2−Elayer3−… )
A

(5)

where A is the interfacial area of layers, Elayer1, Elayer2, Elayer3, and
so on represent the total energy of mutually independent sin-
gle layers fixed in the corresponding HR lattice.[23] In addition,
the EB is also calculated with respect to per atom.[48] The EB
of HRs at the equilibrium distance (do) between layers gives an
idea about the type of interaction (covalent/ionic/vdW) between
them. Figure 3b illustrates the plot for EB versus interplanar dis-
tance (d) between layers. At larger d values, the force of inter-
action is very weak, whereas at lower d values, it is repulsive,
which makes the HR unstable. The low EB of HR at the do,
such as −14.6 meV Å−2 for InSe/Gr;[44] −41 meV per C atom
for Ti2CF2/Gr HR, −16.67 meV Å−2 for InSe/MoS2,

[49] and −20
meV Å−2 for borophene/Gr[50] (Bph/Gr) demonstrates the opti-
mal interactions corresponding to the equilibrium state. There-
fore, such flexible and stable 2D HRs are expected to be highly
suitable for the long-term intercalation-deintercalation of ions in
batteries.[51]

After achieving a stable configuration of 2D HR, the interac-
tion of M+ ions with electrode materials plays a significant role.
MIBs generally operate via a rocking chair mechanism while

Adv. Mater. 2025, 37, 2501490 2501490 (6 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) The illustration of different arrangements of overlapping layers that can affect their performance as electrodes for batteries. The configura-
tional characteristics depend on the position of atoms concerning other layers (hollow center, bond center, and top of atom), the angle of orientation
between layers, and the number of 2D layers participating in HR. b) The plot depicts the variation in interlayer interactions as a function of interplanar
distance. c) Schematic illustrating the rocking chair mechanism of monovalent M+ ion batteries and corresponding energy barriers encountered by
M+ ion during intercalation. (ELD: liquid diffusion, ED: desolvation energy, EAD: adsorption energy, ESEI: SEI layer crossing, and ESD: solid diffusion in
electrode). d) Energy band diagram for isolated layers with different Fermi levels (Ef1 and Ef2) and their hybridized layered HR with combined Fermi
level (Ef′) and corresponding built-in potential difference (Vb). e) Schematic of built-in electric field model in hybridized 2D HR during charging and
discharging processes.

charging–discharging, as depicted in Figure 3c. The moving M+

ions encounter various energy barriers during ionic diffusion to-
ward the electrodes. These include the energy associated with
diffusion in the liquid electrolyte (ELD) corresponding to inter-
action with solvent molecules, desolvation energy (ED), crossing
the solid electrolyte interphase (SEI) layer (ESEI), adsorption at
the electrode surface, and diffusion into the solid crystal electrode
material as shown by energy versus distance plot in Figure 3c.[52]

Among these, the adsorption energy (EAD) and the solid diffu-
sion energy (ESD) are the parameters that primarily depend on the
structure of the active material and their atomic interaction with
M+ ions.[42] Therefore, lowering these barriers is critically essen-
tial for the higher charge transfer capability of anodes. Numer-
ous theoretical investigations have demonstrated how coupling
2D layers with different configurations results in the fundamen-
tal physical, electronic, and chemical modulations (e.g., charge
redistribution, separation, transport, work function, and lattice
distortion) inHRs. This leads to several intrinsic phenomena that
are beneficial for enhancing the performance of batteries. This
section outlines these phenomena, methods of observing them,

and their role in improving the rate capabilities and stability of
batteries.

3.1. Built-in Electric Field

It is well known that the electrochemical activity across elec-
trodes is enhanced in proportion to their charge transfer capa-
bilities. Depending upon the position of the Fermi level and
bandgaps, the 2D layers possess semiconducting (WS2, MoS2),
semimetallic (Gr, MXenes), or insulating (hBN) properties.[53]

In context to this, the 2D HRs with distinct chemical compo-
sitions and variable physical properties can be integrated, in
which both layers either belong to the same family (TiS2/MoS2,
WSe2/SnSe2, Gr/MXene)[54,55] or different families (Gr/WSe2,
MoS2/hBN, etc.).

[56–58] When a heterojunction is formed between
the layers with different Fermi energy levels or work functions,
the rearrangement of bands occurs to minimize the system’s en-
ergy, causing band bending. In the process, the electronsmigrate
from the layer with a higher Fermi level (n-type) toward the layer

Adv. Mater. 2025, 37, 2501490 2501490 (7 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202501490 by Statens B
eredning, W

iley O
nline L

ibrary on [18/09/2025]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

with a lower Fermi level (p-type), resulting in a potential differ-
ence (built-in potential, Vb) between the energy levels of both
sides.[59] The complete process of band rearrangement is illus-
trated by a schematic of staggered-type HR in Figure 3d. Such
a potential difference generates a “built-in electric field (BIEF)”
from the layer with a higher Fermi level to the layer of a lower
one, as displayed in Figure 3e.[60] Consequently, the BIEF de-
velops opposite charges on the layers (positive charge over the
layer with a high Fermi level and negative charge on the layer
with a low Fermi level). The positively charged M+ ions get di-
rected toward the layer with an excessive negative charge by the
strong coulombic force between them.[61,62] As a typical example,
inMoS2/graphdiyne oxide (MoS2/GDYO)HR, density functional
theory (DFT) simulations demonstrated that the work function
difference between MoS2 (5.84 eV) and GDYO (5.53 eV) leads
to 0.23 e charge transfer from GDYO to MoS2, facilitating Li+

ionsn PD toward the interface.[63] This drives the faster diffusion
of ions to the inner layers of the electrode, thereby increasing
the utilization of active mass. Besides such theoretical investi-
gations, BIEF can be examined by employing scanning Kelvin
probe microscopy (SKPM), which determines the difference in
surface potential.[64,65] In a study for SIBs, TiNbO5 and rGO were
electrostatically deposited over a Si wafer, and using SKPM, the
potential difference between them was estimated to be 50 mV,
providing evidence for some induced electric field.[65]

Furthermore, to understand the interfacial electron transfer
pathway near the Fermi level of HR, the density of state (DOS)
plots are obtained by DFT calculations. Relative to the single
structured 2D material, the 2D HR attains more electron den-
sity near the Fermi level, indicating the improved conductivity of
the material.[66] Projected DOS (PDOS) of 2D HRs can imply the
interaction between its layers. Due to the presence of Ti atoms
in metallic MXene layers on both sides of VSe2, the electron den-
sity near the Fermi level of VSe2 becomes higher, depicting the
excellent electron mobility of 1T-VSe2-MXene HR.[67] The peak
overlap in PDOS plots indicate the strong interaction between the
atoms of the layers.[68] Moreover, Bader charge analysis quantifies
the charge transfer, which can be known by the charge density
difference (Δ𝜌) [Equation (6)] at the HR interface.[69,70]

Δ𝜌 = 𝜌HR − 𝜌layer 1 − 𝜌layer 2 − … (6)

where 𝜌HR, 𝜌layer 1, and 𝜌layer 2 are the electron densities of the HR,
layer 1, and layer 2, respectively. Typically, considering the exam-
ple when BlackP is loaded by the MXene layer, it was observed
that the charge density around P atoms changed in the range of
−0.5 to −0.9.[70] It indicates that the BlackP can now easily intake
the electrons from Na, facilitating the fast sodiation process.
The rapid ion transfer also leads to improved rate capability

of the active material. For instance, when MoSe2 was hybridized
with FeSe for SIBs, its specific capacity at a high rate (10 A
g−1) improved from ≈260 to 427.1 mAh g−1, attributed to the
BIEF developed by heterogeneous structures.[71] Similar inves-
tigations have been accomplished for LIBs and PIBs.[22,62,72] In-
terestingly, the rapid movement of ions prevents the clustering
of alkali ions and improves sluggish diffusion kinetics, which el-
evates the capacity and cyclability of batteries. However, an in-
triguing phenomenon accounts for the reversal of BIEF during
discharging. In HR, the layer with high reaction reversibility trig-

gers the de-sodiation process, which causes it to be Na+ deficient
compared to the other layer. The Na+ difference between layers
yields an induced electric field generally opposite to the initial di-
rection, as observed for MoS2/Fe9S10 HR by computing Gibb’s
free energy changes (∆G).[73] The Fe9S10 with the ∆G value of
−1.49 eV shows better sodiation/desodiation reversibility than
MoS2 (−2.37 eV). Therefore, Fe9S10 delivers Na+ ions faster than
MoS2, thereby producing theNa

+ ion deficit surface of Fe9S10 and
the Na+-rich surface of MoS2, which leads to the reversed field
(Figure 3e).[64,73] Therefore, the optimal selection of each layered
structure is crucial to generate significant BIEF for improved re-
versible diffusion kinetics.

3.2. Adsorption Energy

During the intercalation process, after crossing the SEI layer, the
M+ ion first adsorbs over the surface of the electrode material.
EAD is the energy of interaction of M

+ ions with the atoms of the
anode material without bonding with them, which helps to iden-
tify the foremost structures of anodes. The higher negative EAD
(NAE) values of each ion are representative of the better affinity
of the ion with the electrode material and increased BE values. In
this case, the electrode surface uniformly adsorbs a larger num-
ber of ions and eventually enhances specific capacities. The fol-
lowing equation can compute the EAD of ions in HR:

[74,75]

EAD = EHR+nM+− EHR−nEM+

n
(7)

where EHR is the total energy of pristine HR (no guest ions at-
tached), EHR+nM+ is the energy when n number of M+ ions are
adsorbed, and EM+ is the total energy of an isolated M+ ion.
In the practical adsorption mechanism, the M+ ion can target

different sites in the HR electrode. Typically, for the HRs consist-
ing of two distinct layers, the ions canmigrate toward the top sur-
face (site 1) of layer 1, the bottom of layer 2 (site 3), and the mid-
dle side of both layers (site 2a/site 2b), as shown in Figure 4a.[43]

Furthermore, depending on the properties of distinct atoms be-
longing to different layers, an HR can have numerous adsorp-
tion sites. (For example, 32 sites for Li+ ions in Bph/Gr HR, 22
sites for Li+ ions in Bph/MoS2 HR).

[50,76] However, among these,
only a few sites (exhibiting lowEAD) are energetically favorable for
adsorption.[77] Analogously, Li et al., using DFT calculations, ver-
ified this phenomenon for two types of HRs: MoS2/Ti2CF2 and
MoS2/Ti2CO2.

[78] In both the HRs, ions acquire maximum NAE
when they are under the effect of both layers, compared to when
they are on top or bottom of the 2D HR, where they face the im-
pact of monolayer counterparts. This shows that the ion is likely
to adsorb at the site where it sees the effect of both layers, and
hence, HRs bring stability to ion adsorption.[77–79]

Furthermore, the characteristics of (1) M+ ions and (2) atoms
decide the affinity and type of bond (ionic, covalent, or vdW) be-
tween them. The stronger affinity suggests that the M+ ions are
no longer loosely available, preventing dendrite formation and
self-discharge in electrolytes.[76] Thus, it is a vital aspect to be
highlighted since it directly affects the number of ions stored
and, hence, the capacity of batteries. Yuan et al. compared the
adsorption behavior of differentM+ ions in Ti2CS2/BluePHR.

[43]

The HRwas loaded separately on nine different locations by each

Adv. Mater. 2025, 37, 2501490 2501490 (8 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. The schematic illustration of a) the adsorption mechanism and b) the stacked bar plot comparing the adsorption energies[43,50,55,78,84–92]

of different 2D layers and corresponding 2D HRs. c) The schematic represents the diffusion mechanism of M+ ions along different paths, and d) the
stacked bar plot represents the decreased diffusion barriers for 2D HRs than their 2D counterparts.[45,50,75,85,87–90,94,98–103] e) The ESD barrier for M+

ions at different diffusion coordinates across two paths (Path 1 and Path 2). Path 2, with a lower energy barrier, is favorable for the diffusion of ions.
f) Schematic illustration of lattice changes (distortion and pulverization) observed in bilayered 2D materials during diffusion of ions. The 2D HRs with
enlarged interplanar spacing and high mechanical strength help mitigate these lattice changes.

Adv. Mater. 2025, 37, 2501490 2501490 (9 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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M+ ion (Li+/Na+/K+). The results showed that the Li+, Na+, and
K+ ions acquired different stable sites; the Li+ ion was adsorbed
into the HR interface, while Na+ and K+ ions onto the Ti2CS2-
side surface. This is attributed to the large radius of Na+ and K+,
which significantly increased the interlayer distance d, making
the EAD more negative (Na+: −2.126, and K+: −2.634 eV) on the
Ti2CS2-side surface than that at the interface (Na+: −1.270 and
K+: −1.765 eV).[43] Increased interlayer distance may decrease
the influence of hybridization of layers and is expected to make
dangling layers that are unstable for the adsorption of ions. In
addition, the number of ions loaded also affects the adsorption
energy. As the number of ions increases, the adsorption energy
rises significantly.[69,80] This is attributed to the elevated electro-
static repulsive forces between the adsorbed ions or weaker in-
teraction between the electrode surface and incoming ions. For
example, when Li+ ions increased from 1 to 19 in Gr/C2N HR,
the EAD increased from −3.034 to −0.121 eV.[80] Therefore, EAD
is an adequate parameter in determining the stability of any ion–
electrode system, considering the influencing properties of ions
and atoms.
M+ ion adsorption in HRs is also determined by the elec-

tronegativity difference between the electrode element and ion,
the interlayer distance of bilayers, the number of ions, and the
coordination number of ions with elements of the electrode.[81]

Consequently, the large electronegativity difference leads to a
high binding affinity of ions with the host, dramatically increas-
ing the adsorption energy. Wang et al. have investigated the ef-
fect of increasing BE in MoS2/WS2 HR on ions for LIBs.[81]

They observed that the increased BE of Li+ ion on the inter-
face of MoS2/WS2 is higher due to the increased coordination
number. The Li+ ion can bond with 6 S atoms in MoS2/Li/WS2,
whereas it was bondedwith only 4 S atoms in Li/MoS2 or Li/WS2.
Therefore, HR configuration strongly binds the Li+ ions. More-
over, the effect of electronegativity can be understood by the
combination of different MXene layers with BlackP.[82] When
V2CF2 and V2C(OH)2 are integrated with BlackP, they show
different NAE (V2CF2: −2.4 eV, V2C(OH)2: −1.6 eV) due to
nonidentical attached functional groups. V2CF2, because of the
highly electronegative F atom, shows a high affinity toward al-
kali atoms compared to the ─OH group in V2C(OH)2. This man-
ifests that V2CF2 is a better choice since it brings more stabil-
ity due to strong ion interactions. Similar chemistry has been
observed in other MXenes, such as Ti3C2F2/Ti3C2(OH)2, when
assembled with BlackP for Na, Ti2CF2/Ti2CO2/Ti2C(OH)2 with
Gr for Li, thereby confirming that the fluorine chemistries in
HRs are advantageous for M+ ion storage.[77,83] Likewise, sev-
eral HRs have been observed to attain higher NAE than their
counterparts; the cumulative data from several reports is repre-
sented by a comparison bar plot in Figure 4b.[43,50,55,78,84–92] Fur-
thermore, such increased adsorption affinity proportionally im-
proves the charge distribution of M+ ions over the interfaces of
HR, indicating the elevated adsorption capacity of the material.
The DOS and charge density difference of several HR, such as
MoSe2/MXene, CoTe2/ZnTe, and MoS2/MXene, have been an-
alyzed using theoretical calculations.[62,93,94] The results depict
that the densities around the interface of HRs are greater than
those for individual layers. Overall, to boost ion-electrode inter-
actions and achieve higher capacities, optimizing EAD is strongly
recommended.

3.3. Diffusion Energy Barrier

The ESD defines the energy that M
+ ions require to migrate from

one stable adsorption site to another through a metastable mi-
gration path inside the crystals of the anode material. The low
ESD barrier with high mobility of ions within electrode materials
is a key factor that significantly amplifies the rate capability of
batteries.[95] The energy barriers/activation energy for intercalat-
ing ions at different coordinate sites along various diffusion paths
of the anode crystal structure are used to identify the mobility
of ions. Among these, the diffusion path with the lowest energy
barriers is more energetically favorable for the migration of ions.
As mentioned above, there are four different sites (Figure 4a) for
the adsorption of ions over the HR surface. After entering these
sites, M+ ions further migrate from one coordination site to an-
other (illustrated by a side view of HR in Figure 4c). There are
several possible trajectories that ions can follow during migra-
tion. For example, if the ion has to migrate from atom 1 to atom
2 of layer 2 (Figure 4c, Top view), then there are three expected
paths (path 1: through the atom of layer 1 located in the hollow
site of layer 2, path 2: through the atom of layer 1 overlapped with
an atom of layer 2, and path 3: through the bond between atoms).
Ions will follow only that path which exhibits the lowest energy
barrier. In the example of Ti2CS2/BlueP HR, path 1 and path 2
inevitably become path 3, which corresponds to the lowest ESD
(0.37 eV) barrier. Notably, all types of M+ ions choose this path
for their migration.[43] Such results have been obtained for sev-
eral HR, such as Sb2S3/SnS2,

[96] Ti2CS2/BlueP,
[43] Bph/Gr,[50,97]

Gr/BlueP/MoS2,
[45] and so on. Moreover, it can also be observed

that the ESD barrier for ions is lower when it sees the effect
of two layers. The diffusion barrier of Li+ ions in the inter-
layer of Bph/Gr was significantly lower (0.618 eV) than that on
the Bph surface (0.794 eV), indicating that Li+ ions can more
easily diffuse in Bph/Gr.[50] The decreased barrier for HRs has
been widely observed, and many such reports are compared in
Figure 4d.[45,50,75,85,87–90,94,98–103] The stacked bar plot clearly ex-
presses the decreased diffusion barrier of 2D HRs compared to
the monolayers. Also, the energy barrier toward the diffusion of
ions varies with coordination sites. Comparing the energy barri-
ers for two paths (say 1 and 2), the values can be high at some
locations and lower at other coordinate sites, as represented by
the graphical plot in Figure 4e. Overall, the barrier for path 2
is the lowest and, hence, is the most favorable path for ionic
diffusion.
Similar to EAD, the properties such as atomic size, electroneg-

ativity of each atom, their affinity with other layers, and the type
of intercalating ions significantly alter the ESD barrier. For exam-
ple, Wang et al. explained the influence of the high electroneg-
ativity of O atoms (3.61 eV) in Na2O than that of S (2.589 eV)
and Se (2.424 eV) in Na2S and Na2Se, respectively. When the het-
erointerfaces between Na2O/Na2S and Na2O/Na2Se are formed,
the O atom attracts surface Na atoms in the Na2S and Na2Se.

[104]

This deviates the surface Na atom with the enlarged bond length
between the Na atoms and the S/Se atom to exhibit localized
atom aggregation areas near the Na2O surface, resulting in an
increased diffusion barrier. Therefore, the Na2S/Na2Se HR with
minimal electronegativity difference between S and Se show-
cases a low diffusion barrier. Furthermore, the impact of ionic
properties on the diffusion barrier can be investigated using the
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example of VSe2/MoSe2 HR.
[101] The energy barriers are com-

pared for Na+/K+ ion diffusion in the interlayer of VSe2/MoSe2
HR. It turns out that the ESD barriers for Na

+ and K+ ions along
hollow sites via saddle points are 0.21 and 0.11 eV, respectively.
Both exhibit barriers lower than in the interlayer ofMoSe2/MoSe2
homojunction (0.25 eV for Na and 0.13 eV for K). The largermass
and ionic size of K+ ions are expected to induce a higher diffu-
sion barrier than Na+ ions. However, it is noteworthy that the dif-
fusion of K+ ions experiences a lower barrier than Na+ ions. The
orbitals of ions (Na s and K 4s) undergo hybridization with Se 4p
orbitals, resulting in 3 Na─Se bonds (bond lengths: between 2.58
and 2.70 Å) and 2 K─Se bonds (bond lengths: 2.99 and 3.13 Å).
This represents a strong interaction of Na─Se compared to K─Se,
which leads to a decreased diffusion barrier or fast kinetics for K+

ions.[101] A similar trend was observed for the diffusion of Li+,
Na+, and K+ ions in preloaded VS2/MXene HR by M+ ions.[46]

The preloaded M+ ions on the surfaces of VS2 and MXene offer
barriers to the migration of ions. The existence of guest ions in
the path increases the barrier at such locations. For instance, the
barrier rose from0.2 to 0.48 eV on theVSe2 surface and 0.2 to 0.59
eV over the MXene surface for Li+ ions, whereas these increased
to more than 0.6 eV for Na+ and K+ ions. The higher barrier for
Na+ and K+ ions accounts for their larger ionic sizes. However,
an opposite trend was observed when the migration of ions was
analyzed for the preloaded surfaces of VS2 and MXene by dou-
ble layers of Li/Na/K metals. The barrier for all ions decreased
over double M+ ion layer-coated TMDs and MXenes (0.06, 0.03,
and ≈0.014 eV for Li+, Na+, and K+ ions, respectively). The lower
barriers for Na+ and K+ than Li+ ions are due to the weak adhe-
sions or lower BEs of these ions with the TMD surface due to
their larger sizes, leading to their fast mobility. The findings also
demonstrated that the diffusivities and ionic conductivities (𝜎) of
Li+ ions at 40% and 80% concentrations are higher than those
of the 100% cases, whereas, for Na+ and K+ ions, these always
increase with loading concentration.[46] Again, in Ti2CS2/BlueP
HR, the ESD barriers for Li+, Na+, and K+ ions are 0.37, 0.21,
and 0.10 eV, respectively, due to the abovementioned reasons.[43]

Therefore, the ESD barrier is a fundamental parameter that can
be adopted to understand the diffusion mechanism in different
materials. This factor highly influences themigration ofM+ ions,
and its optimization for different 2D HRs can help in developing
faster batteries.

3.4. Lattice Deformation

The stability of the lattice structure of electrode material during
the multistep diffusion process of M+ ions is crucial for long-
term performance. The structural stability is highly influenced
by certain factors such as interplanar spacing and mechanical in-
dex of electrode material, ionic radii of M+ ions, the type of bond
(ionic, covalent, or vdW), and the bond length between M+ ions
and distinct atoms belonging to layers of HR.[105] Continuous
charging–discharging of M+ ions, specifically Na+ and K+ ions,
simultaneously drives expansion-contraction of the crystal struc-
ture, respectively. Such changes induce pulverization (when the
material gets fragmented and changes its original structure) and
volume expansion, completely destroying the structure within a
few cycles, as shown in Figure 4f. This issue is mainly prominent

in anode materials, where volume expansion can reach 300%
for alloying-type materials such as SnS2 and nearly 100% for
conversion-basedmaterials such as Fe2O3, compared to cathodes,
where expansion is negligible (<25%).[106] Unfortunately, contin-
uous pulverization of electrode material can break the SEI layer,
which further brings about the issue of ion loss and irreversible
capacity. In addition, during the alloying and conversion reac-
tions, the electrode material undergoes several phase changes
that result in the agglomeration of poorly conducting inactive
species. These changes bring cracks in the electrode materials,
and eventually, the capacity of the device fades within a few cy-
cles, paving the way to the early death of the battery. Such de-
formations are more likely to happen at higher current rates. It
becomes imperative to identify the mechanical stability of elec-
trode materials in order to design stable batteries. Several com-
putational and experimental techniques have been employed to
investigate the construction of 2D HR, aiming to mitigate the
effects of pulverization and expansion. Recently, in an investiga-
tion, researchers observed that the restacking and agglomeration
of SnS2 can be suppressed by creating a rigid interfacewithMoS2,
thereby improving its mechanical strength. The expansion ratio
for SnS2/MoS2 was calculated to be 2.45% only, corresponding to
3.27–3.35 Å interlayer change, which is much lower than that for
SnS2 (7.26%), and MoS2 (4.64%) monolayers.[74] Therefore, the
construction of 2D HRs is a viable approach to restrain the vol-
ume changes in anode materials. In this regard, the stiffness of
these electrodematerials against the strain produced by diffusing
ions must be sufficiently high to reduce the deformation. The in-
plane stiffness constants (Cij) of HRs when lattice changes along
“i” and “j” directions can be evaluated using Equation (8), and the
corresponding tensile strain (𝜖) by Equation (9), which are given
as:[107]

Cij =
1
A0

𝜕2Es
𝜕𝜀i𝜀j

(8)

𝜀 = (a−ao)
ao

(9)

where Es is the total elastic energy per unit cell, a represents the
value of the lattice constant corresponding to strained HR, ao is
the original lattice constant, and A0 denotes the equilibrium sur-
face area of the supercell. For Gr/BlueP/MoS2 HR, the value of
stiffness constant (C11) ismuch higher (600.33 Nm−1) than those
obtained for Gr (340 N m−1), MoS2 (120 N m−1), and BlueP (80
N m−1), indicating upgraded mechanical stability of HR.[45]

Using Equation (8), the Young’s modulus (Y) and Poisson’s
ratio (ϑ) for 2D HRs can be evaluated as:[107,108]

Yxx(yy) =
C11(22)

2− C12
2

C11(22)
(10)

𝜗xx(yy) =
C12

C11(22)
(11)

provided that they satisfy Born–Huang criteria (C66 > 0 and
C11C22 − C12

2 > 0) for mechanical stability. The in-plane Y val-
ues [ from Equation (10)] describe the ability of the HRs to resist
deformation created by the intercalating/de-intercalating ions,
while ϑ values [ from Equation (11)] reflect the extent of deforma-
tion observed in different directions during the charge–discharge
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process. For prolonged cycle stability, HRmaterials must possess
high strain capability or elevated values of Y coupled with low
ϑ values. Unfortunately, most redox-active 2D materials, mainly
belonging to families of TMDs and TMOs, exhibit poor mechani-
cal strength and flexibility, restricting their effectiveness inmain-
taining stable device performance. Integrating these materials
with flexible 2D materials like Gr, MXenes, P, and Bph can sig-
nificantly enhance their stability. As an example, Y values for
MoS2/Ti2CO2 and MoS2/Ti2CF2 HR are 370.6 and 309.6 N m−1,
respectively, which are much higher than that of their monolayer
counterparts (MoS2: 139.2, Ti2CF2: 178.9, and Ti2CO2: 213.2 N
m−1), outlining the improvedmechanical strength ofMoS2 when
combined with MXene.[78] Also, the ϑ for MoS2/Ti2CO2 and
MoS2/Ti2CF2 reduced to 0.274 and 0.265 than those of mono-
layered Ti2CO2 (0.299) and Ti2CF2 (0.308), respectively, signi-
fying less deformation of HR.[78] Ma et al. also demonstrated
the improved mechanical strength of VS2 by hybridizing it with
different MXene (Ti3N2T2; T = F, O, OH) layers.[109] The re-
sults indicated that the Ti3N2O2/VS2 attained highest Y (463.14
N m−1) value compared to Ti3N2F2/VS2 (361.36 N m−1) and
Ti3N2(OH)2/VS2 (338.47 N m−1), which aligned with strength
of corresponding monolayers (Ti3N2O2: 344.95, Ti3N2F2: 232.92,
Ti3N2(OH)2: 238.58, and VS2: 107.88 N m−1). Thus, selecting ap-
propriate monolayers is necessary to improve mechanical stabil-
ity in their HR. Similarly, Y of VS2/Gr (434.9 N m−1) is higher
than that of Gr (340.6 N m−1) and VS2 (87.5 N m−1) monolayer;
for BlueP/MoS2 (203.58 Nm−1) it is higher thanMoS2 (127.038 N
m−1) and BlueP (37.14 N m−1).[102,110–112] The enhanced values of
Y reflect the strengthened structural deformation resistance to-
ward intercalating/de-intercalating ions in anodes, further high-
lighting the synergistic effect of twomonolayers in designing sta-
ble electrodes.[102]

The issue of pulverization is mainly associated with the larger-
sized ions (Na+ and K+), which find it difficult to diffuse through
crystalline structures, and their sluggish kinetics destroy the
structures.[113,114] Regulating the crystallinity of these HR mate-
rials by introducing defects can further bring flexibility that min-
imizes pulverization and lattice expansion during diffusion. Ma
et al. have excellently outlined the boosted stability of amorphous
MoS3/rGO HR compared to crystalline MoS2/rGO HR for SIBs
and PIBs.[115] Using Raman spectra, they calculated the strain in-
troduced (𝛿) due to amorphous features by the equation:[115]

𝛿 = 2.66 Δ𝜔
𝜔

(12)

where 𝜔 is the wavenumber and ∆𝜔 is the change in wavenum-
ber. The blueshift of 2 cm−1 in MoS3/rGO compared to MoS3
indicated a strain of 1.9%. Such strain mitigates the volume ex-
pansion; the MoS3/rGO exhibited only a 15.8% expansion ratio
during the sodiation process, significantly lower than the 61.1%
observed for MoS2/rGO. The Na

+ ions require substantial en-
ergy to expand the (002) layers of MoS2/rGO HR, and the con-
tinuous charge–discharge process led to fragmentation and the
disappearance of the (002) peak. In contrast, the internal free vol-
ume in amorphous MoS3/rGO relieved the sodiation strain and
pulverization, helping to retain stability till 40000 cycles.[115]

Furthermore, for the flexible ESDs, the materials should be
able to accommodate larger strain at a specified external stress,
i.e., their Y values should be low. Gr, owing to excellent mechan-

ical strength and flexibility (Y ≈ 340 N m−1), is considered an op-
timal candidate for flexible batteries, as it is less prone to pulver-
ization. Several HRs with Y values comparable to or lower than
that of Gr have been designed to diversify this. For instance, HR
materials such as BlueP/NbS2 (102.65 N m−1),[23] BlueP/SMoSe
(195.9 N m−1),[116] and AlN/VS (249.69 N m−1),[117] exhibit much
lower Y values and, consequently, higher flexibility. Moreover,
the Y for lithiated BlueP/SMoSe (accommodating 24 Li atoms)
further reduced to 138.48 N m−1, indicating its high flexibility
to confront expansion due to the large number of intercalating
ions.[116] Thus, optimizing the value of Y based on the specific re-
quirements for flexibility and rigidity in batteries tailored to their
intended applications is essential.
Interestingly, the bandgap of HRs can be reduced by apply-

ing the reversible strain.[98] Such strain engineering substantially
improves the conductivity of HR, which further enhances its ad-
sorption properties. The DOS plots can express the increased
electronic density near the Fermi level due to the application of
strain, as observed for BlueP/MoS2,

[112] and WO2/WS2,
[98] HR,

where the material transitioned from the semiconducting to the
metallic phase. Such a strategy benefits poorly conducting elec-
trode materials belonging to TMDs, TMOs, and alloys. There-
fore, enhancing themechanical properties of layered structures is
extremely supportive to avoid the degradation in cycling perfor-
mance caused due to expansion/pulverization, making the HR
materials suitable as an electrode material for MIBs.
Overall discussions suggest that a selective combination of

monolayers can provide the 2D HRs with commendable adsorp-
tion and diffusion properties, enhanced mechanical strength,
ionic/electronic conductivity, and stability. The comprehensive
details of each fundamental feature of 2DHRs associated with re-
spective controllable parameters, observations, and contributions
to understanding the performance of batteries are presented in
Table 2.[23,43,74,77,79,97,112,118–123]

4. Synthesis Approaches for 2D HR

2D HRs have been utilized in a broad range of applications. For
the effective contribution of each layered structure, it is preferable
to employ a layer-by-layer architecture with a maximum overlap-
ping area instead of a few layered structures. However, precisely
controlled fabrication of such HR materials, particularly for co-
valently bonded lateral HR, is challenging. Identifying a method
that effectively facilitates layer-by-layer assembly at a large scale
without added impurities is necessary. Many techniques are in-
troduced for synthesizing 2D HRs, each with its own strengths
and weaknesses, and can be categorized as conventional and
modern approaches (Figure 5a).

4.1. Conventional Methods

4.1.1. Manual Transfer Method

This method has gained widespread application in microelec-
tronics. It involves manually assembling the 2D layers over a
target substrate following the “pick-and-transfer” approach, as
shown in Figure 5a. Depending on the medium used to trans-
fer these layers on the target substrate, this method is further

Adv. Mater. 2025, 37, 2501490 2501490 (12 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202501490 by Statens B
eredning, W

iley O
nline L

ibrary on [18/09/2025]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Ta
bl
e
2.

Th
e
su
m
m
ar
y
of

di
ffe
re
nt

th
eo
re
tic
al
in
ve
st
ig
at
io
ns

pe
rf
or
m
ed

us
in
g
D
FT

ca
lc
ul
at
io
ns

in
ba
tt
er
y
ap
pl
ic
at
io
ns
.
It
al
so

hi
gh
lig
ht
s
so
m
e
of

th
e
co
nt
ro
lla
bl
e
pa
ra
m
et
er
s
fo
r
ea
ch

m
et
ho
d,

co
rr
es
po
nd
in
g
ob
se
rv
at
io
ns
,a
nd

th
ei
r
co
nt
ri
bu
tio
ns

to
w
ar
d
un
de
rs
ta
nd
in
g
th
e
ke
y
ch
ar
ac
te
ri
st
ic
s
of
ba
tt
er
ie
s.

Te
ch
ni
qu
e

A
na
ly
si
s
m
et
ho
d

Pa
ra
m
et
er
s

O
bs
er
va
tio
ns

Co
nt
ri
bu
tio
n
to
w
ar
d
ba
tt
er
y
pe
rf
or
m
an
ce

R
ef
s.

Th
eo
re
tic
al
in
ve
st
ig
at
io
ns

D
FT

ca
lc
ul
at
io
ns

(S
of
tw
ar
e:
Vi
en
na

ab
in
iti
o
si
m
ul
at
io
n

pa
ck
ag
e,
Q
ua
nt
um

es
pr
es
so
)[
94

]

D
en
si
ty
of
st
at
es

(D
O
S)

Ex
ch
an
ge
-c
or
re
la
tio
n
fu
nc
tio
na
l,

ps
eu
do
po
te
nt
ia
ls
an
d
ba
si
s
se
t,

K-
po
in
ts
am

pl
in
g,
co
nv
er
ge
nc
e
cr
ite
ri
a,

ch
ar
ge

an
d
sp
in
st
at
e,
su
pe
rc
el
ls
iz
e
an
d

pe
ri
od
ic
bo
un
da
ry
co
nd
iti
on
s,

lit
hi
um

/v
ac
an
cy

di
ffu

si
on

ba
rr
ie
rs
,

el
ec
tr
ol
yt
e
en
vi
ro
nm

en
t,
te
m
pe
ra
tu
re

an
d
fin
ite
-t
em

pe
ra
tu
re
eff
ec
ts
,

th
er
m
od
yn
am

ic
st
ab
ili
ty
an
d
fr
ee

en
er
gy

flu
ct
ua
tio
ns
,s
m
ea
rin

g
an
d

oc
cu
pa
tio
n

El
ec
tr
on
ic
ba
nd

st
ru
ct
ur
e
of
sy
st
em

,
Fe
rm

il
ev
el
,e
le
ct
ro
n
m
ig
ra
tio
n

M
at
er
ia
ls
w
ith

co
nt
ro
lle
d
co
nd
uc
tiv
ity
,s
tr
uc
tu
ra
l

pr
op
er
tie
s,
do
pi
ng

co
nc
en
tr
at
io
ns
,a
nd

re
do
x

ac
tiv
ity

ca
n
be

de
si
gn
ed
.P
re
di
ct
s
re
ac
tio
n

vo
lta
ge

by
G
ib
bs

fr
ee

en
er
gy
,t
he

ev
ol
ut
io
n
of
SE
I

an
d
C
EI
la
ye
rs
,s
id
e
pr
od
uc
ts
fo
rm

at
io
n,
et
c.

[1
18
]

Pr
oj
ec
te
d
de
ns
ity

of
st
at
es

(P
D
O
S)

Co
nt
ri
bu
tio
n
fr
om

sp
ec
ifi
c
at
om

s
or

or
bi
ta
ls
in
el
ec
tr
on
ic
ba
nd

st
ru
ct
ur
e

D
et
er
m
in
e
th
e
ro
le
of
ea
ch

el
em

en
ti
n
th
e
ba
tt
er
y

m
ec
ha
ni
sm

by
an
al
yz
in
g
ch
an
ge
s
in
ox
id
at
io
n

st
at
es

an
d
el
ec
tr
on
ic
st
at
es
.T
he

eff
ec
ts
of

do
pi
ng
,s
ur
fa
ce

m
od
ifi
ca
tio
ns
,i
on

si
ze
,e
tc
.,
ca
n

be
pr
ed
ic
te
d.

[4
3]

B
ad
er
ch
ar
ge

an
al
ys
is

C
ha
rg
e
tr
an
sf
er
be
tw
ee
n
M

+
io
ns

an
d
at
om

s
of
H
R

Th
e
co
nd
uc
tiv
ity

of
el
ec
tr
od
e
m
at
er
ia
ls
ca
n
be

op
tim

iz
ed

by
se
le
ct
in
g
ap
pr
op
ria
te

co
m
bi
na
tio
ns
.

[1
19
,1
20
]

A
ds
or
pt
io
n
en
er
gy

Th
e
en
er
gy

re
qu
ir
ed

by
M

+
io
ns

to
ad
so
rb

at
di
ffe
re
nt

si
te
s
of

el
ec
tr
od
e
m
at
er
ia
ls
ur
fa
ce
.

Sp
ec
ifi
c
ca
pa
ci
ty
,e
ne
rg
y
de
ns
ity
,a
nd

ra
te
ca
pa
bi
lit
y

of
ba
tt
er
ie
s
ca
n
be

op
tim

iz
ed
.

[7
7,
79
]

B
in
di
ng

en
er
gy

Th
e
in
te
ra
ct
io
n
en
er
gy

be
tw
ee
n

la
ye
rs
of
H
R
s
an
d
w
ith

M
+
io
ns
.
R
at
e
ca
pa
bi
lit
y
op
tim

iz
at
io
n,
de
te
rm

in
es

fa
vo
ra
bl
e

co
nd
iti
on
s
fo
r
th
e
io
n
di
ffu

si
on
.

[1
21
,1
22
]

D
iff
us
io
n
en
er
gy

ba
rr
ie
r

D
iff
us
io
n
en
er
gy

ba
rr
ie
r

En
er
ge
tic
al
ly
fa
vo
ra
bl
e
di
ffu

si
on

pa
th

of
io
ns

in
th
e

cr
ys
ta
ls
tr
uc
tu
re
ca
n
be

kn
ow

n.
It
he
lp
s
fin
d

ap
pr
op
ri
at
e
cr
ys
ta
ls
tr
uc
tu
re
s
pr
om

ot
in
g
io
n

m
ig
ra
tio
n.

[7
4,
97
]

St
ra
in
ex
pa
ns
io
n

St
iff
ne
ss

co
effi

ci
en
ts
,Y
ou
ng
’s

m
od
ul
us
,b
ul
k
m
od
ul
us
,l
at
tic
e

ex
pa
ns
io
n.

Is
su
es

su
ch

as
pu
lv
er
iz
at
io
n,
pa
rt
ic
le
si
ze

ch
an
ge
,

cl
us
te
ri
ng
,a
nd

la
tt
ic
e
de
fo
rm

at
io
ns

ca
n
be

an
al
yz
ed
.

[2
3,
11
2,
12
3]

Adv. Mater. 2025, 37, 2501490 2501490 (13 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202501490 by Statens B
eredning, W

iley O
nline L

ibrary on [18/09/2025]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. a) The diagram illustrates various synthesis methods categorized under modern and conventional synthesis approaches. b) The radar plot
displays the selective comparison of different synthesis methods from the commercialization viewpoint.[131,189] The highlighted factors include mass
production, crystal quality, cost efficiency, and layer-by-layer controllability for 2D HR electrode materials. c) The flowchart representing the major steps
followed by industry to optimize battery device for large-scale production. d) An overview of the suitable methods for synthesizing vertical and lateral
HRs (transfer method includes manual and artificial stacking).

categorized as a wet transfer (aqueous medium) and dry trans-
fer (using glue-type material or tape) approach.[124,125] For in-
stance, for wet transfer of Gr grown on Cu foil, a polymer (e.g.,
PMMA, PVA) supporting layer is spin-coated on it, and then the
Cu substrate is etched away by the corresponding etchant. Sub-
sequently, the polymer/Gr stack is picked up by the target sub-
strate, such as Si/SiO2, and the polymer layer is dissolved in or-
ganic solvents.[126] However, in the dry transfer method, the elas-
tomer stamp, such as PDMS, is used to pick up the 2D layers
from their original substrate and release them on the target sub-
strate based on the principles of viscoelastic stamping (press-
ing and heating).[127] Through repetitive layering of 2D layers
onto the target substrate, high-quality micrometer-sized 2D HRs
with robust ionic, covalent, or vdW interactions are produced.
2D layers of appropriate sizes can be selected to obtain com-
pletely overlapped layer-by-layer vertical HR assemblies. How-
ever, this method lacks the atomic precision required for the re-
alization of chemically bonded lateral HRs. The laterally placed

layers using this method can have physical interaction, but do
not facilitate the formation of heterojunction. Also, the vertically
alignedHRs can containmicrolevel impurities, such as polymers
or solvent bubbles over the surfaces, which disrupt their elec-
tronic conductivity.[128] In addition, preparing a stack of four lay-
ers takes a lot of human power and time. Consequently, these
disadvantages of this technique do not permit its scalability in
quantity and time, limiting its application in large-scale battery
production.

4.1.2. Vapor Deposition

The chemical vapor deposition (CVD) method is another ap-
proach that extensively synthesizes millimeter-sized 2D HRs
for various applications. This technique generates vapors from
solvent or powder materials under optimized temperature and
pressure conditions and is further directed toward the target

Adv. Mater. 2025, 37, 2501490 2501490 (14 of 34) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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substrate through a gas flow. This leads to the nucleation of va-
pors over the substrate to form a monolayer.[129] The size, struc-
ture, shape, thickness, and properties of layers are intricately
dependent on external controllable conditions, such as temper-
ature, substrate positioning, precursors, reaction rate, and car-
rier gas atmospheres. This allows tuning of HRs to obtain their
desired properties. By implementing a multistep CVD process,
sequential layer growth yields high-quality HRs with minimal
defects and impurities.[130] Moreover, using this technique, the
transfer step can be skipped, and there is direct growth of metic-
ulously controlled vertical or lateral 2D HRs on the substrates.
However, this technique is preferentially used to grow HRs of
monolayerswith similar crystal structures, specifically TMDs and
TMOs.[131,132] Such millimeter-sized 2D HRs with constraints
of specified crystal structure features can be explored in mi-
crobatteries, but are not beneficial for large-scale battery fabri-
cation. Notably, this technique has been widely employed for
batteries to design HRs directly over current collectors as the
substrate. As an example, Yu et al. deposited Sb2Te3 sheets di-
rectly over the Cu foil substrate using the CVD method and
then spin-coated the carbon layer over its surface.[133] The foil
was cut into circular discs to use as the electrode for SIBs, and
such a strategy helped in attaining stable performance even af-
ter 1000 cycles at 2 A g−1 current density. In another approach
for VSe2/Gr(V) HR, firstly, Gr is vertically (V) grown over car-
bon cloth (CC) substrate by plasma-enhanced CVD incorporated
with CH4 gas.

[134] After that, Se and vanadium chloride precur-
sors were used to grow VSe2 over Gr@CC via an atmospheric
pressure CVD. Similarly, multistep CVD can help in obtain-
ing HRs with different chemical compositions. Beyond this, it
is well known that the high conductivity of electrode materi-
als favors the mobility of electrons and ions to give high-rate
performance in batteries. Several carbon-sourced solvents, such
as acetonitrile, ethanol, benzene, toluene, and so on, are also
utilized for carbon layer deposition over different substrates or
HR surfaces using vapor deposition to obtain the conductive
surface.[74,135]

Atomic layer deposition (ALD) is another vapor deposition
method for obtaining thin films (<10 nm) through layer-by-
layer coating of the precursor gas vapors onto substrates. In
this method, the precursors react in a self-restricting manner,
and the reaction stops when precursor gases react with the
overall substrate sites.[136] Uniform layered HRs with atomic-
level precision thickness are realized and capable of depositing
HRs of larger size than those typically obtained in CVD.[137]

This method is utilized to design several anode materials by
directly depositing active materials over current collectors or
manipulating their surfaces to enhance and regulate battery
performance.[138,139] This includes reduced volume expansion,
increased conductivity, and restricted dendrite growth.[138,139]

Despite these advantages, ALD is a highly time-consuming
and expensive technique with low-volume 2D HR active ma-
terials production.[140] Overall, both of these methods use a
large amount of energy and time to give millimeter-sized
HR assemblies. While such HR can be incorporated in mi-
cro/nanobatteries in the market, it is not applicable to large-scale
manufacturing. Therefore, exploring alternative approaches for
quantitative and qualitative material synthesis has become
essential.

4.1.3. Solution Mixing

The solutionmixing or wet assemblymethod involves the synthe-
sis of HRs in a liquid-based medium under specified conditions
to regulate their growth. This is a facile and low-cost method that
provides a high yield of synthesized materials. The strategies fol-
lowed are generally tailored depending on the type of composi-
tion of individual layers. For already existing 2D structures, ionic,
covalent, or vdW interactions, or other external forces (provided
by sonication or stirring) infuse different layers between one
another.[141] In themost followed pattern, the precursors of exfoli-
ated layers with different compositions are dispersed in a solvent,
and smaller 2D sheets likeMoS2 and SnS2 get diffused inside the
large-sized layered materials such as GO and MXenes.[47] The
high aspect ratio of large layered materials facilitates the rapid
diffusion of small layers and further provides stability to the fi-
nal HR.[142] The assembled HRs can be further retrieved by fil-
tration, freeze drying, or centrifugation.[143,144] In a recent study,
the reliability of this method is highlighted by the controlled syn-
thesis of the BlackP/MXene HR for SIBs. The researchers fab-
ricated the BlackP/MXene by thoroughly mixing the few-layered
colloidal solutions of BlackP and MXene and allowing their self-
assembly through a vacuum freeze-drying process.[77] The robust
structure of BlackP/MXene prevented the pulverization of BlackP
due to the conductivity and flexibility of MXene, and it retained
467 mAh g−1 capacity after 100 cycles compared to that for a me-
chanically mixed random BlackP-MXenemixture (171mAh g−1).
In a different modified approach, layers of desired material

are firstly dispersed in a solvent, followed by in situ growth of
another layer over the former.[145–147] This facilitates the layer-
by-layer growth of HRs, mitigating the restacking issues as-
sociated with the 2D materials. Following this strategy, Chen
et al. successfully infused MoS2 between the MXene layers
(Mo2TiC2Tx). They first introduced S particles in the layers of ex-
foliated Mo2TiC2Tx and further treated it at higher temperatures
(>500 °C) to achieve MoS2/MXene HR.[147] MoS2/Mo2TiC2Tx
HR delivered 2.4 times greater capacity than pure Mo2TiC2Tx.
The enhanced performance is attributed to the open structure
of MoS2/Mo2TiC2Tx, which offers a smaller diffusion resistance
than that of the restacked Mo2TiC2Tx sample. Following a simi-
lar approach, WS2, as well as MoS2/WS2 HR, can be infused be-
tween MXene layers.[145] The growth of the structure can be con-
trolled by temperature, which can further prevent the re-stacking
of the same layered materials. Similarly, Wang and his cowork-
ers synthesized 2D-2D MXene@Co9S8/CoMo2S4 by first grow-
ing uniformly tightly packed ZIF-67 over MXene in a methanol
solution.[148] This is followed by the ion exchange of Co2+ by
selectively etching MoO4

2− in the precursor to obtain the 2D-
2D MXene@CoMo-LDH intermediate. Finally, the in situ sul-
fidation process leads to the formation of highly flexible and
conducting MXene@Co-Mo-S HR, giving much better retention
(≈65%) than the Co-Mo-S sample (≈30%) for Na+ ion storage.
MXene layers in Co-Mo-S help minimize agglomeration during
the continuous charge–discharge process and, hence, help main-
tain stable performance.[148] In another approach, the in situ epi-
taxial growth of graphdiyne (GDY) is obtained in the MXenes
lamellae using HEB (hexaethynylbenzene) monomers in N, N-
dimethylformamide solvent for 3 days.[149] The controlled growth
expanded the interlayers of MXene from 0.27 to 0.34 nm and
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tackled the issue of restacking. The expanded layers provide easy
access to the large-sized Na+ ions (0.106 nm).[149] Overall, sev-
eral HRs with variable configurations and properties can be opti-
mized using this synthesis route. Since there is no requirement
for sophisticated instruments, this method is highly favorable in
synthesizing materials for batteries and other large-scale energy
storage applications. However, this method has a probability of
solvent impurities, unreacted precursors, and nonuniform and
uncontrolled growth of HR. Also, this method is favorable only
for vertical 2D HR.

4.1.4. Hydrothermal/Solvothermal Method

Hydrothermal (aqueous solvents)/solvothermal (nonaqueous
solvents) is the facile, scalable, and low-cost solution-based route
to synthesize the layered and 2D HRs under low temperature
(120–250 °C) and high pressure (≈105 Pa) conditions. This
method helps in achieving distinct phases of samples by their
sequential nucleation. Generally, the strategy followed to synthe-
size 2D HRs includes mixing one or more 2D nanosheet materi-
als with the precursors of other materials.[150,151] The large-sized
layer, such as GO or MXenes, provides nucleation sites to grow
later material with a layered structure.[152–154] The mixed solution
is then transferred to autoclave reactors under ambient condi-
tions. For example, Dai et al. utilized this method to synthesize
2D MXene/V2O5 HR, where exfoliated MXene sites were used
to grow V2O5 sheets.

[155] The obtained gel was further freeze-
dried and pressed along a specific direction to obtain vertically
(V-MXene/V2O5) and horizontally (H-MXene/V2O5) aligned 2D
HRs. V-MXene/V2O5 HR electrode contains vertically aligned
channels in a “sheet-on-sheet” manner, which allows fast elec-
tron/ion mobility, minimizes the volume expansion, and avoids
the use of inactive agents (metal current collectors, conductive
additives, and polymer binder). Such characteristics facilitate the
reversible M+ ion diffusion and improve capacity (463 mAh g−1

at 0.2 A g−1) and rate capability compared to H-MXene/V2O5.
Impressively, Fan et al. synthesized VS2/MoS2 HR using the hy-
drothermal method and outlined its advantage over the mechan-
ically prepared VS2-MoS2 mixture.[156] The results demonstrated
that due to heterojunction formation in VS2/MoS2 HR, the ma-
terial could maintain a capacity of 714.2 mAh g−1 at a high rate
of 2 A g−1, which is superior to the performance of the VS2-
MoS2 mixture (330.6 mAh g−1). The better charge capability of
VS2/MoS2 than the VS2-MoS2 mixture prevents it from “under-
voltage failure” caused by dendrite formation at higher current
rates.
For batteries, a stable electrode material allowing reversible

movement of ions is imperative. Therefore, the hetero-
junction between different layers of HRs should be strong
enough to accommodate volume changes occurring during
the intercalation/de-intercalation of ions. The hydrothermal
method allows interface-controlled crystallization of 2D HRs.
As an example, the interface coupled SnSe2/Gr HR is synthe-
sized by simply mixing precursors and treated at 180 °C in
an autoclave.[57] The strong coupling of SnSe2 with Gr sheets
buffers the volume change and reduces the agglomeration of
Sn generated during alloying-conversion reactions, and helps in
attaining long-term performance for 1500 cycles at 0.5 C.

This route has always remained successful for the synthe-
sis of vertical as well as lateral HRs, including a variety of
compositions.[150,157,158] To obtain SnS2/Sn0.5Mo0.5S2 lateral HR,
Wang et al. followed a two-step hydrothermal process. Firstly, hy-
drothermal was employed to prepare SnS2 sheets, and further
precursors of Mo and S were added together with SnS2 to fi-
nally obtain SnS2/Sn0.5Mo0.5S2 lateral HR. It is noteworthy that
no expensive facilities such as CVD and ALD are required, and
a large amount (in grams) of material can be synthesized using
this technique. This is the most suitable method for scalable pro-
duction with controlled compositions. However, the synthesized
HRs have high possibilities of agglomerated particles as well as
unclean surfaces of 2D layers. Also, it is impossible to control the
number of layers and direction of growth using this technique.

4.1.5. Ball-Milling

This technique is attributed to the shear force induced by the
moving balls to create a few-layered 2D HRs. It is the easiest
method to exfoliate the bulk materials into a few layered mate-
rials and further infuse the different layers into each other with
the impact of high energy. Moreover, the obtained structure de-
pends on the force or energy produced by agate balls, their ro-
tation speed, density, and size. Depending on the media, this
method is further instigated as wet ball milling (WBM) and dry
ballmilling (DBM).WBM is done in the presence of some solvent
(N-methyl-2-pyrrolidone [NMP], dimethylformamide [DMF], and
de-ionized water) acting as a lubricant as well as energy trans-
fer media to exfoliate the layers, whereas DBM is done in the
presence of some agents (NaCl, dry ice, melamine) which are
added to reduce the effective force on the main sample.[159,160]

However, after the milling process, these additives need to be re-
moved by some chemical treatments to purify the active mate-
rials. WBM is a more appreciable method than DBM due to the
low cost (no cost of additives), fewer possible impurities, and high
efficiency.[79,161–163] Since bulky layered materials are directly ex-
foliated, and HRs can be assembled easily, this technique is very
prominent for mass production and optimization of ratios of dif-
ferent layers. For its cost-effectiveness, wet ball milling utilizing
water should be favorable instead of expensive solvents. Besides,
it is to be highlighted that this technique is suitable only for a few-
layered HRs and is not dependent on the lattice parameters.[161]

4.2. Modern Approaches

4.2.1. Electrostatic Self-Assembly

Electrostatic self-assembly is a solution-based method where the
2D layers from different materials are first made to gain op-
posite electrostatic charges individually. Furthermore, both are
mixed, and the oppositely charged surface induces the electro-
static attractive force, which results in the self-assembly of layers
over each other. In 2017, Gogotsi et al. synthesized flexible 2D
MXene/rGO HR with negative and positive charges over MX-
ene and rGO, respectively.[164] The 2D rGO layers were made
positive by dispersing in poly(diallyl dimethylammonium chlo-
ride) (PDDA) polymer, whereas MXene (Ti3AlC2) inherits the
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negative charge due to attached functionalities. Freestanding HR
films were formed after mixing the solutions and resting them
for some time. MXene and Gr-based several other HRs have
been realized using this method for batteries since their sur-
face can be functionalized easily.[70,165,166] The polymers contain-
ing ionizable species in their chains, such as PDDA, polyaniline,
tris(2-aminoethyl) amine, poly(ethylenimine), poly(allylamine
hydrochloride), and cetyltrimethylammonium bromide (CTAB),
containing an amine group, are widely used for providing pos-
itively charged species.[165,167,168] Moreover, compounds such as
sodium lauryl sulfate, poly(styrenesulfonic acid), poly(vinyl sul-
fonate), poly(acrylic acid), and poly(methacrylic acid) containing
anionic groups such as ─COO−, ─SO3

−, ─OSO3
−, and ─OPO3

−

have been incorporated to develop negative charges.[169] The well-
known zeta potential analyzer measures the charge acquired
by different layered structures. To evaluate the efficacy of this
method, Sasaki et al. conducted a comparative analysis using con-
ventional random self-assembly and electrostatic self-assembly
methods for fabricating MnO2/Gr and MoS2/Gr 2D HR.[170,171]

The results demonstrated that electrostatic self-assembly facil-
itated layer-by-layer stacking of HRs in contrast to randomly
mixed HR, which consisted of a few layered structures prone
to restacking. Therefore, this method presents a robust way to
achieve ordered layer-by-layer vertically stacked 2D HR. Despite
these promising achievements, the method is still in its prelimi-
nary period and encounters significant challenges, particularly in
controlling charge distribution. The difficulty in precisely man-
aging the charges/functionalities solely across the edges of lay-
ers limits its applicability for realizing lateral HRs. Moreover,
this method needs to be extended to hybridize other layered
materials beyond MXene and Gr. Also, the high cost associated
with the polymers used to charge the materials demands some
cost-effective alternatives. Cheaper pathways to generate charges,
such as utilizing simple bases (NaOH, KOH, etc.), following elec-
trochemical routes, and targeting inherited charged properties of
different 2D materials, need to be explored. Overall, this synthe-
sis technique can be welcomed as a great way to assemble 2D
vertical HRs easily.

4.2.2. Templating Method

The surface manipulation of monolayered structures by intro-
ducing porosity tremendously increases the active sites by turn-
ing them from impermeable to sieving-type structures, allow-
ing fast mobility of ions. These tuned nanoarchitectures pro-
mote their better reaction kinetics even for large-sized K+ ions.
Nonetheless, the confined 2D nanoporous HRs integrating the
uniform holey layers of different compositions are challenging
to realize by limited methodologies. Various methods, particu-
larly chemical and soft/hard templating, have been developed
to construct 2D porous architectures in HRs.[103,172–174] In the
hard templating approach, MgO, SiO2, metal–organic frame-
works (MOF), and so on, templates are used to direct the growth
of 2Dmaterials and are further etched out to leave behind porous
architecture.[175] The etching process required toxic chemicals,
making this method environmentally unfriendly. By contrast,
the soft-templating method is the most prominent approach, al-
lowing the creation of porous layers with controlled pore sizes

and shapes. This method utilizes micelles of block copolymers
(BCPs) and surfactants, which are removed by temperature treat-
ments to create controlled porous layers.[176,177] For example, soft
templates such as F127 and P123 are mixed with a carbon source
(resol or dopamine) and then further added to other 2D layered
material-carrying solutions.[178–181] This facilitates the infusion of
micelles carrying carbon sources between bilayers of 2D struc-
tures. Afterward, under an inert environment at preoptimized
temperature conditions, the carbonization is done along with
the removal of BCPs, leaving behind the porous carbon layers
between other 2D bilayers. For instance, Zhao et al. fabricated
unique mesoporous C/TiO2/C HR using F127 micelles.[178] The
highly conductive and mesoporous structure promoted the re-
versible movement of Na+ ions and aided in attaining outstand-
ing performance (73 mAh g−1 specific capacity) at a high rate
of 20 A g−1. Also, the reversible channels for ions and pseu-
docapacitor behavior of HR allow it to attain 77.8% stability af-
ter 20000 cycles at 10 A g−1. In a similar approach, 2D meso-
porous carbon/MoS2 HR has been generated by self-assembly
of F127-resol micelles over exfoliated 2D MoS2 sheets.

[182] The
heterointerfaces and porous structural features allow fast trans-
portation of electrons and Li+ ions even at higher rates (400
mAh g−1 at 10 A g−1). In addition, the HR exhibits almost 2.5
times higher performance than the MoS2, attributed to the in-
creased conductivity due to coupled interfaces with carbon. Sim-
ilarly, Wang et al. synthesized sandwiched C@MXene@C struc-
ture using F127 BCP and melamine-formaldehyde (MF) resin
as a source of carbon.[183] Slow evaporation of the solvent led
to the assembly of F127/MF micelles over Ti3C2Tx nanosheets.
The synthesized composite is then further carbonized and loaded
with S to use as anode material for batteries. Following this strat-
egy, various combinations of porous 2D HRs are possible using
TMDs, TMOs, MXene, and Gr, with mesoporous carbon.[184,185]

This method can provide fascinatingmaterials for energy storage
applications. However, the lowmaterial yield along with the high
cost of templates are the limiting factors for the commercial ap-
plication of this method. Consequently, it is necessary to develop
a strategy that employs low-cost templating materials while en-
suring high yield.

4.2.3. Artificial Stacking

The artificial stacking method is becoming an advanced tech-
nique that can replace the conventional manual transfer ap-
proach. This newly introduced approach, named “autonomous
robotic searching,” is based on artificial intelligence (AI).[186]

Here, the manual transfer technique uses an automated optical
microscope to perform all the steps. First, all the layered flakes
present on the substrate are scanned, and their locations are
recorded. Then, a particular flake is selected according to the
recorded location, and the robotic arm picks up the flake. This
technique is comparatively faster, detecting around 400 mono-
layers and stacking four cycles of the designated 2D crystals per
hour. However, the special setup used in this technique makes it
costlier than the Manual transfer technique, which is a big con-
cern from a commercialization point of view. This is a growing
approach and needs to be explored more, which can bring rev-
olution in the field of layered material science if such artificial
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Table 3.Merits and demerits of different synthesis techniques and their comparison toward applicability to synthesize 2D HRs for batteries.

Techniques Merits Demerits Applicability for HRs

Manual transfer Fewer defects Not scalable, uncontrolled number of layers,
time consuming

Not appropriate.

CVD Controlled lateral and vertical HR, less defects Lattice matching is required, inert
atmosphere is needed, costly

Not preferable

ALD Controlled synthesis, no defects High cost, less efficient, low mass
production

Not appropriate

Solution mixing Scalable, cheaper, high yield, no special instrument
required

Poor directional control, lateral HRs not
possible

Highly preferable

Hydro/Solvothermal Scalable, cheaper, less complex, Lateral and vertical
assemblies are possible

Induced force required, high pressure
needed, uncontrolled

Highly preferable

Ball milling Scalable, cheaper Only few layered composites are formed. Preferable

Electrostatic self-assembly Scalable, ordered assembled structures Low yield, unclean surfaces Preferable

Template method Porosity can be controlled by varying templates and
easily applicable by using solution-based

methods

High cost due to special templates Highly preferable for
low-cost templates

stacking of (≈10000) layers becomes possible. Until now, this
technique is at the laboratory level, and with more advancement,
it can be successfully employed for integrating multilayered 2D
HRs for practical applications. However, using artificial stacking,
numerous 2D HR can be modeled by stacking 2D layers on a
wafer as anode materials for microbatteries. On the same wafer,
adding themetal (Li/Na/K) as a reference and filling of electrolyte
in between them results inmicrobatteries that can help in analyz-
ing electrochemical properties.[187] In addition, the AI-controlled
method can also be employed to precisely design 2D HR materi-
als directly on the Cu grid, which can be implemented for TEM
to understand electrochemical properties and physical changes
in 2D HR during their operation.[188] Therefore, artificial stack-
ing can emerge as an approach to fabricate these nano/micro-
batteries at a larger scale.
Overall, for the industrial applications of 2D HRs in batteries,

the selection of the appropriate synthesis method is crucial. Like
two sides of a coin, each strategy has its merits and demerits. Nu-
merous factors, such as the ease in controllability of structure,
cost-effectiveness, quality of final material, and large-scale pro-
ductivity, highly influence the utility of any method in the indus-
try. The radar plot in Figure 5b and Table 3 shows the complete
comparison of these factors for all synthesis methods. They sig-
nify that the ball milling method is highly recommended for de-
signing a few-layered large-scale 2D HR materials, whereas the
solution-based method is suitable for optimizing layer-by-layer
ordered assemblies.[131,189] Other methods are limited to the lab-
oratory scale. Furthermore, the commercialization of any battery
device considers several steps when designing any electrode ma-
terial, such as selecting the appropriate synthesis method, char-
acterization, and optimization for desired quality, its mass pro-
duction, the cost-effectiveness of material and methods, and ap-
plicability to the device application (Figure 5c). In addition, the
selection of the synthesis method is done according to the re-
quirements of the structural and chemical properties of materi-
als. For example, if BlackP needs to be implemented in electrode
material, water-based methods will not be applicable. Similarly,
solution-basedmethods andmany others fail if the lateral assem-
bly of HRs is required. In this context, Figure 5d displays the suit-

ability of synthesis methods for synthesizing lateral and vertical
2DHRs. Notably, the hydrothermal and CVDmethods have been
approved for their suitability in designing both types of 2D HRs.
Overall, the synthesis method plays a major role in determining
the cost and efficiency of the final device.

5. Experimental Validations of 2D HRs Efficiency in
Monovalent Batteries

The 2D HRs are anticipated to serve as highly promising elec-
trodes for rechargeable batteries, owing to the distinctive funda-
mental features outlined above. The primary advantages of these
overwhelming characteristics include increased ionic diffusion
kinetics, ion storage capacity, electrochemical reactivity, and cy-
clability. However, the performance of different M+ ion batteries
may vary in response to these advantageous features, as they pos-
sess unique attributes and challenges. Consequently, to address
specific challenges in batteries, it is crucial to select the appropri-
ate 2D materials for the construction of efficient 2D HRs. They
can be engineered in diverse sizes with tunable physicochemical
properties, depending on the molecular structure of each layer,
their interfacial features, and synthesis routes. Numerous ex-
perimental outcomes have corroborated the benefits of employ-
ing 2D HRs over individual layered structures for monovalent
batteries by comparing their electrochemical performances. For
such investigations, several physical quantities, such as specific
capacity, current density, energy density, coulombic efficiency,
and power density, are incorporated to assess the efficiency of
batteries in terms of their rate performance, stability, and scal-
ability. For reference, all quantities, accompanied by their con-
cise definitions and corresponding formulas, are systematically
tabulated in Table 4.[43,69,190–194] These parameters are derived
by performing different electrochemical characterization tech-
niques such as cyclic voltammetry (CV), galvanostatic charge–
discharge (GCD), electrochemical impedance spectroscopy (EIS),
and galvanostatic intermittent titration technique (GITT). A com-
prehensive summary of these techniques is also summarized in
Table 5.[33,70,148,192,195–206]
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Table 4. The table presents the different physical quantities, along with their definitions and formulas that are used to evaluate the electrochemical
performance of batteries.

Physical quantity Definition Formulae [unit] Refs.

Specific capacity (Q) Electric charge or energy stored by
electrode per unit mass

Q = nF
M

(mAh g−1)
n is the number of electrons participating
in the reaction, F is Faraday’s constant,
andM is the mole weight of electrode

active material.

[69,190]

Coulombic efficiency Ratio of the total charge extracted from
the battery to the total charge supplied

to it per charge-discharge cycle

Qd
Qc

Qd and Qc are the discharge and charge
capacities, respectively.

[191]

Diffusion coefficient Mobility of M+ ions in the electrode or
electrolyte medium

D = 4
𝜋𝜏

(m VB
MA

)
2
( ΔESΔE𝜏

)
2

(cm2 s−1)
𝜏 is the duration of the current pulse, ∆Es

is the voltage change during a steady
state, ∆E𝜏 is the voltage change when
current pulse is applied, A is electrode
surface area, m is mass loading,M is

molar mass of active material

[192]

Open circuit voltage The electric potential difference between
the positive and negative terminals of
the battery when no current is drawn

OCV = − ΔG
ne

(V)
∆G is Gibb’s free energy, and n is the

number of electrons transferred.
[43]

Gravimetric (EG) /
volumetric (EV)
energy density

Amount of energy a battery can store
relative to its weight or volume

EG = Q V
Area

(Wh kg−1)
EV = Q V

Volume
(Wh cm−3)

V is the average voltage of the
charge–discharge cycle.

[193]

Power density How rapidly a battery can deliver the
energy per unit weight or volume

P = EG
Δt

(W kg−1)
P = EV

Δt
(W L−1) or (W cm−3)

∆t is the time taken by a battery to
discharge.

[194]

Rechargeable LIBs are well known for their performance at
commercial as well as laboratory scales. Layered graphite with an
interlayer spacing of 0.334 nm has been recognized as a promi-
nent anode material for LIBs, tailored by its excellent cycle sta-
bility, low operating potential, and high electronic conductivity.
Still, its performance is limited by its poor specific capacity (372
mAh g−1) due to fewer active sites. Furthermore, Gr, with a dual
active surface, owns a 740 mAh g−1 theoretical specific capacity
for LIBs but is practically restricted by an issue of restacking.
Likewise, MXenes containing redox-active functionalities (─O,
─OH, and ─F) and high conductivity (6.76 × 105 S m−1) can
provide capacities much better than carbons but are again re-
stricted due to restacking issues.[155] Subsequently, hybridizing
Gr/GO/rGO or MXenes with the other 2D materials, TMDs, and
TMOs forms 2D HRs with weak vdW interaction and resolves
the re-stacking problem. Also, the redox-active transition metal-
based compounds, such as TMDs or TMOs enhance electro-
chemical activity and significantly improve the overall specific ca-
pacity of Gr or MXene layers. Moreover, the poor electronic con-
ductivity of TMDs or TMOs is compensated by adding Gr or MX-
enes. Such symbiotic structures turn out to be the perfect hosts
for M+ ions, providing better structural stability and reversibility
to the electrodes. Gogotsi et al. emphasized the effect of hybridiz-
ing different concentrations of TMO and MXene (H-0.5 sample
contains a higher concentration of MXene and H-4 with a lower
concentration) on Li-ion storage.[207] Higher Ti3C2Tx content was
observed to give superior mechanical flexibility and conductiv-
ity to the material, whereas a higher amount of Co3O4 improves
the specific capacity of the resultant anode material. The specific
capacity of H-4.0 with a higher Co3O4/MXene ratio is relatively

larger than that of a lower ratio (H-0.5). The remarkable specific
capacity of H-4 is due to the larger content of Co3O4, which has a
high theoretical specific capacity (890mAh g−1) compared toMX-
ene (≈500 mAh g−1).[207] Hence, TMOs can improve the specific
capacities of MXenes when combined in a specific ratio. There-
fore, optimizing the ratio of each layeredmaterial participating in
HR formation is necessary. Otherwise, a higher amount of any of
them can degrade the performance due to their unfavorable prop-
erties. To present the concept clearly, an example of V2O5/MXene
HR can be taken.[155] HRs with different wt% of V2O5 having
high theoretical capacity were synthesized, and it was found that
the gravimetric capacity for hybrids having 40 wt% of V2O5 was
maximum and decreased when the concentration increased to 60
wt%. The reason is that the increased content of V2O5 in 60 wt%
leads to large volumetric changes and, hence, low resultant capac-
ity. Apart from this, V2O5/MXene HR with different directional
assemblies (vertical and horizontal) were synthesized over the
current collector by mechanically pressing the hydrogel. Among
these, the vertical assembly provides extra channels for electron
and ion diffusion, along with a robust and binder-free structure,
providing the advantage of high mass loading. Depending on the
directional arrangement of the vertical assembly, the benefits of
high gravimetric capacity, low resistance, and high diffusion co-
efficient (D) can be achieved.[155]

GDY is a newly emerging thin structured (≈1–2 nm) car-
bon nanomaterial for 2D HRs, possessing 18-C cavities (0.54
nm), highly active triple bonds, attached functional groups (C═O,
C─OH, and ─COOH), 𝜋-conjugated surface, triangular pores
(≈0.25 nm), high work function (5.53 eV), good electrical con-
ductivity (2.5 × 10−4 S m−1), and exceptional chemical stability,
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thereby providing abundant active sites for Li+ ions.[195,208] Re-
cently, TiC2Tx/GDYO HR has been synthesized for LIBs, where
incorporation of GDYO led to an increase in the interplanar spac-
ing of densely packed TiC2Tx from 1.33 to 1.5 nm.[195] The inte-
grated HR attained a specific capacity of 1204.6 mAh g−1, higher
than that of the Ti3C2Tx (336.0 mAh g−1), GDYO (306.8 mAh
g−1), physical mixture of Ti3C2Tx and GDYO (755.4 mAh g−1).
This reflects that the intercalation of GDYO layers is beneficial
in enhancing the performance of Ti3C2Tx by enlarging interlayer
spacing, in-built electric field, and providing more Li+ ion stor-
age sites.[195] Beyond increased specific capacities, the strategi-
cally designed robust assemblies of HR active materials are help-
ful in providing longer life to batteries by reducing pulverization.
In this context, the lateral/vertical HR of GDYO/BlackP was syn-
thesized by the ball-mill process to mitigate the pulverization in
BlackP. The lateral contact of GDYO with BlackP is realized by
sp2 hybridizing C from GDYO and P from BlackP, while the ver-
tical junctions were obtained by P─O─C covalent bonds. Strong
covalent coupling and intrinsic properties of GDYO result in al-
leviating the limitations of BlackP and ensure accelerated reac-
tion kinetics and structural stability during reversible reactions.
Meanwhile, the engineered structure improved the electrical con-
ductivity of BlackP (80 S cm−1) to 100 S cm−1. After 1000 cycles,
the GDYO/BlackP HR maintained a capacity of 602.6 mAh g−1,
much higher compared to BlackP (50.4 mAh g−1).[208]

Despite similar physical and chemical properties of Na+ to Li+

ions, such as low half-reaction redox potential and monovalent
charge, the SIBs encounter pronounced constraints compared
to LIBs. The larger ionic radius of Na+ (1.02 Å) than Li+ (0.76
Å) ions and higher molecular weight are the primary issues that
limit the kinetics of Na+ ions, followed by phase instability and in-
termediates formation.[209,210] Interestingly, while graphite serves
as the commercialized anode material for LIBs, delivering a ca-
pacity of 372 mAh g−1, it behaves entirely differently when as-
sembled for SIBs, offering a markedly lower theoretical specific
capacity of just 35 mAh g−1.[211,212] The disparity arises from the
high positive enthalpy of Na+ ions associated with the formation
of NaC6 and NaC8 (+20.8 and +19.9 kJ mol−1) in graphite, un-
like Li+ and K+ ions, which form LiC6 and KC8 intermediates
with negative enthalpies (−16.4 and −27.5 kJ mol−1).[213,214] Con-
sequently, the intercalation of Na+ ions is unfavorable in graphite
with an interlayer spacing of 0.334 nm and a high ESD barrier
(0.12 eV).[215,216] Thus, to facilitate the intercalation of Na+ ions,
the graphite layers can be expanded, or their interfacial proper-
ties can be tuned by incorporating other materials to achieve a
more robust structured hybrid material. For satisfactory results,
HRs with extensive overlapping areas are highly preferred. To il-
lustrate this,Wang et al. have designed SnS2/GrHR by covalently
bridging the SnS2 ultrathin layers onGr sheets.

[39] The controlled
isotropic growth of SnS2 amorphous seeds over carbon matrix
along (001) planes results in their face-to-face bridging (C─S─Sn
bonds) to attain a robust structure. This HR with an interlayer
spacing of 5.9 Å allows easy penetration of Na+ ions and helps
to achieve 259 mAh g−1 capacity at a current density of 20 A g−1.
The performance is much higher than that of SnS2, which exhib-
ited nearly zero capacity at this current density. Similarly, Zhang
et al. have synthesizedMoSe2/Gr composite by the hydrothermal
route for Na+ ion storage. As synthesized hybrid with a hierar-
chical structure was utilized as an anode and shows remarkable

cycling stability (up to 200 cycles at 0.5A g−1 and 1A g−1) along
with high-rate performance (380 mAh g−1 at 1 A g−1) in compar-
ison to bare MoSe2 (469 mAh g−1 at 100 mA g−1 and stable up to
70 cycles). The performance improvement is attributed to the de-
cline in diffusion length, increased conductivity, and larger con-
tact area between the electrode and electrolyte as a result of the
synergistic effect. In a similar fashion, several other HRs com-
bining TMDs, MXenes, and TMOs with Gr have been realized
for SIBs.[51,156]

In addition, the approach of HR construction is highly favored
in alloying anodic materials, with a primary focus on mitigating
the pulverization effect and volumetric changes. The mechani-
cally stable 2D materials, such as Gr and MXene, are selected to
integrate HR with alloying-based materials. From this perspec-
tive, Kong et al. have grown layer-by-layer assembly of SnSe2
and widely spaced MXene (LBL-SnSe2@MXene) utilizing termi-
nal group-oriented self-assembly, as shown in Figure 6a.[217] No-
tably, the alloying properties of SnSe2 induce drastic volumetric
changes during cycling, which can lead to electrode delamination
after repeated cycles (Figure 6b). However, with the support of
mechanically stable and flexibleMXene layers, the capacity reten-
tion of SnSe2 is improved from 32.7% to 90.1% after 150 cycles,
as depicted by the bar plot in Figure 6c. Similarly, Guo and his
coworkers prevented the pulverization of BlackP by hybridizing
it with flexible MXene, which helped accommodate high volu-
metric changes caused by the diffusion of Na+ ions.[77] They also
investigated the advantage of HR over the physically mixed com-
posite of 2D layers. After 100 cycles, the capacity of the mechani-
cally mixed BlackP/MXene sample dropped to 171mAh g−1 com-
pared to 467 mAh g−1 of P/MXene HR, which is ascribed to the
high-volume expansion in BlackP (250%) compared to that inHR
(120%).
Noticeably, hybridizing more than two distinct layers can be

further fruitful in improving the performance with the add-
on properties of each layer. To configure this, Tang et al.
have grown WS2/MoS2 HR between the MXene lamellae lay-
ers and attained robust WS2/MoS2/MXene HR. The trilayered
WS2/MoS2/MXene HR performs with a capacity of 505.2 mAh
g−1, much higher than that of bilayered MoS2/MXene (311.6
mAh g−1) andWS2/MXene (261.9 mAh g−1) HRs.[145] The robust
3D conductive network is responsible for a large number of active
sites and facile interfacial kinetics, which further contribute to de-
creased ohmic polarization for Na+ ions. The other researchers
have also observed similar progress in HRs with more than two
distinct layered structures.[74,218]

MoS2, when used alone as an anode material versus sodium
as a counter, cannot retain the capacity for a longer time as a re-
sult of high volumetric changes due to intercalation-conversion
reactions. When MoS2 is incorporated between MXene layers, it
can lead to a stable anode material exhibiting an astonishing re-
versible capacity of 315 mAh g−1 at 0.2 A g−1 and 220.0 mAh g−1

after 1000 cycles at 2.0 A g−1 when compared with MoS2.
[93] In

addition, modifying the crystal structure of MoS2 by introduc-
ing defects, functionalities, or amorphousness can help in fur-
ther reducing volume changes and improving stability. In this
regard, MoS3 with amorphous properties is grown over the rGO
layer by an isotropic growth process to compare its performance
with that of crystalline MoS2.

[115] At different temperatures, the
growth of decomposed precursor over rGO sheets leads to crystal
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Figure 6. a) The 3D illustration of layer-by-layer assembly of SnSe2/MXene HR with the magnified view representing their crystal structures (left side)
and HRTEM image (right side). b) The schematic illustrates that hybridizing SnSe2 with MXene prevents it from structure degradation. c) The bar graph
shows improved capacity retention due to a stable SnSe2/MXene HR. Reproduced with permission.[217] Copyright 2023, Wiley. d) Schematic diagram of
MoS2-on-rGO and MoS3-on-rGO HRs. e) The plot shows better capacity and stability of MoS3-on-rGO over MoS2-on-rGO HR, attributed to amorphous
features of MoS3. f) CV plots at different sweep rates for MoS3-on-rGO. g) In situ TEM images after different charging times demonstrate less volume
expansion in MoS3-on-rGO (15.8%) than in MoS2-on-rGO (61.1%). Reproduced with permission.[115] Copyright 2023, Wiley.

and amorphous seeds of MoS2 and MoS3. The amorphous MoS3
nuclei favor isotropic growth and tend to form a 2D cover-on-
rGO HR, whereas that of crystalline MoS2 follows anisotropic
growth that gives nanosheets standing perpendicularly, as dis-
played in Figure 6d. For Na+ ion storage, MoS3-on-rGO performs

with higher cyclic stability and better reversibility than MoS2-on-
rGO (Figure 6e). The CV curves for MoS3-on-rGO at different
rates show consistent peaks (Figure 6f) with high pseudocapac-
itive contributions (≈76%–92%) that result in superior electro-
chemical kinetics. During the sodiation process, the disordered
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nanostructure of MoS3-on-rGO possesses internal free volume
that relieves the strain and shows a low volume expansion (only
15.8%) compared to 61.1% of MoS2-on-rGO HR, proven by in
situ TEM images (Figure 6g).
For the past few years, P, mainly BlackP, due to outstanding

electronic conductivity (≈103 S m−1) and high theoretical capac-
ities, has emerged as a significant candidate for anode material
in alkali M+ ion storage. However, its structural and chemical
instability is the limitation restricting its use in batteries. Cap-
ping it with other layered materials, such as Gr, hBN, and MX-
ene, can significantly improve the stability. The 2D layered struc-
tures have been widely explored by incorporating BlackP in them
and achieved enhanced results. BlackP/Ti3C2 HR shows remark-
able performance and stability with 1112 mAh g−1 at 0.1 A g−1 af-
ter 500 cycles.[70] The surface functionalities attached to MXenes
also tune chemical reactions that further enhance the stability of
BlackP. The fluorine terminations at the surfaces ofMXene facili-
tate the formation of a fluorine-rich SEI layer. The stable SEI layer
improves the reversibility of ions, i.e., stabilizing the coulom-
bic efficiencies. The resultant MXene/BlackPHR exhibits almost
50% less volume changes (obtained due to pulverization) than the
pristine BlackP and delivers an appreciable capacity of 340 mAh
g−1 at 1 A g−1 with a capacity retention of 87% after 1000 cycles.[77]

In addition, most of the transition metal-based materials follow
conversion reaction processes. The resultant performance often
leads to large voltage hysteresis, resulting in fast capacity and en-
ergy loss during reactions. It is well established that HR forma-
tion can improve the conductivity of 2D materials and, hence,
help mitigate voltage hysteresis issues. In this regard, Cai et al.
compared the charge–discharge and dQ/dV curves for Cu2S and
Cu2S/Cu5FeS4 HR to study the change in voltage hysteresis.[199]

The voltage hysteresis was observed in Cu2S as well as its HR
(Cu2S/Cu5FeS4) due to sluggish kinetic diffusion of Na+ ions
during multiphase complex conversion reactions. However, at 5
A g−1, its value for HR was only 0.65 V, much lower than that
of Cu2S (1.06 V), mainly attributed to the increased conductivity
of HR. Such newly emerging HR materials need to be explored
more for Na+ ion storage.
K+ is another monovalent ion that has also been appreciated

as a suitable ion for batteries due to its abundance, almost no
toxicity, less redox potential, and higher ionic diffusion in elec-
trolytes than Li+ ions. These properties are attributed to their low
interaction with solvents and anions. However, the large ionic ra-
dius (1.38 Å) limits its kinetic properties and is the reason for
its moderate theoretical capacity (279 mAh g−1) with graphite. In
comparison to Na+, K+ ions face less ESD barrier for anodes. Due
to its large ionic radius, anode materials with higher interlayer
spacing are the primary requirement for K+-based ESDs. Thus,
TMDs with inherited large interlayer spacing can be promising
anode materials and are widely investigated. But sluggish kinet-
ics of K+ ions in TMDs, ascribed to their poor conductivity, re-
strict their use. However, using them in HRs can be a conducive
solution for satisfactory performance. In a recent research, Ma
et al. combined MoSe2 and MoS2 with N-doped layered carbon
(NC).[91] They successfully observed that the enhanced rate per-
formance of both HRs (130 mAh g−1 at 10 A g−1 for MoS2 on
NC and 247 mAh g−1 at 1 A g−1 for MoSe2 on NC) is due to in-
creased K+ diffusion as a result of synergistic effects. Following
a similar strategy, Cui et al. have grafted bilayer MoS2 over N, S-

doped carbon, and Ti et al. have separately synthesized MoS2/Gr
composite for the K-ion capacitor.[219,220] The capacitor exhibited a
specific capacity of 451.2 mAh g−1 at 0.1 A g−1 and found stability
up to 20000 cycles with only 0.0013% fading per cycle. Benefitting
from the inherent properties of each layer in SnS/MoSe2/Gr HR,
Wang et al. obtained an anode material that reflects high con-
ductivity, excellent redox activity, and good reversibility, thereby
buffering the volume changes during charging–discharging. The
SnS/MoSe2/Gr assembly exhibits the highest potassium storage
capacity (480 mAh g−1) compared to MoSe2 (306 mAh g−1), SnS
(295mAh g−1),MoSe2/Gr(390mAh g−1), and SnS/Gr (300.7mAh
g−1).[196] Similarly, researchers have put their efforts into prepar-
ing many HR combinations for achieving advantageous collec-
tive properties, giving significant results.[221,222]

Notably, the construction of HRs also alters several chemical
properties of each layer toward the reaction mechanism, which
can be beneficial in stabilizing the electrode. Alloying-conversion
type electrodes typically follow irreversible reactions, leaving un-
wanted nonreactive components. Such components get dissolved
into electrolytes, and eventually, there is active mass loss from
electrodes. Cao and his co-workers have used a strategy to pre-
vent such loss of active material caused by dissolving intermedi-
ate KxSy in the electrolyte.

[223] They designed VS4/SnS@CHR by
grafting the homogenous layer composed of polar VS4 and SnS
over the Gr layers, as shown in Figure 7a. Here, VS4 inherits a
chain-type structure of parallel quasi-1D V4+(S2

2−)2 with double
unsaturated bridging (S2)

2− moieties around the V atom linked
by vdW bonds. The diffused intermediate KxSy can be trapped
and localized between the V4

+(S2
2−)2 chains through intense

vdW interactions of unsaturated (S2)
2− moieties, preventing the

loss of activematerials during repeated cycling. After 3000 cycles,
the capacity decreased only to 227 mA h g−1 from 243.5 mA h g−1

at 0.5 A g−1 (98.3% capacity retention).[223] Even at higher rates,
it notably shows a superior performance with 122.7 mAh g−1 ca-
pacity at 10 A g−1, and also at 0.1 A g−1, an excellent reversible
performance was recovered after testing the same cell at ultra-
high currents (Figure 7b). Also, the tremendous electrochemi-
cal activity of VS4/SnS@C HR is reflected by the smaller value
of charge transfer resistance (Rct: 4530 Ω) than that of SnS@C
(Rct: 13500Ω) composite (Figure 7c). Furthermore, the enhanced
diffusion kinetics of K+ ions in HRs was observed by the GITT
technique, where calculated DK+ values (Figure 7d) were larger
for VS4/SnS@C than SnS@C. The rising trend in blue boxes re-
flects the entrapment of the KxSy components during the conver-
sion reaction. The TEM images (Figure 7e) show pulverization in
SnS@C after 100 charge-–discharge cycles, which is clearly not
visible for transparent layered VS4/SnS@C HR, validating the
reversible conversion reactions of Sn0/KxSy.

[223]

As highlighted above in the theoretical section, the diffusion
barriers for moving M+ ions are minimized in HR, attributed to
BIEF and other chemical changes. Such improved diffusion of
ions can also be investigated by electrochemical analysis. Exper-
imentally, both GITT and EIS electrochemical techniques have
been widely performed to estimate the DM+ values of M+ ions
in electrodes during the charging–discharging process. Draw-
ing from multiple experimental investigations, the comparative
plots (Figure 7f) illustrate the calculated DM+ values (dumbbell
plot at the lower side) for monolayers (violet) and their respective
HRs (pink).[82,94,102,195,224–235] Themonolayers exhibit lower values
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Figure 7. a) The schematic illustration showcasing the polar 2D VS4/SnS HR traps KxSy phases and prevents them from dissolving in the electrolyte.
Half-cell electrochemical performance of 2D VS4/SnS@C HR anode for PIB demonstrates: b) improved rate capability, c) decreased resistance, and
d) enhanced D values than that of SnS@C. e) Ex situ TEM after 100 cycles represents the pulverization in SnS@C, which diminished in VS4/SnS@C
HR. Reproduced with permission: Copyright 2021, Wiley.[223] f) The comparative graph shows the calculated D values (lower panel, dumbbell chart)
and specific capacities (upper panel, bar graph) for individual 2D structured materials (blue color) and their corresponding 2D HRs (pink color). Data
collected from refs. [82,94,102,195,224–235].
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than those of HRs, aligning with the above-mentioned discus-
sion. Furthermore, the resultant elevated capacities for the same
monolayers (violet) and their respective HRs (pink) are shown by
the bar plot in the upper section.[82,94,102,195,224–235] This demon-
strates that the performance of HR materials is higher than that
of their monolayer counterparts, attributed to their synergistic
effects and their intrinsically modified fundamental properties.
The improved diffusion kinetics increases the utilization of elec-
trode active material, resulting in enhanced specific capacities of
HRs. Therefore, the strategy of imposing 2D HRs as anode ma-
terials proposes a functional way of improving the battery perfor-
mance of all monovalent ions. It is noteworthy that most stud-
ies focus on electrochemical investigations in half-cell assem-
blies, which are not utilized in real-world applications. For the
market, it is crucial to incorporate full cells with a balanced N/P
ratio, adhering to standard protocols of weight, cost, efficiency,
and size. To assess the true potential of HR materials in batter-
ies, the electrochemical analysis of full-cell pouch cells providing
gravimetric/volumetric performance should be conducted. For
large-scale applications, such as electric-vehicles, the full-cell bat-
tery device needs to reach 80% state of charge within 15 min, as
suggested by the U.S. Advanced Battery Consortium (USABC).
Comprehensive research on HRs can contribute toward meeting
this challenge, enabling their use in a wide-range of large scale
applications.

6. Current Challenges for 2D HRs in Battery
Applications

From the comprehensive assessment in the previous sections,
it is clear that the scientific community has recognized the po-
tent capabilities of 2D HRs through both theoretical and experi-
mental approaches. Such investigations have provided a deep un-
derstanding of the fundamental phenomena driving the strong
performance of HR anodes in monovalent batteries. The modi-
fied electrical properties in HR materials facilitate ion diffusion
and stabilize the structure, thereby enhancing battery rate capa-
bility and stability. The increased capacity indicates that a full-cell
device can be designed with comparatively less anode material
while maintaining the N/P ratio. This improves the gravimetric
and volumetric energy densities, highlighting the practicality of
2D HRs as anodes in batteries. Despite their advantages, these
materials still show limited adoption in the industry due to sev-
eral challenges they face. This section reveals some of the sig-
nificant challenges encountered by 2D HRs and outlines the ap-
proaches that can help meet the desired requirements.

6.1. Scalable Synthesis Pathways for Battery Production

Large-scale production of HR materials for batteries presents a
significant challenge, particularly in achieving an ordered layer-
by-layer assembly. As discussed above, each synthesis method
has its own advantages and disadvantages from a manufactur-
ing perspective. A method that excels in quality may fall short in
scalability and vice versa, as summarized in Table 2. Themechan-
ical transfer and vapor depositionmethods are highly suitable for
achieving pure layer-by-layer HRmaterials; however, they are im-
practical for large-scale battery production due to their prolonged

and tedious processes. Alternative approaches such as solution-
based assembly, hydro/solvothermal method, and ball milling
can be used effectively for themass production of electrodemate-
rial but cannot control multilayer assemblies with more than two
different monolayers. In this context, electrostatic self-assembly
can be a viable choice but is also limited by the high cost of
charge-generating polymers. Therefore, finding a new scalable
approach for synthesizing highly ordered HR anodic materials
becomes imperative, considering cost as a crucial parameter.
To discover a cost-effective path, a technique named “microflu-

idization associated with roll-to-roll padding” has recently been
introduced to obtain the heterostructured flexible electrodes ofGr
and MoS2.

[236] Microfluidization is a scalable and environment-
friendly method in which a high pressure (≈207 MPa) is applied
to the solution of material and forces the liquid to pass through a
microchannel of diameter ≈100 μm. Repeating this process mul-
tiple times exfoliates the material, forming a dispersion of 2D
Gr or MoS2. By further rolling the textile from these dispersions
sequentially, they obtainedMoS2/GrHR-coated fiber for superca-
pacitors. A similar process can be incorporated for batteries. An-
other possible solution to reduce the cost can be the utilization
of commercially available, cheaper 2D materials and then coat-
ing them directly on current collectors by spray coating or inkjet
printing. This reduces several steps of electrode fabrication and
hence will reduce the cost. Similarly, electrodeposition methods
can be incorporated, which again grow theHR layers over current
collectors, thereby avoiding the costly synthesis steps. To further
reduce the cost of materials, cheaper precursors, including earth-
abundant oxides and chlorides, can be used instead of pure ele-
mental forms For example, (e.g., to prepare MoS2 by the CVD
method, instead of the Mo element, their alternative precursors
can be utilized).
In addition to cost-effectiveness, environment-friendly pro-

cesses that do not incorporate toxic materials and consume min-
imal energy are highly preferable in industry. Fabrication of cer-
tain 2D materials requires special environments/conditions, in-
creasing complexity in synthesizing HR. For example, BlackP,
which has an astonishing theoretical capacity for all M+ ions, is
found to be sensitive to environmental factors and requires an in-
ert atmosphere. Therefore, these are restricted for HR synthesis
when following aqueous solution-based systems. Also, the syn-
thesis process of many 2Dmaterials, such as MXenes and Gr, in-
volves highly concentrated acids such as hydrofluoric acid (HF),
sulfuric acid (H2SO4), and nitric acid (HNO3). These hazardous
chemicals require strict safety protocols, including the use of per-
sonal protective equipments (PPE) and controlled environmen-
tal conditions. These chemicals pose risks to human health and
the environment due to their corrosive and toxic nature, thereby
constraining their widespread research and practical applicabil-
ity. Thus, the utilization of such 2Dmaterials forHRs has become
a very tedious task for researchers due to inappropriate and com-
plex synthesis procedures. Although to resolve these issues, some
environmentally friendly synthesis mechanisms have been pro-
posed. For example, MXenes can be etched using electrochemi-
cal, alkali, and molten salt etching methods, which are HF-free
methods. Similar solutions can be explored to tackle the issues
associated with the synthesis methods of other layered materials.
A clear pathway for their incorporation needs to be presented in
the research field without compromising the yield, quality, and
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stability of individual materials, which are essential factors from
an industrial point of view. This makes the proposal of an appro-
priate novel synthesis technique an urgent need to realize appre-
ciable properties of layered HR materials in laboratories as well
as industries.

6.2. Unexplored Areas of Research

Hundreds of 2D layered materials have been discovered in the
last two decades, and research continues to approach thousands
of them. However, only a few have been utilized for HR as-
semblies. For instance, MXenes represent hundreds of differ-
ent structures based on their functionalities and atomic features.
Yet only a handful have been incorporated into HR synthesis,
often limited by inappropriate inherent properties such as the
type of functional group attached, band structure, and conduc-
tivity. It is also well known that most TMOs are naturally oc-
curring stable compounds. Among these, many-layered TMOs
exist, but their use as 2D structured materials in batteries is
quite limited. This limitation is due to their anisotropic growth,
which complicates the control of their growth in a single dimen-
sion, making them more favorable as hierarchical HRs instead
of 2D HRs. If leveraged as 2D layers, they could enhance elec-
trochemical activity and lower costs compared to other materi-
als like MoS2 and MXenes, which require a special inert envi-
ronment at high temperatures and toxic precursors.[237] Apart
from this, numerous 2D materials, such as graphyne and tran-
sition metal carbochalcogenides, have been recently discovered,
but these have not yet been used in HR assemblies for batter-
ies. Furthermore, designing high-entropy 2Dmaterials that com-
bine the properties of more than five different elements into
a single 2D material has recently become a hot topic among
researchers. The potential of high-entropy 2D TMDs and MX-
enes has been explored for various applications. For example,
Co0.6(VMnNiZn)0.4PS3 nanosheets have been studied for the hy-
drogen evolution reaction,[238] (Ti1/5V1/5Zr1/5Nb1/5Ta1/5)2AlC de-
rived 2D MXene in LIBs,[239] and Ti1.0V0.7Cr0.05Nb1.0Ta1.0AlC3
based MXene in supercapacitors.[240] Nevertheless, many such
combinations of metals remain undiscovered and invite the re-
search community for their exploration in battery applications.
A complete understanding of the factors restricting the util-

ity of all 2D materials is open-ended research. Systematic evalua-
tion and comparison of these materials based on performance
metrics are crucial for establishing a coherent research direc-
tion. Thus, scrupulous theoretical as well as experimental inves-
tigations about the interaction of ions with molecules of each
layer and finding favorable conditions for the composition of sta-
ble HRs are needed, which can assist in selecting the appropri-
ate layered materials. Incorporating in situ characterization tech-
niques like in situ dilatometry, XPS, XRD, and TEM, altogether
can give real-time information on volume expansion, composi-
tional changes, structural changes, and electrochemical changes
occurring in HRs during ongoing reactions. For instance, Cao
et al. employed in situ XRD to thoroughly understand the phase
transition and reaction mechanism of VS4/SnS@C HR anode
during potassiation/de-potassiation.[223] During potassiation, the
crystal planes corresponding to the SnS and VS4 gradually van-
ished, and the planes corresponding to Sn0 and K2S appeared,

demonstrating the alloying-conversion reaction of HRmaterials.
Moreover, during de-potassiation, the appearance of planes cor-
responding to KSn and K4Sn23 further indicates the occurrence
of alloying-type reactions. Such findings can substantially help
researchers optimize the performance of different HR materials
in batteries.

6.3. Unprecedented Mechanisms Revealing Principles of
Interactions

Theoretical calculations have revealed the grounds behind the
boosted performance ofHRs by estimating BIEF and energies as-
sociated with adsorption and diffusion processes. Most of these
studies have focused on the behavior of HRs composed of two
distinct vertically stacked monolayers. However, there is a notice-
able gap in studies exploring the direction of BIEF, favorable ad-
sorption and desorption sites, and other critical factors for HRs
comprising more than two different layers.[74] Along with this,
little attention had been given to examining the change in per-
formance for diverse configurations, such as lateral and vertical
assemblies.
A broader and more refined perspective is needed to gain a

clear understanding of the fundamental characteristics of such
HR, which can further outline their electrochemical behaviors
in batteries. This should include clear insights into how specific
properties of each component contribute to the overall function-
ality of HR, the interactions between different layers, and their
interplay with intercalating ions. For a few HR configurations,
such as lateral (when edges of layers are connected) and verti-
cal (when face-to-edge are bounded), more focused studies are
needed to elucidate how these structures can be confined in spe-
cific directions, offering valuable guidance for their practical ap-
plication in batteries.

6.4. Theoretical versus Experimental Differences

Hundreds of reports demonstrate the benefits of different 2DHR
assemblies for batteries. After summarizing these reports, it can
be confirmed thatmost of the combinations are only theoretically
investigated and claim the existence of such HR. Nevertheless,
many of themhave not been experimentally achieved, specifically
for battery applications. Therefore, it is crucial to identify possible
conditions for achieving their stable structures such that they can
be successfully utilized for device fabrication. In addition to this,
countless experimental studies have reported the materials ex-
hibiting performance and capacities surpassing even their nearby
theoretical values. These findings call for theoretical validations
to substantiate such claims and to establish a clear understanding
of the fundamental principles driving enhanced performance.
On the other hand, there are reports in which materials are

unable to meet theoretical expectations. It is well known that
theoretical calculations are proposed by considering ideal con-
ditions. However, the practical implementation of the same sys-
tem cannot obey the same conditions everywhere. During the op-
eration of a battery, numerous conditions, such as temperature,
humidity, efficient packing abilities, and quality of active materi-
als/electrolytes, play a crucial role. These factors directly affect the
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kinetics and reversibility of ions in batteries, which decides their
overall electrochemical performance. Even commercially stan-
dardized samples encounter such challenges. To minimize this
gap, theoretical studies should incorporate realistic battery oper-
ating conditions, and experimental testing should be conducted
in sophisticated, controlled environments that closely align with
theoretical predictions. In/ex situ characterization techniques
can be employed to understand the typical structural and chemi-
cal changes during battery operations. Such observation can help
to tune the material and to model the simulation methods. In ad-
dition, some standardized protocols can be established for theo-
retical as well as experimental studies, which can bridge the gap
between theoretical and experimental observations.

7. Conclusions and Outlooks

The rapid discovery of different 2D layers for decades has paved
the way for the development of numerous HR compositions, and
their synergistic effect can substantially exhibit a spectrum of
coupled redox reactions in batteries. Compared to conventional
2D counterparts, 2D HRs stand out as superior electrode ma-
terials owing to their fundamental physical and compositional
changes that lead to improved conductivity, specific capacities,
rate capability, diffusivity, and stability in monovalent batteries.
Interestingly, selecting two different layered materials provides
opportunities to assemble HRs with numerous configurations
depending on the orientation of atoms and interaction between
layers. This further leads to abundant research options in battery
applications that focus on tuning the electrolyte/electrode interfa-
cial properties and redox activity with M+ ions. Such remarkable
outcomes have inspired the researchers to discover more pro-
found insights into their application in batteries. Despite these
outstanding results, the research of 2D HRs in batteries is still in
its infancy, and it presents future scope for this area of research.
Some critical future avenues for the researchers to exploit the full
potential of 2D HRs are envisioned as follows:

1) Strategic selection of different families of 2D materials for
HRs can help to ascertain novel battery chemistries. The re-
dox potentials and number of electron transfers per charge–
discharge cycle can be refined by ingeniously combining di-
verse 2D layers, thereby valuable in enhancing specific ca-
pacities. Furthermore, the interlayer interaction between dif-
ferent layers depends on their interfacial properties, includ-
ing atomic/structural defects, functional group chemistries,
porosity, morphology, and strain. These properties can be
tuned to engineer HRs providing reduced interfacial resis-
tance, enhanced charge transport, and mechanical stability.
Defects and functionalities control the ion mobility and tai-
lor the electrochemical activity. Likewise, the arrangement of
layers can modulate internal strain, significantly impacting
the overall structural integrity of HRs. Moreover, surface coat-
ings canmitigate the degradation of the environmentally sen-
sitive layered part of HRs. Together, these approaches present
a wealth of exciting possibilities for future battery design and
experimental exploration.

2) Developing a scalable and commercially viable synthesis
method is a prerequisite for attaining these characteristics.
Traditional techniques such as CVD, ALD, solution mixing,

and hydro/solvothermal must be optimized for consistency,
cost-effectiveness, and throughput. Exploring roll-to-roll and
printing-compatible synthesis pathways can be helpful for
the commercial translation of 2D HR-based energy storage
technologies.

3) The compatibility of electrodes (anode/cathode) and elec-
trolytes is the fundamental factor deciding the performance
of batteries. The availability of several classes of electrolytes,
such as organic, solid-state, aqueous, ionic liquids, and quasi-
solid-state electrolytes, further provides an excellent opportu-
nity for researchers to optimize the performance of 2D HRs
in batteries. The remarkable structural properties of 2D HRs
allow even large-sized ions. The electrolyte chemistries cor-
responding to the desired M+ ion (Li+, Na+, K+, etc.) further
widen the scope for innovations.

4) There is an ongoing discrepancy between the lab-scale per-
formances of half-cells and commercial-scale full-cells. It is
noteworthy that most of the HR materials have been tested
only in half-cell configurations. In general, the high-capacity
half-cell performance of any material does not necessarily
validate its versatility in full-cell batteries. The redox po-
tential, lattice structures, and surface interface energies are
the most decisive factors ensuring the compatibility between
anode and cathode materials. To develop a working proto-
type for the market, appropriate electrode materials, pre-
metallization, balanced weight loading, and electrolyte selec-
tion are the most prominent factors. These complexities open
several challenges for researchers working in the theoretical
and experimental domains.

5) For efficient commercial ESDs, it is necessary to look for
their functioning in extreme conditions, including tempera-
ture (−20 to 60 °C), pressure (1000 psi or higher), and humid-
ity (90%–100% relative humidity). Very little attention is paid
to these conditions, leaving a broad room for future theoreti-
cal and experimental investigations.

We believe that the highlighted properties of 2DHR electrodes
and electrolytes can be fine-tuned to attain target-oriented mono-
valent batteries that will benefit technological advances in the
market.
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