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Abstract: Two-dimensional (2D) materials have emerged as a major class of advanced materials for energy
storage and conversion technologies. Although graphene initiated this research field, its zero bandgap, limited
chemical tunability, and restacking tendency restrict its performance in many practical energy systems. These
limitations have driven the development of a broad range of 2D materials beyond graphene, including MXenes,
transition metal dichalcogenides, black phosphorus, metal oxides and hydroxides, layered double hydroxides, and
other emerging atomically thin systems. These materials offer diverse crystal structures, tunable electronic
properties, rich surface chemistry, and high surface-to-volume ratios, making them attractive for batteries,
supercapacitors, electrocatalysis, and photoelectrochemical applications. This review provides a comprehensive
overview of recent progress in 2D materials beyond graphene for energy storage and conversion. Key aspects
discussed include synthesis strategies, defect and interface engineering, heterostructure design, and structure—
property relationships. The performance of these materials in lithium-ion and beyond-lithium batteries,
supercapacitors, electrocatalytic reactions, and solar-driven energy systems is critically examined. Recent advances
in characterization techniques, computational modelling, and machine learning-assisted discovery are also
highlighted for their role in accelerating material development. Despite significant laboratory-level success, several
challenges remain, particularly in scalable synthesis, long-term stability, standardised benchmarking, and system-
level integration. Addressing these issues is essential for translating promising material properties into reliable and
commercially viable energy technologies. Overall, this review outlines current achievements, identifies critical
knowledge gaps, and presents future perspectives for advancing 2D materials beyond graphene toward sustainable
and practical energy solution.
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1. Introduction three main reasons. First, atomically thin materials

1.1 The Post-Graphene Era in 2D Materials show .unique felectronic, electrochemical, and
mechanical behaviour. Second, new classes of 2D

materials became available, such as transition-metal

dichalcogenides, MXenes, phosphorene, layered metal

oxides and hydroxides, and monoelemental sheets

The discovery of graphene in 2004 marked an
important change in materials science. Graphene
showed that a single atomic layer could provide high

electrical conductivity, strong mechanical strength, and
a large surface area. These features attracted strong
interest for energy-related uses. However, later studies
showed that graphene also has clear limitations. The
absence of a band gap limits its use as a
semiconductor electrode. Its flat carbon network shows
weak redox activity. The number of active sites for
faradaic reactions remains lower than that of many
transition-metal compounds. These drawbacks reduce
its direct use in many energy storage and conversion
systems. Due to these limits, research moved beyond
graphene and entered what is now called the post-
graphene era. This phase focuses on a wide range of
layered and quasi-two-dimensional materials designed
for energy applications. This shift occurred due to
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known as Xenes. These materials allow control over
composition, surface chemistry, and interlayer spacing.
Third, these materials are now actively used in devices
for batteries, supercapacitors, electrocatalysis, and
photo-electrochemical systems. In this post-graphene
phase, the combined effect of atomic thickness,
tunable electronic structure, and ion-accessible layers
has been applied more effectively to sustainable
energy technologies [1, 2]

A major benefit of 2D materials for energy use
is their high surface-to-volume ratio. This feature
increases the number of active sites and reduces ion
transport distance. In layered structures, ions can
move or insert between van der Waals gaps or
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modified interlayers. This behaviour supports fast
charge storage and high pseudocapacitive response
compared to bulk materials. The thin layers can also
absorb strain during repeated charge and discharge
cycles, which improves mechanical stability. The
flexible nature of 2D sheets supports free-standing
films, binder-free electrodes, and flexible devices. Such
designs are important for modern energy systems.
These advantages are now used to tune surface
terminations, phase structure, stacking order, and
interlayer distance in materials beyond graphene. For
example, MXenes allow control over interlayer spacing
and surface groups such as -0, —OH, and —F, which
improves ion access and conductivity [3]. Transition-
metal dichalcogenides can switch between metallic and
semiconducting phases, which helps both catalysis and
charge storage [4] this review presents a detailed
overview of 2D materials beyond graphene with
emphasis on energy storage and conversion. The aims
include explaining the shift from graphene to other 2D
materials, describing the advantages of layered thin
structures for energy systems, and classifying major 2D
material families such as MXenes, TMDs, phosphorene,
layered oxides and hydroxides, and Xenes. The
discussion sets the base for later sections on batteries,
supercapacitors, electrocatalysis, photo-
electrochemistry, and hybrid devices. Figure 1 shows
the key milestones of 2D materials used in perovskite
solar cells over the last decade. Overall, the post-
graphene era represents a major expansion from
carbon-based materials to a broad library of 2D
systems with controlled structure and chemistry. This
transition supports new solutions for current challenges
in energy storage and conversion.
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1.2 Energy Storage and Conversion

Challenges

The global move toward low-carbon energy
has increased the need for efficient energy storage and
conversion systems. Renewable sources such as solar
and wind show irregular output. This mismatch
between energy generation and demand creates strong
pressure on energy storage systems to balance supply,
support grid stability, and allow energy trading. Despite
progress, current storage technologies still face limits
in energy density, power density, lifespan, safety, cost,
and large-scale use [6-8]. In energy conversion
systems such as water splitting and carbon dioxide
reduction, slow reaction rates, low selectivity, material
degradation, and high energy losses restrict practical
deployment. A key challenge lies in achieving high
energy density together with high power density while
maintaining long cycle life and safety. Lithium-ion
batteries dominate the market but approach their
practical energy limits. Safety risks and high cost also
restrict their large-scale grid use. Supercapacitors
provide fast charging and long cycle life but store much
less energy and often work at lower voltages [9, 10].
Lithium-ion batteries typically deliver energy density
between 100 and 300 Wh kg-1 with moderate to high
power density and a cycle life of 500 to 2000 cycles.
This balance makes them suitable for electronics and
electric vehicles [11]. However, cost, safety concerns,
limited lifespan, and dependence on scarce materials
limit broader use. Supercapacitors, in contrast, offer
very high-power density and can exceed 100,000
cycles, but their energy density remains low at about 5
to 30 Wh kg-1[12].
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Figure 1. The key milestones of 2D materials-incorporated PSCs over the past decade (Adapted from Shen
et al.,, 2024, Springer Nature, CC BY 4.0) [5].
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Hybrid and next-generation systems that use
advanced 2D materials aim to improve both energy
and power, with targets above 300 Wh kg-! and
10,000 W kg-1 [13]. These systems still face
challenges related to stability, cost, and scale-up.

Energy conversion processes also show major
barriers. In water splitting, the oxygen evolution
reaction remains slow and needs high overpotential,
which causes catalyst degradation over time [14].
Battery systems based on sodium, magnesium, or
aluminium face problems due to larger ion size, slow
diffusion, unstable interfaces, and dendrite growth
[15]. At the system level, many studies do not fully
consider technology readiness, life-cycle emissions, or
social and economic factors. A recent analysis
highlighted the lack of such criteria in many
comparisons of energy storage options [16]. Other
common challenges also affect performance. Large-
scale manufacturing remains difficult because many
materials show poor reproducibility, high synthesis
cost, and uneven quality. Stability under real operating
conditions, such as temperature changes and
mechanical stress, often reduces performance.
Interface design between electrode and electrolyte
plays a key role and often limits device efficiency more
than the active material itself. In addition, the absence
of standard testing protocols makes comparison
between studies unreliable. Therefore, high material
capacity alone is not enough. The material must fit into
a scalable, stable, safe, and cost-effective system.
Balancing energy, power, cost, and durability remains
essential. At this point, 2D materials beyond graphene
offer strong potential, but the gap between material
discovery and device application remains a major
challenge. In summary, energy storage and conversion
face four main challenges: balancing energy density,
power density, and cycle life; improving speed and
stability of conversion reactions; ensuring large-scale
manufacturing and durability; and developing standard
benchmarks with system-level readiness. This review
discusses how 2D materials may help address these
issues and support sustainable energy solutions.

1.3 Classification of 2D Materials beyond
Graphene

After the success of graphene, many new two-
dimensional materials have emerged. Each group
shows unique structure, electronic behaviour, and
interlayer chemistry that overcome graphene’s
limitations in energy systems. Clear classification helps
in understanding their roles in energy storage and
conversion. One important class includes MXenes,
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which are 2D transition-metal carbides and nitrides
with general formula M,+1X,T,. Here, M represents an
early transition metal, X is carbon or nitrogen, and T,
refers to surface groups. MXenes show high electrical
conductivity, high capacitance, and adjustable surface
chemistry. Reviews describe MXenes as promising
materials for advanced energy storage and
electrochemical applications [17, 18]. Their layered
structure, hydrophilic surface, and tunable spacing
support ion insertion and fast charge storage.

Another major group is transition-metal
dichalcogenides with formula MX2, such as MoS2 and
WS:2. These materials consist of layers held by weak
van der Waals forces, which allows easy exfoliation.
They show semiconducting or metallic behaviour
depending on structure and phase. Their tunable band
gaps and redox-active metal centres support energy
storage and catalytic reactions. MoS2 has been widely
studied for such applications [19]. These materials
form a large part of the 2D materials library for energy
use [20]. Monoelemental 2D materials, known as
Xenes, form another important group. Black
phosphorus, or phosphorene in thin layers, shows a
natural band gap, anisotropic charge transport, and
thickness-dependent electronic properties. Studies
highlight its advantages over graphene in band-gap
control and redox activity [21]. Its layered structure
and high theoretical capacity make it suitable for
energy storage. Layered metal oxides and hydroxides,
such as layered double hydroxides and cobalt or nickel
hydroxides, also play an important role. Though
sometimes overlooked in 2D discussions, their thin
nanosheet form, rich redox chemistry, and high ion
accessibility make them effective for energy devices.
Recent reviews discuss their preparation and
application [22].

Insulating 2D materials like hexagonal boron
nitride serve as protective or supporting layers. They
offer chemical stability and structural support in
heterostructures, even if they do not directly store
charge. New and emerging 2D materials such as
tellurene, antimonene, and bismuth oxyselenide are
also gaining attention. These materials remain at an
early stage but show promise due to tunable electronic
structure and high surface area [23] overall,
classification of 2D materials beyond graphene is based
on function rather than names alone. Each group offers
specific structural and chemical advantages for energy
devices. Understanding these features helps guide

material design, stacking strategies, and device
integration for improved energy storage and
conversion.
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2. Synthesis and Structural Engineering
2.1 Top-Down Synthesis Approaches

Top-down synthesis remains an important
route to produce two-dimensional materials with
atomic or few-layer thickness. This approach starts
from bulk layered solids and separates them into thin
sheets. Common top-down methods include chemical
and electrochemical etching, liquid-phase exfoliation,
and mechanical exfoliation. Each method differs in how
it breaks interlayer bonding, controls sheet size, and
affects defect density. These features strongly
influence performance in energy storage and
conversion devices. Chemical and electrochemical
etching methods have played a major role in the
synthesis of MXenes. In a typical process, aluminium or
another A-layer is selectively removed from the MAX
phase, which results in layered MXene sheets. These
sheets are then delaminated into thin flakes. Studies
report that etching remains the main route for MXene
synthesis, and the choice of etchant, intercalation ions,

and delamination agents directly affects flake size,
conductivity, and surface chemistry [24]. The etching
process introduces surface groups such as -0, —OH,
and —F. These groups influence hydrophilicity, layer
spacing, and ion access, which are important for
battery and supercapacitor electrodes.

Liquid-phase exfoliation is a scalable method
suitable for many layered materials, including
transition-metal  dichalcogenides, metal oxides,
hydroxides, and new Xenes. In this process, bulk
materials are dispersed in suitable solvents and
exposed to sonication or shear force to separate layers.
Surfactants or intercalants often assist this separation.
Key factors include solvent choice, sonication energy,
and centrifugation speed. These parameters control
yield, flake thickness, and defect formation [25] Recent
advances such as vortex-fluidic and continuous-flow
systems have improved yield. For example, about 73%
conversion of MoS: into few-layer sheets was achieved
using a vortex-fluidic device [26].
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Figure 2. Examples of top-down and bottom-up strategies for the synthesis of 2D layered nanostructures: (a)
mechanical exfoliation of layered host materials, (b) chemical intercalation induced exfoliation, (c) chemical vapor
deposition (CVD) growth, and (d) wet-chemical self-assembly. Scanning electron microscopy (SEM) images of 2D

nanomaterials obtained with the corresponding techniques: (e-h) TiO2 and (f) VO2 nanosheets. (Adapted from

Anwar et al., 2024, Springer Nature, CC BY 4.0) [27].
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Despite these gains, liquid-phase exfoliation
can introduce defects, uneven thickness, and sheet re-
aggregation, which reduce reproducibility and stability
in energy devices. Mechanical exfoliation produces
high-quality and highly crystalline 2D sheets by
physically cleaving bulk crystals. However, this method
suffers from very low vyield, poor thickness control, and
limited scalability. Even with improved sonication or
shear-assisted techniques, control over defect density
and lateral size remains difficult. Therefore, mechanical
exfoliation is mainly used for fundamental studies
rather than practical energy-device fabrication.

Each top-down approach shows specific
strengths and limitations. Etched MXenes provide high
conductivity and fast ion transport due to tailored
surface terminations. Liquid-phase exfoliation offers
scalable production but often lacks uniformity.
Mechanical exfoliation yields high crystal quality but is
unsuitable for large-scale use. Several challenges
remain across all top-down methods. Uniform thickness
and consistent lateral size are difficult to achieve.
Defect control requires careful balance, as excessive
defects reduce conductivity and cycle life. Removal of
etchants and surfactants increases cost and
environmental burden. In addition, converting
nanosheets into practical electrodes requires careful
control of film formation, binder interaction, and
electrical contact. Overall, top-down synthesis remains
essential for expanding the use of 2D materials in
energy systems. Etching methods for MXenes, scalable
exfoliation routes, and high-quality mechanical
methods together form a strong materials platform.
Future progress depends on improving uniformity,
reducing defects, increasing vyield, and ensuring
compatibility with device-scale fabrication. Figure 2
illustrates common top-down and bottom-up synthesis
strategies for 2D layered nanostructures.

2.2 Bottom-Up Synthesis Methods

Bottom-up synthesis offers a controlled route
to fabricate atomically thin 2D materials with defined
thickness, crystal quality, and substrate compatibility.
Major bottom-up techniques include chemical vapour
deposition, molecular beam epitaxy, and hydrothermal
or solvothermal synthesis. These methods are
important for energy storage and conversion because
they allow control over composition and interface
quality. Chemical vapour deposition is widely used to
grow large-area 2D films such as MoS2, WSz, and
hexagonal boron nitride. Recent studies focus on
reducing growth temperature, improving film
uniformity, and enabling growth on flexible substrates.
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Low-temperature CVD below 500 °C has shown
promise for producing controlled 2D layers on non-
traditional substrates by careful precursor and seed
selection [28]. Such advances support flexible and
binder-free energy devices. However, high cost,
substrate transfer steps, and contamination remain
barriers for large-scale battery and supercapacitor
electrodes. Industrial-scale CVD with consistent
thickness and reproducibility remains a key
requirement [29]. Molecular beam epitaxy provides
precise atomic-level control and enables layer-by-layer
growth with clean interfaces. This method supports the
formation of high-quality van der Waals
heterostructures [30]. Such precision benefits energy
devices where interface quality affects charge transport
and ion storage. However, high equipment cost, slow
growth rate, and limited substrate size restrict its use
in large-scale energy applications.

Hydrothermal and solvothermal methods use
solution-phase reactions to form 2D nanosheets under
moderate conditions. These routes are suitable for
layered oxides, hydroxides, LDHs, and some TMDs.
They offer low cost, high yield, and scalability. Growth
parameters such as solvent type, temperature, and
reaction time control sheet thickness and morphology
[31]. These nanosheets are easy to process into
electrodes and often show high redox activity.
However, they may suffer from size variation, residual
surfactants, lower conductivity, and limited large-area
uniformity. Each bottom-up method involves trade-offs.
CVD provides high quality but at higher cost. MBE
offers the best control but lacks scalability. Solution-
based methods allow large-scale production but need
post-treatment to improve conductivity and uniformity.
For energy devices, synthesis choice affects electrode
thickness, ion transport, mechanical stability, and
overall cost. From a device perspective, bottom-up
materials must integrate well with current collectors,
binders, and large-scale manufacturing. CVD films
require careful transfer or direct growth on collectors.
Solution-grown sheets must retain layered structure
during coating and compaction. Defect tuning, doping,
and surface modification often start at this synthesis
stage and influence final device performance. In
summary, bottom-up methods form the foundation for
producing 2D materials for energy applications. Their
success depends on balancing quality, scalability, and
cost. Future work should focus on low-temperature
CVD, scalable alternatives to MBE, and high-yield
solution routes with minimal post-processing to close
the gap between material synthesis and device
production.
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2.3 Defect Engineering and
Functionalization

Defect engineering and functionalization play a
key role in improving the performance of 2D materials
beyond graphene. These strategies involve controlled
creation of vacancies, heteroatom substitution, edge
modification, and surface termination. Such changes
alter electronic structure, ion transport, catalytic
activity, and interlayer chemistry. Functionalization
further adjusts surface interaction with electrolytes and
reactants, which supports better device operation.
Vacancy engineering has shown strong impact on
electrochemical behaviour. Studies report that defects
expose active sites, modify band structure, and
improve ion access, which enhances redox kinetics
[32]. In TMDs such as MoS2, chalcogen vacancies
reduce ion diffusion barriers and improve
pseudocapacitive response. Similar effects appear in
oxide and hydroxide nanosheets. Heteroatom doping
and edge modification further tune electronic states,
which is beneficial for reactions such as hydrogen and
oxygen evolution.

Surface termination control is especially
important for MXenes. Termination groups such as -0,

—OH, and —-F influence conductivity, wettability, and
interlayer spacing. Adjusting these groups can improve
reversible ion intercalation and cycling stability. For
example, reducing —F content and increasing -O
termination in TizC2T, has shown improved capacity
and durability. Edge functionalization and atom
anchoring increase active site density and improve
structural stability. Single-atom decoration at vacancy
sites in TMDs enhances catalytic activity and durability
due to improved charge distribution [33].
Functionalization of phosphorene improves alkali-ion
storage and reduces surface oxidation. Controlled
covalent functionalization of graphitic materials also
supports interface tuning for electronic and energy
applications [34]. Figure 3 illustrates controlled
covalent functionalization under microfluidic conditions.
Despite these benefits, defect engineering requires
careful control. High defect density can weaken
structure, reduce conductivity, and shorten cycle life,
as observed in defect-rich carbon electrodes [35].
Doping and functionalization must preserve layered
structure and avoid unwanted phase changes.
Performance depends on defect type, concentration,
and spatial distribution.
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Figure 3. a Schematic drawing of the assembled microfluidic device. b Illustration of the main microfluidic
channel. ¢ Micrograph of the assembled microfluidic device. d Schematic reactions of NBD with KI on a graphitic
surface. e Illustration showing the dendric growth of reactions presented in d (Xia et a/., 2022, Springer Nature, CC
BY 4.0) [33].
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For practical devices, engineered defects must
remain stable during long-term cycling and under
varying temperature and chemical conditions.
Advanced in-situ and operando techniques help track
defect evolution during operation. Overall, defect
engineering and functionalization offer powerful tools
to improve ion transport, conductivity, catalytic activity,
and stability. Future research must focus on scalable

defect control and direct integration into device

architectures.

2.4 Heterostructure Construction
Heterostructure construction combines

different 2D materials into a single system to achieve
functions not possible with individual layers. In energy
storage and conversion, heterostructures improve
charge transport, ion access, electronic alignment, and
mechanical stability. The layered nature of 2D
materials supports van der Waals assembly without
strict lattice matching. Vertical heterostructures involve
stacking different 2D layers. These structures enable
band alignment control and charge separation. In
energy conversion devices, Type-II heterojunctions
improve electron-hole separation, which benefits
photoelectrochemical reactions [36]. In batteries and
supercapacitors, stacking conductive MXenes with
redox-active layers combines high conductivity with
high capacity. Reviews show that MXene-based
heterostructures improve ion diffusion and cycling

stability [37].

Lateral heterostructures connect different 2D
materials within the same plane. These structures offer
sharp interfaces, fast in-plane charge transport, and
high edge-site density. Such features are useful for
flexible devices and microsupercapacitors. Lateral
coupling has shown reduced overpotential and
improved durability in electrocatalysis [38] Van der
Waals assembly methods allow stacking of metals,
semiconductors, and insulators without Iattice
constraints. These assemblies preserve layer integrity
and introduce minimal strain. Built-in electric fields at
interfaces improve charge separation and ion
transport. Reviews highlight improved light absorption
and catalytic activity in such heterostructures [39].
Each heterostructure type has trade-offs. Vertical
stacks offer uniform thickness but may face interlayer
resistance. Lateral structures provide better edge
access but involve complex synthesis. Solution-
assembled heterostructures support scalability but may
need  post-treatment.  Overall, heterostructure
construction enables improved transport, stability, and
multifunctionality in energy devices. Future work must
focus on scalable synthesis, interface control, and clear
links between heterostructure design and device
performance. Figure 4 shows an example of interface
investigation using advanced microscopy. Table 1 list
the important 2D materials and their energy relevant
characteristics.

Table 1. Key Families of 2D Materials and Their Energy-Relevant Characteristics

No 2D Material Typical Synthesis Surface Representative Strenaths Challenaes Reference
Class Method(s) Chemistry Applications 9 9 s
Metallic Oxidation
Ti3C2Tx HF etching of Surface Supercapacitor | conductivity, instability
1 Ti3AIC2 MAX terminations (- | s, Li-ion high volumetric - ! [40]
MXene . . moisture
phase OH, -F, -0) batteries capacitance sensitivity
(417.4 F/g)
Layered . .
. . High specific S
Ti3C2Tx LIF/HCl etching | Structure with | Symmetric | o iance (402 | LOW vield in
2 tunable supercapacitor L traditional [41]
MXene (MILD method) . F/g), conductivity
interlayer S methods
. (210 S/cm)
spacing
Ti3C2Tx with Stability Quality
Ti3C2Tx Hydrothermal oxygen- Energy storage | enhancement,
3 ) - . - control [42]
MXene synthesis containing devices easier
- challenges
groups processability
SnoO Asymmetric Prevents Moderate
4 Ti3C2Tx/SnO One-step nanobarticles suyerca acitor aggregation, energy [43]
composite hydrothermal on M)[zene S P P 29.3 mAh/g at5 | density (26.7
mV/s Wh/kg)
5 Ti3C2Tx Ionic liquid etching | oxygen-rich Sodium-ion Safer synthesis, Lower [44]
MXene (TMATFB) functional batteries 267.5 mAh/g capacity vs
) conventional
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groups after 100 cycles methods
High electrical
Ti3C2Tx . . Layered 2D Li-ion and Na- | conductivity, Environmenta
6 MXene Chemical etching structure ion batteries large surface | instability [43]
area
- Oxidation
Ti3C2Tx Top-down MXene Batteries and Tunable surface under
7 . supercapacitor | chemistry, - [46]
MXene synthesis nanosheets A ambient
S hydrophilicity o
conditions
Operando XAS
. 2D L S Complex
Ti3C2Tx . . . . Sodium-ion insights, -
8 MXene Selective etching carbide/nitride batteries reversible Na+ react|on_ [47]
layers . . mechanisms
intercalation
Lavered Li-ion High theoretical Low intrinsic
Liquid-phase Y batteries, capacity (~670 conductivity,
9 MoS2 o hexagonal . [48]
exfoliation supercapacitor | mAh/g), tunable | volume
structure .
s bandgap expansion
2H and 1T Energy storage E:l:sg;geeg elgfggt Stability
10 | MoS2 CVD, hydrothermal ] ; ! issues during [49]
phases devices interlayer )
. cycling
spacing
. Enhanced
MoS2 Hydrothermal, MoS2 with Li-ion and Na- | conductivity, Complex
11 . metal - - ) synthesis [50]
composites solvothermal - ion batteries improved
oxides/carbon o procedures
stability
MoS2 with Synergistic .
12 r;:gg;%nggt Sol-gel, conducting Supercapacitor | effects, ?oan:er;?c:bilit [51]
P hydrothermal polymers/carbo | s, batteries enhanced comp Y
es . issues
n capacitance
High catalytic
13 | 1T-MoS2 Phase engineering Metallic 1T HER catalysis activity, Phase stability [52]
phase enhanced challenges
conductivity
g ) Doped Asymmetric 449.2 F/g, 30.07 | Doping
14 Al,P-doped One-step nanosheets on | supercapacitor | Wh/kg energy optimization [53]
MoS2 hydrothermal .
carbon cloth s density needed
. . High theoretical Experimental
15 | 3R-MoS2 DFT-based design | Rnompohedral -\ Aluminum-ion o g e A1+ | validation [54]
phase batteries
storage needed
. . Post-lithium Versatile for Rate
16 MoS2 (varlpus Microwave, . Nanostructured batteries (Na, multiple battery capability [55]
morphologies) | electrochemical forms L S
K) chemistries limitations
- . - Lower
17 | ws2 CVD,. Ilqmd Lgyered . !_l-lon and. Na- | Similar to _MoSZ, capacity than [56]
exfoliation dichalcogenide | ion batteries good stability MoS2
. .| Transition . 1.3 eV bandgap, | Limited
18 | WSe2 Z:e:)?fiﬂ:t?grfhemlc metal El;t(:)tg\i/gsltalc, high absorption research vs [57]
diselenide coefficient MoS2
Black Mechanical Puckered tLJr:Ea?r-gtli%gl Air/moisture
19 | Phosphorus s layered Li-ion batteries - instability, [58]
exfoliation capacity (2596 .
(BP) structure degradation
mAh/g)
High carrier
Phosphorene | Liquid exfoliation, | Monolayer/few- | Supercapacitor mob|I|t.y (~1000 | Environmenta
20 (few-layer BP) | CVD layer BP s, batteries cm2/V's), | sensitivity, [59]
Y Y ! anisotropic scalability
properties
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. Flexible 203.25 mF/cm2,
21 FL-BP/ C.CN Fre(_aze _dry|ng, 0D/2D supercapacitor | prevents Comple?( [60]
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Figure 4. a Experimental setup showing the LAO/STO sample and the metal-coated AFM tip. b Real (solid lines)
and imaginary part (dashed lines) of the dielectric functions of STO (blue) and LAO (red). ¢ STO single crystals
were epitaxially covered with LAO. d Simulation of the Au-normalized near-field amplitude spectra. e Simulation of
s2/s2Au at cryogenic temperatures. f Zoom-in of Figure 4d. g Characteristic response with three separate maxima
(Barnett et al., 2025, Springer Nature, CC BY 4.0) [97].
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3. Lithium-Ion and Beyond-Lithium
Batteries
3.1 MXenes as Battery Electrodes

MXenes are a family of two-dimensional
materials with the general formula M,+1X,T,, where M
is a transition metal, X is carbon or nitrogen, and T,
represents surface groups. These materials have
gained strong interest for battery electrodes because

lithium-ion and beyond-lithium batteries, MXenes offer
both fast electron transport and easy ion movement.
This combination is difficult to achieve in many
traditional materials such as graphite, metal oxides, or
transition metal dichalcogenides. A recent review
reports that MXenes and MXene-based composites are
among the most promising candidates for next-
generation rechargeable batteries and discusses their
synthesis, electrode design, and current challenges

they show high electrical conductivity, layered 98
structures, and adjustable surface chemistry. In [98].
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Figure 5. a Schematic diagram of lithium nucleation on MXene TisC.Tx interface. (b) and (c) Red, blue and yellow
regions represent crystalline Li metal, LiF and Li.O nanocrystals, respectively. d Magnified image of boxed regions
in blue from (c). e Atomic-resolution TEM image of the boxed regions from (d), f Lattice mismatch of lithium and
the hexagonal crystal plane of MXene TisCaTx interface. g Adsorption energies of Li atoms (Chen et a/., 2025,
Springer Nature, CC BY 4.0) [103]

7

NanoNEXT 7(1) (2026) 21-84

Page 32 of 84



Vol 7 Iss 1 Year 2026

S. Anupama & D. Senthilkumar /2026

The electrochemical performance of MXene
electrodes mainly depends on their intercalation
behaviour. Unlike graphite, where lithium ions enter
fixed graphitic layers, MXenes allow control of the
interlayer distance through surface groups such as -0,
—OH, and —F, as well as through inserted species. This
feature enables smooth insertion of Li+ and other ions
while maintaining good electrical pathways. For
example, TisC2@TiO2 hybrid electrodes with expanded
interlayers delivered a reversible capacity of about 302
mAh g-1 at 200 mA g-! after 500 cycles. This
performance arises from a mix of intercalation and
surface-driven charge storage [99]. Such results show
that MXenes operate through combined mechanisms,
including intercalation, surface redox reactions, and
pseudocapacitance, which support high power output
with moderate energy density. MXenes also show
strong compatibility with composite electrode designs.
MXene sheets act as conductive frameworks, host
layers, and buffer components for high-capacity
materials such as silicon, tin, and conversion-type
oxides. These roles help reduce volume expansion
during cycling. Studies reviewed in recent literature
show that MXene-based composites prevent sheet
restacking, increase interlayer spacing, and absorb
mechanical strain [100]. In practical electrodes, these
effects improve rate performance, cycle life, and
structural stability.

However, several challenges still limit the
direct use of MXenes in batteries. When used alone,
MXenes usually show lower gravimetric capacity than
silicon or conversion oxides. As a result, composite
approaches become necessary. MXenes also oxidise
easily, especially in air or water, which raises concerns
about long-term stability. This issue has been
highlighted as a key barrier for large-scale use [101].
In addition, layer restacking and limited ion access can
reduce performance, making structural tuning such as
porosity control and interlayer expansion essential.
From a performance point of view, MXene electrodes
often show excellent rate capability and stable cycling,
though their specific capacity remains moderate. For
instance, holey TizCz2-based composites retained about
80% capacity after 2,000 cycles and delivered an
energy density of nearly 110 Wh kg-1 in a lithium-ion
capacitor setup [102]. Although this value is lower than
that of high-energy batteries, it highlights the
advantage of MXenes in fast-charging and high-power
applications.

MXenes are also under study for sodium,
potassium, and multivalent ion batteries. Their
adjustable interlayer spacing and conductive nature

NanoNEXT 7(1) (2026) 21-84

allow them to host larger ions and multivalent species.
Both theoretical and experimental studies suggest that
suitable surface terminations help accommodate these
ions [104]. This adaptability positions MXenes as
versatile electrode platforms for multiple battery
chemistries. Figure 5 presents experimental and
theoretical insights into lithium plating behaviour at
MXene interfaces in MXene-modified graphite
electrodes. In summary, MXenes are among the most
promising two-dimensional materials for battery
electrodes. They offer high conductivity, adjustable
interlayers, and flexible chemistry. Their main strength
lies in high-power and fast-charging systems and in
composite electrode designs. For real-world use, future
work must improve capacity, enhance air stability,
refine composite structures, and evaluate performance
under practical conditions.

3.2 Transition Metal
Batteries

Dichalcogenides in

Transition metal dichalcogenides, such as
MoS2 and WSz, are two-dimensional materials with
layered structures and high theoretical capacities.
These materials consist of metal layers placed between
chalcogen layers, forming van der Waals gaps that
allow ion insertion and tolerate volume changes during
cycling. Recent reviews highlight their potential in
batteries and energy devices due to their tunable
layers and active redox behaviour [105]. An important
feature of TMDs is their phase-dependent
electrochemical behaviour. The 2H phase is
semiconducting, while the 1T phase shows metallic
conductivity. The 1T phase provides higher electrical
conductivity, more active sites, and wider interlayer
spacing, which improves lithium insertion and removal.
For example, stabilised 1T-MoS2 in all-solid-state
lithium-ion batteries showed better rate and cycle
performance than the 2H phase [106]. Studies also
stress that phase conversion or combination with
conductive additives is essential to overcome the low
conductivity of pristine 2H-MoS:2 [107].

TMD electrodes often undergo more complex
reactions than simple intercalation. In MoSz, lithium
first inserts into the layers and later forms Li2S and
metallic Mo through conversion reactions. This process
gives high capacity but also causes large volume
change, which leads to particle damage and capacity
loss. Research on few-layer MoS2 nanosheets showed
improved capacity but also reported restacking and
agglomeration as major issues [108]. To manage these
problems, researchers use nanoscale designs, carbon
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supports, heterostructures, and binder-free electrodes
to control structure and maintain contact. Beyond
lithium-ion batteries, TMDs are also studied for sodium,
potassium, and multivalent ion systems. Their larger
interlayer spacing allows storage of bigger ions. A
recent study on MoSz2, WS2, and MoWS:2 flakes
reported reversible behaviour in sodium- and
potassium-ion batteries, with MoS2 reaching over
1,000 mAh g-1 in sodium-ion cells [109]. These results
confirm the flexibility of TMDs, though long-term
stability remains a concern. Overall, TMDs are versatile
electrode materials with tunable phases, high capacity,
and structural flexibility. To achieve practical battery
performance, further work must focus on phase
control, morphology design, conductive integration,
and long-term cycling under realistic conditions.

3.3 Black Phosphorus for High-Capacity
Anodes

Black phosphorus has attracted renewed
attention as a high-capacity anode due to its very high
theoretical capacity of about 2,596 mAh g-1 in lithium-
ion batteries. Its layered and anisotropic structure
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offers advantages beyond conventional graphite [110].
Black phosphorus stores lithium through both
intercalation and alloying reactions, which leads to high
gravimetric and volumetric capacity. The crystal
structure of black phosphorus consists of puckered
layers with zig-zag and armchair directions. This
structure allows fast ion movement along specific
directions and provides space to reduce mechanical
stress during cycling. Recent studies on black
phosphorus—graphite—carbon  nanotube composites
reported initial capacities near 1,375 mAh g-! and
stable cycling over 450 cycles [111]. These results
show that composite design and conductive networks
greatly improve performance. Despite these
advantages, black phosphorus faces serious stability
issues. During full lithiation, it undergoes volume
expansion of about 300%, which causes cracking, loss
of contact, and fast capacity decay. Advanced studies
using electrochemical atomic force microscopy revealed
surface wrinkling and layer separation during cycling.
Molecular-level studies further identified degradation
pathways under electrochemical and ambient
conditions [112].
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Figure 6. a Lithium polysulfides (LiPSs) adsorbed on black phosphorus (BP). b Binding energies of LiPSs. ¢ the
increase of exposed edge area and the number of flakes by downsizing flake to quantum dots (Xu et al., 2018,
Springer Nature, CC BY 4.0) [113].
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Figure 7. schematic illustration of charge storage mechanisms and structural roles of two-dimensional
materials in rechargeable batteries.

In order to overcome these problems,
researchers focus on protective matrices and interface
engineering. For example, black phosphorus confined
in metal-organic framework glass matrices showed
stable capacity retention of about 98% after 1,000
cycles [114]. Similarly, lithium fluoride-rich interphases
on black phosphorus—carbon composites improved
cycling stability at high current densities [115]. Figure
6 illustrates lithium polysulfide adsorption on black
phosphorus surfaces and the effect of size reduction on
exposed edge area [116]. In conclusion, black
phosphorus offers very high capacity and favourable
ion transport, but severe volume change and interface
instability limit its direct use. Successful application
depends on composite design, stable interphases,
nanoscale control, and scalable synthesis. With these
advances, black phosphorus may become a strong
candidate for future high-energy batteries. Figure 7 is a
schematic illustration of charge storage mechanisms
and structural roles of two-dimensional materials in
rechargeable batteries.

3.4 Sodium-Ion, Potassium-Ion, and Multivalent
Batteries

Beyond-lithium battery systems such as
sodium-, potassium-, and multivalent-ion batteries are

—
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gaining attention due to lower cost, resource
availability, and safety benefits. Two-dimensional
materials are well suited for these systems because of
their layered structures, large surface areas, and
adjustable interlayer spacing. These features help
accommodate larger ions and complex charge storage
processes. In sodium- and potassium-ion batteries, the
larger size of Na*+ and K* ions slows diffusion and
increases mechanical stress. Reviews highlight that 2D
materials help address these issues through easy ion
pathways and flexible structures [117]. MXenes with
expanded interlayers and hydrophilic surfaces improve
sodium-ion transport and cycling stability [118]. Porous
TisC2 MXene anodes showed stable performance at
high current densities in sodium-ion batteries [119].

For potassium-ion batteries, even larger ion
size creates greater strain. Few-layer materials such as
bismuthene and antimonene show good potassium
storage and long cycle life, sometimes exceeding 2,500
cycles [120]. These results stress the importance of
strong mechanical frameworks and conductive
networks. From a commercial view, sodium-ion
batteries are closer to large-scale use due to low cost.
Two-dimensional electrodes can further improve rate
performance and durability. However, challenges
remain in producing high-quality materials at scale and
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maintaining high electrode density. Potassium and
multivalent systems still require major improvements in
cycle life and full-cell stability. Overall, two-dimensional
materials offer a strong path toward sodium-,
potassium-, and multivalent-ion batteries. Through
interlayer tuning, conductive design, and strain
management, these materials can address the limits of
larger ions. Future progress depends on realistic
testing, scalable fabrication, and complete cell
demonstrations.

Evaluation of advanced battery electrodes
must focus on capacity, rate capability, and cycle life,
along with clear links between structure and
performance. High capacity alone is not sufficient
without stable cycling and good rate behaviour. For
example, coated LiCoO2-based full cells have shown
high energy density and strong rate performance under
demanding conditions [121]. In contrast, several
studies caution that many two-dimensional electrodes
show weaker rate performance due to ion transport
limits in dense electrodes. Structure—performance
analysis shows that metallic phases, surface chemistry,
and morphology strongly affect outcomes. Metallic 1T-
MoS2 improves rate capability but still suffers from
volume change. MXenes benefit from conductivity, but
surface terminations and restacking limit accessible
capacity. Black phosphorus shows very high capacity
but struggles with cycle stability. Porosity, ion
pathways, and electronic connectivity must remain
balanced. High surface area alone does not ensure fast
performance if ions or electrons face transport barriers.
Long-term cycle life, especially under high loading and
realistic conditions, is essential for practical use. In
summary, two-dimensional battery electrodes must

achieve balanced improvement in capacity, rate
capability, and durability. Progress depends on
managing volume change, improving transport

pathways, and realistic benchmarking. Continuous
comparison with standard materials is essential for
advancing energy storage technologies.

4. Supercapacitors and Hybrid Energy
Storage

4.1 Pseudocapacitive 2D Materials

In modern supercapacitors, pseudocapacitive
two-dimensional materials have gained strong
attention because they store charge through fast
surface or near-surface redox reactions. These
reactions occur along with high electrical conductivity
and open layered structures. Unlike electrical double-
layer capacitors, which store charge only by ion

NanoNEXT 7(1) (2026) 21-84

adsorption, pseudocapacitive electrodes store charge
through reversible electron transfer linked with surface
reactions or ion insertion. This process increases
energy density while keeping high power output. The
introduction of two-dimensional materials, especially
MXenes with the formula M,+1X,T,, has further
advanced this field. These materials offer metallic or
near-metallic conductivity, adjustable surface groups,
and stacked layers that support both ion movement
and electron flow [122].

Among these materials, TizC2T, MXenes show
very high volumetric capacitance, often above 1,000 F
cm-3 in film form when wused with aqueous
electrolytes. This performance mainly comes from
proton insertion and surface redox reactions linked
with the carbide layers and oxygen-based surface
groups [123]. These values are much higher than
those of conventional carbon electrodes, which
typically show only 100-200 F cm-3. Recent studies
also report TizC2T, combined with polyaniline films
reaching a volumetric capacitance of 2,368 F cm~3 with
stable performance over 10,000 cycles, showing both
high energy storage and long-term durability when
electrode structure is well controlled [124]

Charge storage in pseudocapacitive two-
dimensional systems occurs through a combination of
fast ion insertion into interlayers or edge sites, surface
redox reactions linked with surface groups, and smooth
electron transport across the layered network. This
combined behaviour allows these materials to match
the fast response of double-layer capacitors while
offering higher charge storage. However, this
performance strongly depends on interlayer spacing,
surface chemistry, electrode thickness, and packing
density. When the sheets restack tightly, ion
movement becomes difficult, and the charge storage
shifts towards slower processes. Therefore, studies
highlight the need for structural design methods such
as spacers, vertical alignment, and surface control to
keep redox sites accessible and maintain fast charge—
discharge behaviour [125]

Apart from MXenes, two-dimensional metal
oxides and hydroxides, such as layered double
hydroxides and cobalt or nickel-based oxides, also
show pseudocapacitive behaviour. Their thin structure
and active redox sites improve performance compared
to bulk forms. However, their lower electrical
conductivity often limits rate capability when compared
with metallic two-dimensional materials. Device-level
performance also depends strongly on electrode
design. In practical systems, volumetric and areal
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capacitance values are often more meaningful than
gravimetric values. Thick electrodes with high mass
loading may show good per-gram capacitance but
perform poorly in real devices. Reviews report that
MXene-based  microsupercapacitors can  reach
volumetric energy densities of about 30—40 Wh L-1,
which is higher than activated carbon devices but still
lower than battery systems [126]. In summary,
pseudocapacitive two-dimensional materials, especially
conductive layered systems such as MXenes, form an
important link between high-power supercapacitors
and higher-energy batteries. Their fast and reversible
redox behaviour, along with good conductivity and
layered structure, makes them suitable for next-
generation energy storage. To move toward real
applications, future work must address electrode
structure,  volumetric  performance, large-scale
fabrication, and long-term stability together with
material design.

4.2 Interlayer Engineering for Enhanced
Capacitance

Interlayer engineering has become a key
approach to improve the capacitive performance of
two-dimensional materials used in supercapacitors.
This strategy focuses on adjusting the spacing between
layers, adding conductive spacers, and improving ion
access and electron transport. In pseudocapacitive
materials such as TisC2T, MXenes and layered metal
oxides, the interlayer structure controls both the
number of active redox sites and the speed of ion and
electron movement. A detailed review explains that

widening the interlayer spacing in MXenes directly
improves capacitance by reducing restacking and
creating easier paths for ion transport [127]. One
important study demonstrated this effect by inserting
alkyl-ammonium ions into TizC2T, MXene layers, which
expanded the spacing to about 2.2 nm. When tested in
an ionic liquid electrolyte, the material showed a
specific capacitance of around 257 F g%,
corresponding to nearly 492 F cm~—3, along with better
cycling stability than the unmodified MXene [127]. This
result confirmed that controlled interlayer expansion
supports ion movement even for large ions, while
maintaining good power and durability.

Figure 8 shows a schematic of interlayer
structure engineering in MXene hybrid films. It
highlights the difficulty of inserting large multivalent
ions such as Zn2+* and demonstrates how one-
dimensional spacers widen the gap between MXene
sheets. This design allows fast and reversible ion
insertion and removal [128]. The benefits of interlayer
engineering arise from three main effects. Expanded
spacing shortens ion diffusion paths and reduces
resistance. Spacer molecules prevent layer collapse
and keep internal surfaces open. When conductive
spacers are used, the electronic network remains
continuous even with larger spacing. For example,
MXene films with polyvinyl alcohol nanofibers as
spacers showed increased interlayer distance while
keeping good electrical contact. This design improved
both rate performance and volumetric capacitance
[129]

1D conductive
BC@PPy
nanospacers

Figure 8. Illustration of the proposed interlayer structure engineering of MXene hybrid film: i) an intercalation of
multivalent ions with large ionic radius. ii) Insertion of 1D nanospacers to widen the space between MXene
nanosheets (Cheng et al,, 2021, Wiley Advanced, CC BY 4.0) [128]
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However, interlayer expansion must be
carefully controlled. Too much spacing reduces packing
density and may lower volumetric capacitance.
Insulating spacers can also increase electrical
resistance. Therefore, a balance between ion access,
conductivity, and compact structure is necessary.
Recent reviews highlight that the best performance
occurs when interlayer spacing, surface chemistry, and
electrode composition are optimised together [130]. In
practice, interlayer engineering uses several methods.
These include chemical pre-insertion of ions or
molecules to fix spacing, addition of pillar structures to
maintain separation during cycling, and formation of
hybrid composites with conductive materials such as
graphene or carbon nanotubes. These approaches
often lead to strong improvements in volumetric
capacitance. For example, a pillared MXene composite
reached more than 1,200 F cm-3 in
microsupercapacitor devices, which is much higher
than unmodified MXene films [131]. In conclusion,
interlayer engineering is a powerful structural tool for
improving two-dimensional pseudocapacitive materials.
Careful control of layer spacing, prevention of
restacking, and preservation of electrical pathways
allow higher volumetric energy storage without losing
power or stability. Future studies should focus on
scalable methods for uniform interlayer expansion in
thick electrodes, clear evaluation of packing density
effects, and direct measurement of volumetric energy
density in full-cell devices under practical conditions.

4.3 Asymmetric and Hybrid Supercapacitors

In recent vyears, asymmetric and hybrid
supercapacitors have gained strong importance
because they connect the performance gap between
conventional electric double-layer capacitors and
batteries. Unlike symmetric devices that use the same
material on both electrodes, asymmetric
supercapacitors use different electrode chemistries.
Usually, a high-capacity pseudocapacitive or battery-
type material acts as the positive electrode, while a
fast capacitive material serves as the negative
electrode. This design allows a wider operating
voltage, higher energy density, and good power
delivery. Two-dimensional materials beyond graphene,
such as MXenes, transition metal dichalcogenides, and
functional metal-oxide  nanosheets, suit this
architecture well due to their large surface area,
adjustable layer structure, and fast ion transport.

A clear example is an asymmetric
supercapacitor that used sulfur-doped VSe2 combined
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with carbon nanotubes as the positive electrode and
two-dimensional borocarbonitride as the negative
electrode. This device delivered an areal energy
density of about 36.3 pWh cm-2 and retained nearly
87.2 % of its capacitance after 5,000 cycles [132]. In
this system, the strong pseudocapacitive response of
the sulfur-doped VSez2 worked well with the double-
layer behaviour of the borocarbonitride electrode. This
pairing extended the voltage range and improved
energy storage while maintaining good reversibility.
Another reported system used a binder-free TiszC2T,
MXene and cellulose nanofiber anode with a
polyaniline-coated carbon cloth cathode. This all-solid-
state asymmetric device showed good flexibility and
stable cycling performance [133].

The performance of asymmetric and hybrid
supercapacitors depends on careful control of electrode
material choice, operating voltage, and charge balance
between electrodes. Two-dimensional materials
support fast ion access and smooth electron flow,
which enables high rate capability. However, the
electrolyte and device design must safely support the
wider voltage window without causing side reactions or
electrode damage. Since hybrid systems often combine
a redox-active electrode with a capacitive one, both
electrodes must operate in matching potential ranges
to ensure long-term stability. Well-designed two-
dimensional hybrid devices usually show near-
rectangular cyclic voltammetry curves, low internal
resistance, high coulombic efficiency, and stable
capacitance over thousands of cycles.

Performance comparisons clearly show the
advantage of hybrid designs. A recent review reported
that supercapacitors based on layered two-dimensional
materials achieved energy densities above 40 Wh kg-1
at power densities greater than 1 kW kg-1, while
maintaining more than 80 % capacity after over 10,000
cycles [134]. This balance of high power and high
energy comes from the synergy between two-
dimensional materials and complementary electrode
chemistries. Key design aspects include proper control
of electrode thickness and mass loading to avoid
imbalance, use of materials that resist layer restacking,
and selection of electrolytes that remain stable across
extended voltage ranges. In summary, asymmetric and
hybrid supercapacitors provide an effective route to
exploit the advantages of two-dimensional materials
beyond graphene. Their large surface area, adjustable
layer spacing, and fast charge transport help overcome
the limits of symmetric capacitors. Future studies
should focus on better electrode matching, higher areal
and volumetric energy density, scalable fabrication
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methods, and long-term testing under realistic device
conditions. The combination of advanced two-
dimensional materials with hybrid device designs holds
strong potential for next-generation energy storage
systems that demand both high energy and high
power.

4.4 Flexible and Wearable Energy Storage

The rapid growth of wearable electronics, such
as health monitors, smart fabrics, flexible displays, and
skin-mounted sensors, has created a strong need for
energy storage devices that combine high performance
with flexibility and durability. In this area, two-
dimensional materials beyond graphene play a key role
because of their thin structure, large surface area,
adjustable layer spacing, and good electrical
conductivity. These properties allow the design of
electrodes that bend, stretch, and conform to soft
surfaces without losing performance. Recent studies
show that MXenes, transition metal dichalcogenides,
two-dimensional metal oxides, hydroxides, and
conductive polymer composites can form freestanding
films, fibres, textiles, or surface coatings suitable for
wearable devices. One notable example is a textile-
based supercapacitor formed by coating fabric with a
high loading of TizC2T, MXene. This device delivered
an areal energy density of 0.401 mWh cm-2 at a
power density of 0.248 mW cm-2 using a 6 V stack. It
successfully powered a wireless temperature sensor for
96 minutes while undergoing bending and folding,
which confirmed its suitability for wearable use [135].
Another recent Perspective highlighted MXene-based
wearable supercapacitors for healthcare applications. It
emphasized how metallic conductivity, hydrophilic
nature, mechanical flexibility, and high volumetric
capacitance together make these materials suitable for
smart wearable systems [136].

Device design and material assembly play a
major role in transferring two-dimensional materials
into wearable energy storage. Freestanding films
remove the need for heavy current collectors and help
reduce device thickness. Fibre- and textile-based
electrodes formed from two-dimensional materials
combined with polymers or carbon networks support
twisting, stretching, and close contact with the body. A
recent review described conductive polymer and two-
dimensional material nanocomposites as strong
candidates for flexible supercapacitors. In these
systems, the polymer provides mechanical strength,

while the layered material supports fast charge
transport and ion access [137]. Despite these
advances, maintaining high areal and volumetric
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energy density during repeated mechanical
deformation remains difficult. Challenges include
controlling the interface between layers and the textile
or polymer support, preventing sheet restacking under
strain, and keeping electrolyte access stable during
movement.

Mechanical durability in wearable
supercapacitors is usually assessed by monitoring
capacitance retention during repeated bending,
twisting, or stretching cycles. A recent review
highlighted that, apart from the active material, the
substrate, electrolyte, packaging, and electrical
connections all influence the balance between
performance and durability [138]. The flexible nature
of two-dimensional materials helps reduce stress
mismatch between the electrode and substrate. This
property improves stability by lowering the risk of
cracking or delamination during repeated deformation.
From a performance viewpoint, flexible supercapacitors
based on two-dimensional materials now report areal
capacitances from several hundred millifarads per
square centimetre to values exceeding one farad per
square centimetre. These values are suitable for low-
power wearable electronics. Many devices also show
stable operation over more than 10,000 bending
cycles. Still, further improvement is needed in
increasing areal loading without losing flexibility,
scaling fabrication to large textile areas, developing
safe and washable gel or solid electrolytes, and
reporting volumetric metrics rather than only mass-
based values. Integration of energy storage with
sensing, energy harvesting, and wireless
communication also remains at an early stage.

Figure 9 shows an all-flexible ECG sensing
system powered by a flexible energy harvesting and
storage system. The device records clear ECG signals
and demonstrates on-skin charging of a smartphone
under outdoor light conditions. The system also shows
comparable charging rates for smart devices when
compared with commercial USB sources [140]. In
conclusion, flexible and wearable energy storage
represents a field where two-dimensional materials
beyond graphene show strong advantages. Their
layered structure, high conductivity, and processability
allow the fabrication of electrodes that adapt to
movement while delivering reliable energy storage.
Future work should focus on scalable production of
two-dimensional material-coated textiles, integrated
devices that combine storage and sensing, electrolytes
suitable for daily wear, and deeper understanding of
how mechanical deformation affects long-term
performance.
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Figure 9. A, B Photographs of an all-flexible ECG sensing system powered by our FEHSS. C ECG signal obtained
from the flexible ECG electrodes. D Photograph demonstrating an on-skin FEHSS charging a smartphone. E
Smartwatch (left) and smartphone (right) charging rate using commercial USB (pink) and FEHSS (purple) (Saifi et
al., 2024, Springer Nature, CC BY 4.0) [139].

With continued progress, two-dimensional
materials can support lightweight, flexible, and
autonomous power sources for next-generation

wearable electronics.

5. Electrocatalysis: HER, OER and ORR
5.1 Hydrogen Evolution Reaction (HER)

The hydrogen evolution reaction is a key
process in water splitting for clean hydrogen
production. It remains an important focus because low-
cost and stable catalysts are required for large-scale
use. Two-dimensional materials beyond graphene have
shown strong potential in this field. Their atomic-scale
thickness, large surface area, exposed edge sites, and
adjustable electronic structure support efficient
catalytic activity. These materials act not only as active
catalysts but also as conductive supports and
interfacial layers that improve charge transfer. A recent
review explained the multiple roles of two-dimensional
materials in HER systems and highlighted their
contribution as catalytic layers and electron transport
media [141]. Effective HER catalysis using two-
dimensional materials depends on three closely linked
factors. These include the creation of active sites,

E—
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smooth transport of electrons and ions, and structural
stability during operation. For HER pathways such as
Volmer—Heyrovsky and Volmer-Tafel, the hydrogen
adsorption free energy should be close to zero to
achieve fast reaction rates. Two-dimensional materials
allow this tuning through heteroatom doping, phase
control, surface termination, and defect or edge
formation. For example, MXenes such as TizC2T, show
strong HER activity when doped or surface-modified.
These materials deliver overpotentials close to platinum
catalysts and show Tafel slopes of about 30-40 mV
dec-1 in both acidic and alkaline media [142].

Apart from active site control, the layered
nature of two-dimensional materials supports efficient
electron movement and fast ion diffusion. This feature
is important because poor charge transport can limit
HER performance even when many active sites are
present. As a result, two-dimensional materials often
serve as conductive backbones, charge-transfer layers,
or growth platforms for nanoscale catalysts. In one
study, a MXene sheet reduced interfacial resistance
and improved electron transfer and hydrogen bubble
release compared to conventional carbon supports
[143].

Page 40 of 84



Vol 7 Iss 1 Year 2026

S. Anupama & D. Senthilkumar /2026

(a)

0-
5
< -10
E
g. -20-
(72
$ -30-
(=]
£ -40- — MTC200
£ — MTC100
O -50 —MTC70
6 ' ' ——MTC50
0.4 0.3 0.2 0.1 0.0
Potential (V vs. RHE
(c) ( )
40
» MTC200
351 , mMTC100
30- « MTC70
28] ° MTC50
=20- %
N 4 9 -
g 15‘ el . 3 % ° "‘
i & o, °
10_ :% :0 aeo 00‘ 3
3 ju/ B
0 T T T T T
0 10 20 30 40 50 60
Z'(Q)

—

b)

g 0.231 Unit: mV/dec
(z‘ 0-22' 75
¢ 0211 56
§ 0.20-
-.g 0.19-
s 018] 49
g 0.47] — MTC200
3 ——MTC100
& 0187 51 — MTC70
0.151 ——MTC50
06 08 10 12 14 16
(d) log [ j (mA/ecm?) ]
10
MTC100
'i’i MTC70
© 14 _MTC200
MTC50
-0.23 -0.22 0.21 -0.20

Potential (V vs RHE)

Figure 10. The electrochemical results of MTC hybrids with different CNT ratios (Wei et a/., 2022, Springer Nature,
CC BY 4.0) [145]

Long-term structural stability also plays a
major role in HER performance, especially under harsh
acidic or alkaline conditions and high current operation.
Two-dimensional materials show advantages due to
their thin structure, which lowers stress buildup, and
their stacked layers, which support easy gas release.
Defect and edge engineering also helps prevent
structural damage. A recent study reported that
controlled wrinkle formation in two-dimensional
transition metal dichalcogenide heterostructures
improved HER activity. The induced strain adjusted
hydrogen adsorption energy and reduced the
overpotential to about -0.18 V while improving
durability [144].

Figure 10 shows electrochemical results of
MTC hybrid catalysts with different carbon nanotube
ratios. Polarization curves, Tafel plots, Nyquist plots,
and turnover frequency trends clearly indicate the
influence of conductive additives on HER performance
[145]. In summary, two-dimensional materials have
advanced from early laboratory demonstrations to
functional components of advanced HER systems. Their
thin structure, flexible chemistry, and strong interfacial
properties make them suitable for hydrogen production

—
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using earth-abundant elements. However, further
progress is required to scale synthesis, integrate these
materials into high-current electrolyzers, ensure long-
term durability, and establish common performance
benchmarks. Addressing these issues will support the
transition of two-dimensional HER catalysts from
research studies to commercial hydrogen technologies.

5.2 Oxygen Evolution Reaction (OER)

The oxygen evolution reaction is one of the
most challenging steps in electrochemical energy
conversion systems such as water electrolysis and
metal—air batteries. This reaction involves slow kinetics
and multiple electron transfer steps, which lead to high
energy losses. Two-dimensional materials beyond
graphene offer effective solutions due to their thin
structure, large surface area, tunable electronic
properties, and efficient mass transport. Materials such
as layered double hydroxides, transition metal oxide or
hydroxide nanosheets, and MXenes have gained strong
attention. A recent review showed that reducing bulk
oxides into ultrathin two-dimensional sheets increases
active site exposure and improves adsorption of OER
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intermediates, which lowers overpotential [146]. The
design of two-dimensional OER catalysts focuses on
controlling surface chemistry, defect density, and
interface structure. These factors directly influence the
difficult step of oxygen—oxygen bond formation. For
instance, NiFe layered double hydroxide nanosheets
show much higher OER activity than bulk forms. This
improvement comes from better hydroxide ion access
and lower charge-transfer resistance [147]. MXenes
such as TisC2T, also play an important role as
conductive supports or functional platforms for oxide
and hydroxide catalysts. Their metallic conductivity and
surface terminations help reduce charge-transfer losses
and support stable operation under oxidative
conditions [148].

Studies on reaction mechanisms reveal that
strong interaction between two-dimensional supports
and catalytic species helps adjust the energy of key
intermediates such as O* and OOH*. This adjustment
lowers both overpotential and Tafel slope. An example
is the NiFe204/TisC2 composite, which showed
excellent bifunctional activity. It achieved an
overpotential of 181 mV for OER and 157 mV for HER
at 10 mA cm-2 in both alkaline and acidic
environments [149]. Such performance results from

transport through thin nanosheets, and improved
structural stability at high current density. Performance
comparison across systems highlights the strength of
two-dimensional designs. For example, Cu2S-TisC2T,
MXene heterostructures delivered an overpotential of
250 mV at 25 mA cm-2, a Tafel slope of 61 mV dec-1,
and stable operation after 2,000 cycles [150]. These
results match or exceed many bulk oxide catalysts
under alkaline conditions, showing the benefit of two-
dimensional architectures.

Figure 11 illustrates OER performance in
proton exchange membrane water electrolysis devices.
The data compare polarization behaviour, overpotential
components, and long-term stability for different anode
catalysts. The results confirm reduced resistance and
improved durability for two-dimensional material-based
electrodes [152]. Despite clear progress, challenges
remain for two-dimensional OER catalysts. High active
material loading often leads to layer restacking, which
restricts ion transport and increases resistance. The
strong oxidative environment also demands high
corrosion resistance, which requires surface protection
or stable heterostructure design. In addition,
translating excellent laboratory results into large-area
electrolyzers with high current density and long service

expanded catalyst—support interfaces, fast ion life remains difficult.
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Springer Nature, CC BY 4.0) [151].
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Uniform testing standards and detailed
reporting of mass activity, stability, and full-cell
performance are still needed. In conclusion, two-
dimensional materials have introduced new possibilities
in OER electrocatalysis by combining catalytic activity,
electrical conductivity, and mechanical stability. Their
layered structure and tunable surfaces support low
overpotential and fast reaction kinetics. Future
progress depends on scalable fabrication, deeper
understanding of active site changes during operation,
and successful integration into practical electrolyzer
systems. These efforts are essential for developing
efficient and  sustainable energy  conversion
technologies based on hydrogen and oxygen reactions.

5.3 Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction is one of the
slowest and most complex reactions in electrochemical
energy systems. It plays a key role in fuel cells, metal-
air batteries, and related clean energy technologies.
Two-dimensional materials beyond graphene are now
widely studied as ORR electrocatalysts. Their atomic-
level thickness exposes a large number of active sites
and allows control over electronic structure. These
features support their use in well-designed electrode
structures. Recent studies report that materials such as
transition-metal-doped  carbons,  two-dimensional
metal-organic frameworks, layered transition metal
dichalcogenides, and MXene-based derivatives show
strong ORR activity. Several systems approach or even
exceed the performance of conventional Pt/C catalysts.
A theoretical study on conductive two-dimensional
MOFs reported a low ORR overpotential of about 0.20
V for a four-electron pathway in RhN202-HTC,
highlighting the promise of two-dimensional catalysts
for selective ORR [153].

Effective  ORR catalysis requires both high
intrinsic activity and stable mass transport. Catalytic
activity depends strongly on the adsorption strength of
ORR intermediates such as OOH*, O*, and OH*.
Proper tuning of these adsorption energies supports
the preferred four-electron pathway and suppresses
the undesired hydrogen peroxide route. Two-
dimensional materials allow such tuning through
heteroatom doping, defect introduction, phase control,
and heterostructure formation. These approaches
adjust the local electronic environment and improve
reaction kinetics. A detailed review on two-dimensional
transition metal dichalcogenides reported that defect
control and phase engineering reduce ORR
overpotential and improve durability in alkaline media
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[154]. From a transport viewpoint, ultrathin sheets
shorten electron and ion diffusion paths. When
combined with conductive frameworks such as
graphene, carbon nanotubes, or metallic MXenes,
these systems show higher current density and stable
operation at high rates.

Several two-dimensional ORR catalysts have
shown strong performance in practical testing. Many
systems display half-wave potentials close to or higher
than commercial Pt/C catalysts in alkaline electrolyte.
For example, a layered two-dimensional MOF achieved
a half-wave potential of 0.83 V with an electron
transfer number close to four in a zinc—air battery
cathode. This performance exceeded that of 20 wt%
Pt/C tested under the same conditions, which showed
a half-wave potential of 0.78 V [155]. These results
confirm that controlled structure and chemistry in two-
dimensional materials directly improve ORR efficiency.

Despite clear progress, important limitations
remain. Most two-dimensional ORR catalysts are tested
using rotating disk electrode methods at low current
density. Their behaviour in full fuel cells or metal—air
batteries remains limited. Stability under acidic
conditions is also weaker for many non-noble two-
dimensional materials when compared with platinum-
based catalysts, especially in proton exchange
membrane systems. In addition, comparison across

studies is difficult due to differences in testing
methods, electrode loading, and mass transport
conditions. Large-scale synthesis and long-term

durability of defect-rich or heterostructured two-
dimensional catalysts also require further improvement
before commercial use. In conclusion, two-dimensional
materials offer a flexible and powerful platform for ORR
catalysis. Their adjustable surface chemistry, thin
transport pathways, and strong catalytic metrics
challenge the dominance of precious metals. Future
studies should focus on device-level testing, long-term
operation under realistic conditions, and unified
reporting standards. Progress will depend on
combining material design, in situ characterisation,
theoretical insight, and scalable fabrication to enable
practical ORR systems based on two-dimensional
catalysts.

5.4 Bifunctional and Trifunctional Catalysts

Modern energy systems require
electrocatalysts that can support more than one
reaction. Bifunctional catalysts support both hydrogen
evolution and oxygen evolution, while trifunctional
catalysts also enable oxygen reduction. Two-

Page 43 of 84



Vol 7 Iss 1 Year 2026

S. Anupama & D. Senthilkumar /2026

dimensional materials beyond graphene have emerged
as strong candidates for such multifunctional catalysis.
Their large surface area, high defect density,
adjustable electronic structure, and easy hybrid
formation allow activity across different reactions.
These features support their use in overall water
splitting and rechargeable metal—air batteries. A recent
review highlighted that two-dimensional materials
provide an ideal platform for multifunctional
electrocatalysis due to their structural and chemical
flexibility [156].

Multifunctional performance depends on
careful control of active sites and interfaces. Each
reaction has different requirements. Oxygen evolution
needs strong binding of oxygen intermediates under
high potential, while hydrogen evolution prefers near-
zero hydrogen adsorption energy. A single catalyst
must balance these demands. Two-dimensional
materials such as transition metal dichalcogenides,
layered double hydroxides, MXene derivatives, and
two-dimensional MOFs offer wide chemical diversity to

tune surface properties. One example is a hybrid
catalyst composed of WS2 nanosheets embedded in a
UiO0-66 MOF framework. This system achieved low
overpotentials of about 121 mV for hydrogen evolution
and 220 mV for oxygen evolution at 10 mA cm-2,
showing effective bifunctional activity [157].

Trifunctional catalysis places even higher
demands on material design. A single electrode must
support hydrogen evolution, oxygen evolution, and
oxygen reduction. This requirement demands balanced
surface chemistry, strong conductivity, and stable
morphology. MXene-derived heterostructures offer a
useful solution. Conductive carbide layers enable fast
electron flow, while surface-attached metal oxides or
hydroxides provide oxygen evolution sites. Nearby
heteroatom-doped carbon regions support oxygen
reduction. Such integrated systems allow one electrode
to operate under both anodic and cathodic conditions.
A recent study discussed future directions for two-
dimensional bifunctional materials and outlined design
principles for full water-splitting systems [158].
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Figure 12 illustrates how tailored two-
dimensional materials support real electrocatalytic
applications through adapted surface and structural
properties [159]. Despite strong progress, challenges
remain. Most multifunctional two-dimensional catalysts
are tested in half-cell setups. Real devices require high
current density, large electrode area, and long
operating time. Achieving high activity for multiple
reactions in one material often leads to trade-offs in
binding strength and stability. As a result, composite
and heterostructure designs dominate, but these
increase system complexity and may affect scalability.
Long-term stability under cycling, extreme pH, and
mechanical stress also remains a major concern. Thin
two-dimensional sheets may collapse or detach without
proper structural support. In conclusion, bifunctional
and trifunctional catalysts based on two-dimensional
materials represent a key direction for integrated
energy conversion. Their adjustable chemistry, high
conductivity, and flexible structure support multiple
reactions in a single platform. Future success depends
on scalable  synthesis, deeper mechanistic
understanding during multi-reaction operation, and
integration into real devices. Strong coordination
between material science, diagnostics, and engineering
will be essential to realise multifunctional two-
dimensional catalysts for practical energy systems.

5.5 Electrocatalyst
Degradation

Stability and

The long-term use of two-dimensional
electrocatalysts depends strongly on their stability
during operation. In real devices, catalysts face harsh
conditions such as high current density, changing
potential, corrosive electrolyte, gas evolution, and
repeated cycling. These conditions accelerate
degradation through dissolution, surface passivation,
structural change, and loss of electrical contact. Two-
dimensional materials are especially sensitive because
of their thin layers, large exposed surface, and high
defect density. While these features enhance activity,
they also increase susceptibility to chemical attack and
mechanical damage. A recent review on oxygen
evolution catalysts reported that performance loss
often arises from surface and structural degradation
rather than thermodynamic limits alone [160]. One
major degradation pathway involves dissolution or
leaching of active metal sites. Under operating
conditions, metals in layered double hydroxides,
transition metal dichalcogenides, or MXene-derived
oxides may oxidise and dissolve into the electrolyte. In
NiFe layered double hydroxides, active hydroxide
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phases may convert into less active oxides, which
increases overpotential during cycling. Operando
techniques such as X-ray absorption spectroscopy and
synchrotron X-ray diffraction reveal changes such as
amorphisation, phase separation, and nanosheet
delamination during operation [161]. For two-
dimensional materials, the high exposure of edges and
basal planes further increases vulnerability, making
surface stabilisation essential.

Loss of electronic connectivity is another
important  degradation mechanism. Many two-
dimensional catalysts rely on thin films or aligned
nanosheet networks. Mechanical stress from gas
bubble release, volume change during redox cycling, or
repeated loading can cause cracking, delamination, or
sheet restacking. These effects increase charge-
transfer resistance and reduce active surface area. A
study on platinum-based fuel cell electrodes showed
that loss of electrochemical surface area due to
support corrosion caused major activity decline. Similar
effects are now observed in two-dimensional catalyst
systems when conductive networks collapse [162]. The
use of spacers, flexible binders, or encapsulation layers
can improve stability but may reduce access to active
sites. Gas bubbles and electrolyte corrosion also affect
durability. Gas bubbles can stick to thin nanosheets
and apply local stress, which promotes layer
detachment and surface damage. Thin two-
dimensional layers lack the mechanical support of bulk
materials and therefore suffer faster fatigue. In proton
exchange membrane fuel cells, prolonged high-current
operation caused micro-crack formation and pinholes in
catalyst layers, showing that mechanical stability is as
important as chemical stability [163]. For two-
dimensional catalysts, strong adhesion to the support,
controlled bubble release, and hierarchical structures
help reduce damage.

Improving stability requires a combined
strategy. Stable compositions and surface terminations
must resist corrosion. Conductive networks must
remain intact through mechanical support and binder
design. Gas-induced stress must reduce through
surface engineering and porosity control. Operando
diagnostic tools are essential to track structural and
chemical changes during operation. A recent stability-
focused review recommended accelerated durability
tests that reflect real operating stress and standard
reporting of performance decay over long time scales
[164]. In summary, two-dimensional materials offer
high activity and flexible design for electrocatalysis, but
long-term durability remains a key challenge. Industrial
use demands strong control over degradation
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pathways through combined chemical, mechanical, and
interfacial engineering. Future research should focus
on scalable stabilisation methods, standard durability
testing under realistic conditions, and deeper
understanding of how structure and surface chemistry
affect long-term performance. Addressing these factors
is essential for  deploying two-dimensional
electrocatalysts in practical and sustainable energy
technologies.

6. Photocatalysis and Photo

electrochemistry

6.1 2D Semiconductors for Solar Energy
Conversion

Two-dimensional semiconductors provide a
strong platform for solar energy conversion. Their
atomic thickness allows efficient light absorption and
fast charge movement. These materials support
exciton separation and effective interface control. Their
bandgap can be tuned by changing thickness or
stacking order. They also show strong interaction with
light and offer a large surface area. These features
make them suitable for advanced solar devices. In
recent years, materials such as transition metal

dichalcogenides, black phosphorus, graphitic carbon
nitride, MXenes, and two-dimensional perovskites have
gained attention. They are used in photovoltaic cells,
photoelectrochemical systems, and tandem devices. A
recent review discussed how ultrathin materials
improve solar conversion by linking structure,
properties, and function in perovskites, TMDs, and
MXenes [165].

In photovoltaic applications, two-dimensional
semiconductors serve multiple roles. They act as light
absorbers, charge transport layers, and interface
modifiers. Monolayer TMDs such as MoS2, WSz, and
WSe2 show direct bandgaps in the visible to near-
infrared range. These properties support flexible and
ultrathin solar cells. High exciton binding energy
remains a challenge, as it affects charge separation.
Even so, device models using TMD absorbers and
spacer-based superlattices predict efficiencies above
10% under ideal conditions [166]. In perovskite solar
cells, two-dimensional materials reduce surface defects
and improve energy alignment. They also increase
resistance to moisture and oxygen. A recent study
reported that large-area perovskite modules retained
stable performance during long-term outdoor operation
when two-dimensional layers were added [167].
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Figure 13 shows the effect of a MoS2 buffer
layer on perovskite solar cell stability. The results
compare power conversion efficiency, open-circuit
voltage, short-circuit current, and fill factor for devices
with and without the buffer layer [169] Two-
dimensional semiconductors also play an important role
in  photoelectrochemical applications. Their thin
structure supports quick charge separation and short
transport paths. Strong light absorption leads to high
carrier generation. A detailed review on PEC water
splitting explained that two-dimensional sheets act not
only as absorbers but also as protective layers and
charge transfer bridges. They also form efficient
heterojunctions that improve both activity and
durability [170] these roles show that two-dimensional
semiconductors go beyond traditional bulk materials by
combining light capture, charge transport, and catalytic
support in a single thin layer.

Despite progress, several design challenges
remain. The thin nature of two-dimensional
semiconductors limits total light absorption. This issue
requires light-trapping designs, plasmonic support, or
stacked heterostructures. For example, TMDC-based
superlattice structures with spacers improved internal
light scattering and achieved simulated efficiencies of
about 12.9% [171] High exciton binding energy also
restricts free carrier generation. This problem demands
careful heterojunction design, doping, and built-in
electric fields. Device integration remains another
concern. Large-area fabrication, interface stability, and
process compatibility need further work. Studies on
two-dimensional perovskite hybrid devices showed that
inserting thin layers reduced ion migration and
improved moisture resistance, leading to longer device
lifetime [172]. In summary, two-dimensional
semiconductors show rapid progress in solar energy
conversion. Precise  control over thickness,
composition, and interfaces supports high device
performance. These materials offer strong potential for
next-generation solar cells and solar fuel systems.
Future work should focus on scalable synthesis, stable
device integration, better light absorption methods,
and long-term testing under real conditions. These
efforts will help expand their use in flexible, wearable,
and large-area renewable energy technologies.

6.2 Z-Scheme and Heterostructure Photo
catalysts

Two-dimensional materials have become
important in Z-scheme and  heterostructure
photocatalysis. These systems help overcome the limits
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of single-component photocatalysts. They improve light
absorption, charge separation, and redox strength at
the same time. The thin structure, large surface area,
and tunable band structure of two-dimensional
materials support strong interface formation. A recent
review highlighted that 2D/2D heterojunctions are
widely used because van der Waals contact improves
electric field formation and reduces resistance at the
interface [173]. The Z-scheme mechanism allows
electrons to remain in one material and holes in
another. This design preserves strong reduction and
oxidation ability. In two-dimensional systems, this
approach is highly effective. A narrow bandgap
material absorbs visible light, while a wide bandgap
partner supports oxidation. Their layered contact
enables direct charge transfer without mediators. A
theoretical study on a GeC/BSe heterostructure
confirmed stable Z-scheme alignment suitable for
water splitting [174] such studies show how two-
dimensional heterostructures combine strong light
absorption with suitable redox potential.

In experiments, 2D Z-scheme systems show
improved hydrogen evolution, oxygen evolution,
pollutant removal, and carbon dioxide reduction. A
review covering more than 3000 studies reported
better charge separation and higher visible-light use
compared to bulk systems [175]. The improvement
comes from better interface contact and shorter carrier
paths. A WOs3/g-CsN4 Z-scheme heterostructure
showed enhanced degradation and nitrogen fixation
due to efficient charge separation and extended
interface area [176]. Successful Z-scheme design
depends on several factors. Proper band alignment is
required to guide electron flow. A strong internal
electric field helps reduce recombination. Adequate
light absorption must be maintained while limiting
carrier loss. Stability under light and water exposure
remains critical. Many two-dimensional assemblies face
structural degradation during long-term operation.

Figure 14 illustrates photoluminescence and
absorption behaviour in WSe2/MoS2 heterostructures,
along with charge transfer and exciton behaviour under
light excitation [177] despite progress, challenges
remain. Many systems perform well only under
laboratory conditions. Long-term unassisted water
splitting is still rare. Structural restacking and corrosion
reduce durability in water. Large-scale synthesis with
uniform interfaces remains difficult. Inconsistent
testing methods also limit comparison across studies.
In conclusion, Z-scheme photocatalysts based on two-
dimensional materials offer strong potential for solar
energy conversion.
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Figure 14. Photoluminescence and absorption from WSe2/MoS2 hetero-bilayers. (A) PL spectra. (B) Normalized
PL (solid lines) and absorbance (dashed lines) spectra. (C) Band diagram of WSe2/MoS: hetero-bilayer under photo
excitation. (D) An atomistic illustration of the heterostructure of single-layer WSe>/single-layer MoS:. (E)
Normalized PL spectra (Fang et al., 2014, PNAS, CC BY 4.0) [177]

Their thin structure and tailored interfaces
support efficient charge flow and redox reactions.
Future research must focus on stable device operation,
scalable fabrication, and standard performance
evaluation. These efforts will support their role in
advanced solar fuel technologies

6.3 Photo electrochemical Cells

Two-dimensional materials are reshaping
photoelectrochemical cell design. In these systems,
sunlight drives chemical reactions such as water
splitting. Effective PEC operation needs strong light
absorption, charge separation, and surface catalysis.
Two-dimensional materials support all these processes
together. A recent review highlighted their roles as
absorbers, transport layers, catalysts, and protective
coatings in PEC water splitting [178]. Photo electrodes
based on two-dimensional materials benefit from thin
geometry and tunable band structure. Few-layer TMDs
and black phosphorus absorb visible light efficiently
and allow fast carrier extraction. Conductive materials
such as MXenes and graphene improve electron
transport. A study showed that combining graphene or
carbon nanotubes with g-C3sN4 increased photocurrent
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and carrier lifetime [179]. Two-dimensional materials
also improve interface quality. They reduce surface
recombination and support catalytic reactions. They act
as protective layers against corrosion. In one study, an
MXene-derived Ti-rich layer on a-Fe20s nanorods
reduced charge recombination and improved electron
transport. The modified electrode showed seven times
higher PEC performance than the pristine sample.
Transient absorption studies confirmed longer hole
lifetime and improved charge separation [180] These
results show how two-dimensional materials solve key
PEC limitations.

However, challenges remain for commercial
use. Large-area fabrication with uniform quality is
difficult. Many devices still rely on sacrificial agents and
half-cell setups. A review on tandem PEC cells reported
that stable solar-to-hydrogen efficiency above 10% for
long durations is still uncommon [180]. Stability under
sunlight and corrosive environments also needs more
study. Delamination and oxidation of thin layers reduce
lifetime. Reporting standards also vary, which limits
comparison. In conclusion, PEC cells provide a strong
platform for two-dimensional materials in solar fuel
production. Their unique properties improve light
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capture, charge transport, and surface reactions.
Future work must focus on device-level development,
large-scale fabrication, stable interfaces, and long-term
testing. With these advances, two-dimensional
material-based PEC systems can become efficient and
reliable solutions for solar energy conversion.

7. Emerging Applications and Cross-
Cutting Themes

7.1 CO2 Reduction
Photosynthesis

and Artificial

Reducing carbon dioxide into useful fuels
through photocatalytic and photoelectrochemical
routes is central to sustainable energy cycles. This
approach, often called artificial photosynthesis, aims to
close the carbon loop using sunlight. Two-dimensional
materials beyond graphene have gained strong
attention in this field. Their large surface area,
adjustable band structure, quantum confinement
effects, and efficient charge transport support
improved CO2 conversion. These properties help
overcome common limits of bulk catalysts, such as
weak light use, slow surface reactions, and poor
selectivity toward multi-electron products. A recent
review reported that two-dimensional transition metal
dichalcogenides, layered perovskites, and MXene-based
materials help link light absorption, charge separation,
and product selectivity in CO2 photoreduction systems
[181].

Effective CO2 reduction depends on three
connected steps. These include strong light absorption,
fast movement of photocharges to active sites, and
surface reactions that favour CO2 conversion over
unwanted reactions like hydrogen evolution. Two-
dimensional materials support all three steps.
Monolayer TMDs such as MoSz2 and WS2 show direct
bandgaps, which improve light absorption and carrier
lifetime. Their thin layers shorten the distance that
charges must travel to reach reactive sites. Two-
dimensional perovskites and layered MOF systems also
act as light absorbers and stable platforms for CO:2
binding. These materials help anchor co-catalysts,
stabilise reaction intermediates, and guide selective
product formation. Recent studies show progress
through advanced catalyst design. One example
reported a surfactant-free palladium nanosheet placed
on graphitic carbon nitride. This 2D/2D structure
showed higher selectivity for CO and methane under
visible light compared to surfactant-covered systems.
The clean interface improved charge transfer and
maximised contact area between layers [182]. Such
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planar interfaces are now common in artificial
photosynthesis research. They allow fast charge
injection and better control over surface chemistry.
These features are important for managing multi-
electron and multi-proton reactions that form fuels
such as CO, CH4, methanol, or ethylene.

Despite progress, major challenges remain.
CO2 reduction competes strongly with hydrogen
evolution in water-based systems. Both reactions occur
at similar potentials, which reduces product selectivity.
A review highlighted low selectivity as a key limitation
in CO2 conversion [182]. Even with improved light
capture and charge transport, surface chemistry must
still control CO2 adsorption, weaken C=0 bonds,
suppress hydrogen formation, and stabilise multi-
carbon products. Many studies also rely on small-scale
tests using sacrificial agents rather than full water—CO2
systems under sunlight. Stability is another concern, as
thin materials can degrade, peel, or corrode during
long operation.

Figure 15 presents photocatalytic and
electrochemical results for gersiloxene-based systems,
including hydrogen and carbon monoxide evolution,
photostability, impedance behaviour, and transient
photocurrent response [183]. In summary, two-
dimensional materials offer strong potential for CO:
reduction and artificial photosynthesis. Their ability to
combine light absorption, fast charge movement, and
tuned surface chemistry supports efficient solar fuel
generation. Future work should focus on scalable
material growth, full-device operation without bias,
realistic solar testing, and long-term durability. Strong
links between material design, reaction mechanism,
and system performance will be essential to move this
technology toward practical use.

7.2 Nitrogen Reduction Reaction (NRR)

Electrochemical nitrogen reduction provides a
promising route for ammonia production under
ambient conditions. This method offers an energy-
saving alternative to the Haber—Bosch process. Two-
dimensional materials beyond graphene, such as
TMDs, MXenes, metal-organic frameworks, and carbon
nitride nanosheets, have shown strong potential for
this reaction. Their thin structure shortens charge
transport paths and exposes more active sites.
Adjustable surface chemistry also supports nitrogen
adsorption and activation. A detailed review reported
that control of active sites, suppression of hydrogen
evolution, and stronger nitrogen binding are key
challenges in two-dimensional NRR systems [184].
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Figure 15. Photocatalytic performance and electrochemical characterization. a, b Time-dependent photocatalytic
hydrogen evolution (a) and HERs (b) of gersiloxenes, GeH and Si6H3(OH)3. ¢ Photostability for H2 production. d,
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In these systems, nitrogen adsorption,
intermediate stabilisation, and hydrogen suppression
must occur together. Two-dimensional carbon nitride
sheets are effective supports for single-atom catalysts.
Their planar structure allows precise control over
electronic properties and isolated metal centres. A
recent machine-learning study developed a descriptor
that links metal properties and carbon-to-nitrogen
ratio. This approach guided the design of catalysts with
very low energy barriers for nitrogen reduction [185].
TMD nanosheets such as MoS2 also show improved
ammonia selectivity when combined with g-CsN4. The
engineered interface improves charge flow and favours

nitrogen-related  intermediates  over  hydrogen
adsorption [186].

Heterostructure design  further improves
performance. A MoS2/g-C3Na face-to-face

—
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heterojunction showed higher ammonia yield and
Faradaic efficiency. The interface promoted fast
electron transfer and reduced hydrogen evolution by
stabilising nitrogen intermediates on Mo edge sites
[187]. MXene-based materials also show promise.
Studies revealed that hydroxyl-terminated MXenes
enhance nitrogen reduction more effectively than
fluorine-terminated ones. This finding highlights the
importance of surface termination in two-dimensional
catalysts [188]. Comparative analysis across studies
shows clear trends. Catalyst performance depends
strongly on defect density, atom dispersion, and
interface structure. Adjusting these parameters directly
affects ammonia yield and efficiency.

However, practical challenges remain.
Hydrogen evolution still dominates in agueous systems,
often limiting ammonia efficiency to below 30%.
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Proton control and selective nitrogen adsorption remain
difficult. Many catalysts show good performance only in
half-cell tests or with additives. Long-term stability
under continuous operation is rarely demonstrated.
Atomically thin materials may degrade under harsh
electrolytes. Standard testing methods and accurate
ammonia detection are also lacking. Large-scale
synthesis with controlled defects remains difficult. In
conclusion, two-dimensional materials provide a strong
platform for nitrogen reduction. They allow precise
control over active sites and charge transport. Future
progress requires scalable synthesis, stable device
operation, and reliable benchmarking. With these
advances, two-dimensional catalysts can support
sustainable ammonia production.

7.3 Thermal Energy Harvesting and
Thermoelectrics
Thermal energy harvesting through

thermoelectric conversion has gained renewed interest
with the rise of two-dimensional materials. These
materials help address the long-standing trade-off
between electrical conductivity, thermal conductivity,
and Seebeck coefficient. Two-dimensional
chalcogenides, conductive MOFs, and van der Waals
heterostructures show clear advantages. Their thin
geometry reduces heat transport, while lateral size
supports charge flow. Band structure tuning also
improves carrier movement. A recent review
highlighted the importance of morphology control,
doping, and hybrid structures for improving
thermoelectric performance [189]. In two-dimensional
systems, low thermal conductivity arises from strong
phonon scattering at boundaries and interfaces. At the
same time, charge transport remains effective along
the plane. For example, two-dimensional SnSe alloys
prepared through electric-current-assisted sintering
showed improved room-temperature performance
[190]. Other studies reported that anisotropic phonon
transport in layered materials helps reduce heat flow,
which improves thermoelectric efficiency [191].
Heterostructure design plays a key role in further
improvement.  Stacking different two-dimensional
layers enhances phonon scattering while preserving
electrical pathways. A study showed that MXene-
modified Bi2Tes modules achieved higher efficiency for
waste heat recovery [192]. Conductive MOFs also show
promise due to their low thermal conductivity and
adjustable electrical properties [193].

Figure 16 illustrates the design and fabrication of
flexible thermoelectric generators using Bi2Tes-based
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legs and soft interfaces, including large-area devices
compatible with human skin [194]. Despite progress,
challenges remain. Most two-dimensional
thermoelectric materials are still produced at laboratory
scale. Scaling to large-area, uniform films is difficult.
Introducing defects reduces heat flow but can harm
charge transport. Stability under repeated heating and
bending also needs attention. Standard device-level
testing methods are still evolving. In summary, two-
dimensional materials are reshaping thermoelectric
energy harvesting. Their tunable electronic and thermal
properties support next-generation devices. Future
work should focus on scalable manufacturing, stable
module design, and real-world testing to support waste
heat recovery applications.

7.4 Integration with Device Architectures

The practical use of two-dimensional materials
depends on successful device integration. While many
studies focus on material properties, real applications
require integration with substrates, interfaces,
packaging, and system components. Recent reviews
emphasise that although two-dimensional materials
offer large surface area and flexibility, challenges such
as adhesion, strain, and reliability remain [195]. In
micro-energy devices, two-dimensional materials
support compact design. Thin electrodes shorten ion
paths and increase capacitance. Printing methods such
as inkjet and laser writing allow direct fabrication on
silicon or flexible substrates. MXenes and TMDs have
been used to build micro-supercapacitors with high
areal capacitance. Interface quality between electrode
and current collector remains critical. A review on
flexible electronics highlighted that while thin materials
support bending, processing steps often reduce
durability [196].

Wearable systems also benefit from two-
dimensional materials. MXene films laminated onto
textiles maintain performance under bending and
stretching. Reviews report that energy storage,
sensing, and communication can be combined on a
single flexible platform using two-dimensional materials
[197]. Device integration involves careful design of
electrodes, electrolytes, packaging, and electronic
connections. Additive manufacturing offers new
opportunities.  Printable  inks  containing  two-
dimensional sheets allow fabrication of complex three-
dimensional structures. These include interdigitated
energy devices and hybrid modules. However,
challenges include nanosheet alignment, dispersion
control, and stress management.
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Despite advances, integration challenges
remain. Large-area film transfer often leads to wrinkles
or contamination. Contact resistance limits charge flow.
Mechanical fatigue under repeated bending is rarely
tested. Thermal mismatch and environmental stability
also need attention. Scaling from prototypes to roll-to-
roll production remains difficult. Figure 17 shows
examples of two-dimensional monolayers and their role
in flexible smart systems, including wireless
communication applications [198]. In conclusion,
device integration is key for translating two-
dimensional materials into real technologies. Progress
requires improved interface control, mechanical
reliability, and scalable manufacturing. Addressing
these issues will help bring two-dimensional materials
from laboratory research to practical energy systems.

8. Characterization Techniques and
Computational Insights

8.1 Advanced Structural Characterization

The rapid growth of two-dimensional materials
beyond graphene has increased the need for advanced
characterization methods. These techniques help to
study atomic structure, defects, interfaces, and
changes during operation. Modern tools such as
aberration-corrected transmission electron microscopy
(AC-TEM), aberration-corrected scanning transmission
electron microscopy (AC-STEM), synchrotron-based X-
ray methods, and scanning probe techniques now
provide very high spatial resolution. Many of these
methods also operate under in-situ or operando
conditions. A focused review on two-dimensional
materials reported that AC-STEM allows direct
observation of atomic vacancies, dopants, edge
structures, stacking faults, and heterointerfaces in
monolayer and few-layer systems. The same study
noted challenges related to sample preparation, beam
damage, and interpretation of strain and defect
contrast [199].

Atomic-scale characterization plays a central
role in linking structure with material performance. AC-
STEM imaging can resolve features below one
angstrom and map lattice distortion, stacking angle,
atomic occupancy, and interface disorder. These
parameters strongly influence electronic, optical, and
catalytic properties. In transition metal dichalcogenides
and MXenes, defects such as metal or chalcogen
vacancies, antisite defects, and intercalated species
affect electron transport, active site density, and
mechanical stability. AC-STEM combined with electron
energy loss spectroscopy enables simultaneous spatial
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and chemical mapping of these defects. A wide-ranging
review explained how microscopy, spectroscopy, and
machine learning now work together to improve
atomic-level understanding of two-dimensional
materials [200].

Synchrotron-based X-ray techniques provide
information that local imaging alone cannot capture.
Operando and in-situ X-ray absorption spectroscopy
and X-ray diffraction help track oxidation states,
coordination changes, and lattice variation during real
operation. These tools are especially important for
energy materials under electrochemical cycling or
thermal stress. A recent review highlighted that
improved operando cell designs now allow direct
observation of structural evolution and interface
changes in photoelectrochemical and battery systems
[201]. For layered two-dimensional materials such as
MXenes and transition metal dichalcogenides, these
techniques help monitor interlayer spacing, surface
termination chemistry, and defect formation during
operation. Scanning probe techniques further
complement electron and X-ray methods. Advanced
atomic force microscopy modes now measure not only
surface morphology but also mechanical, electrical,
optical, and magnetic properties at the nanoscale. A
review described how these methods reveal local
variations in stiffness, charge transport, work function,
and response to strain across two-dimensional sheets
[202]. Such insights are critical for flexible and
wearable energy devices, where mechanical
deformation can strongly affect material integrity and
performance.

Despite major progress, several challenges
remain. Preparing clean and damage-free samples for
AC-STEM is difficult, especially for beam-sensitive and
ultrathin materials. Oxidation and delamination further
complicate analysis. Data interpretation must also
consider surface effects, strain, twist angles, and
quantum confinement, which differ from bulk
materials. Operando studies face trade-offs between
spatial resolution, time resolution, and realistic
operating conditions. Large data sets from techniques
such as 4D-STEM, hyperspectral EELS, and time-
resolved XAS require machine learning for analysis, yet
standard processing and reporting methods are still
developing. In summary, advanced structural
characterization is essential for understanding two-

dimensional materials beyond graphene. The
combination of atomic-scale imaging, operando
spectroscopy, and nanoscale probing provides a

detailed picture of how defects, interfaces, and
dynamic changes control material behaviour. Future
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progress depends on better sample preparation,
improved operando platforms for realistic conditions,
and standard data analysis methods that allow
comparison across studies.

8.2 Operando and In-Situ Techniques

Two-dimensional materials show  strong
structural sensitivity during operation in energy storage
and conversion devices. Their behaviour changes under
electrical bias, heat, and chemical environments.
Operando and in-situ techniques help capture these
changes in real time. These methods track structural,
chemical, and morphological evolution while the device
operates. They are now essential for studying two-
dimensional materials in batteries, supercapacitors,
electrocatalysts, and photoelectrochemical systems. A
review on in-situ techniques for electrocatalysis
showed how these methods reveal reaction pathways,
phase changes, and active-site evolution during
operation [203]. The need for operando studies arises
from the thin nature of two-dimensional materials.
Their high surface area and defect density lead to
frequent changes in structure and chemistry during
use. In transition metal dichalcogenide electrocatalysts,
chalcogen vacancies can form, migrate, or disappear
under applied current. These changes affect
performance and can only be linked to activity through
real-time observation. In-situ scanning transmission
electron microscopy and synchrotron X-ray absorption
under bias provide this information. A comprehensive
review of battery electrodes described how optical
stress sensors, X-ray tomography, Raman mapping,
and infrared spectroscopy track chemical and
mechanical changes during cycling [204].

Operando techniques capture transient states
that ex-situ methods often miss. In MXenes, ion
intercalation causes rapid changes in interlayer spacing
and surface termination chemistry. Expansion or
delamination can occur within seconds. In-situ X-ray
diffraction and X-ray absorption spectroscopy under
bias directly reveal lattice changes and oxidation state
shifts. A review of operando cell designs described
these methods as powerful tools for advanced battery
development [205]. In two-dimensional
heterostructures, operando spectroscopic imaging has
shown how charge transfer alters band alignment and
interlayer coupling during bias or illumination. For
example, operando photoemission imaging revealed
energy landscape changes in a two-dimensional
transistor during operation [206].
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Several challenges still limit operando studies
of two-dimensional materials. Many materials are
sensitive to electron beams, air, or vacuum, which
complicates cell design. Most operando cells suit bulk
materials and provide weak signals for ultrathin layers.
Achieving both high spatial and temporal resolution
remains difficult. Faster processes such as ion motion
often reduce image quality or environmental control.
Large and complex data sets require advanced analysis
tools, including machine learning, which are still
developing for two-dimensional systems. Standard
protocols for cell design, testing conditions, and data
reporting are also lacking. A review on in-situ infrared
spectroscopy noted that few studies currently apply
these techniques to energy materials [206]. In
conclusion, operando and in-situ techniques are
essential for understanding two-dimensional materials
under real working conditions. These methods move
analysis beyond static images to dynamic mechanisms.
Future work should focus on cell designs suitable for
ultrathin layers, better balance between resolution and
realism, strong data analysis frameworks, and standard
testing practices. These steps will help unlock the full
potential of two-dimensional materials in energy
technologies.

8.3 Computational Modeling and Predictions

Computational modeling plays a key role in the
development of two-dimensional materials beyond
graphene. Density functional theory has become a
standard tool to study electronic structure, defects,
interfaces, and catalytic reactions. Recent advances
include high-throughput calculations and machine-
learning-assisted screening. These approaches expand
the range of materials that can be studied efficiently.
One study used machine learning with density
functional theory to screen about 4,500 MXene
systems and identify promising hydrogen evolution
catalysts at much lower computational cost [207].

Computational methods support research in
several ways. First, they explain mechanisms by
identifying reaction pathways, adsorption energies, and
electronic changes caused by strain or doping. A large
computational study screened over 226,000 bilayer
heterostructures and classified their band alignment
types and lattice mismatch. This database supports
device design using two-dimensional heterostructures
[208]. Second, computational screening speeds up

material discovery by combining first-principles
calculations with machine learning filters. This
approach helps identify suitable compositions,

terminations, and phases more quickly [209].
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Figure 18. a) Deep neural networks model b) Examples of training dataset of atom segmentation model. ) Pixel-
level accuracy graph. d) Measurement accuracy graph (Yang et a/., 2021, Wiley Advanced, CC BY 4.0) [212].

Third, predictive design allows researchers to
estimate how defects, doping, or interfaces will change
performance before synthesis.

For energy storage and conversion, modeling
helps understand ion intercalation, surface reactions,
strain effects, and transport properties. Density
functional theory studies have shown how heteroatom
doping alters adsorption energy, diffusion barriers, and
electronic structure in two-dimensional anode materials
[210]. Machine learning methods also play a growing
role. A graph neural network model predicted work
functions of two-dimensional materials with high
accuracy, showing how data-driven tools complement
first-principles calculations [211].

Figure 18 shows a deep-learning-based
method for atomic site classification using ADF-STEM
images of V-WSe2. The model achieved high accuracy
compared to human analysis [212]. Despite strong
progress, challenges remain. Standard density
functional theory struggles with van der Waals
interactions, strong correlations, and excited states in
two-dimensional systems. A benchmark study showed
that advanced methods improve accuracy only slightly
but at high computational cost [213]. Machine learning
methods also face issues related to data bias, model
transferability, and reproducibility [214]. Another
challenge is the gap between ideal models and real
devices. Effects such as grain boundaries,
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contamination, stress, and ageing are difficult to
include in simulations. Multiscale modeling that links
atomic-level calculations to device-level behaviour is
still developing. Standard benchmarks and shared data
practices are also limited. In summary, computational
modeling is central to advancing two-dimensional
materials for energy applications. The combination of
first-principles methods, high-throughput screening,
and machine learning accelerates discovery and guides
experiments. Future work should improve accuracy
beyond standard methods, connect models across
length scales, and adopt shared standards for data and
workflows. With these advances, computational tools
will strongly drive the rational design of next-
generation two-dimensional energy materials.

9. Challenges and Perspectives
9.1 Synthesis and Scalability

As research on two-dimensional (2D) materials moves
from laboratory studies to real applications, large-scale
synthesis and manufacturability have become major
concerns, as shown in figure 19. Materials such as
transition metal dichalcogenides (TMDs), black
phosphorus derivatives, metal-oxide nanosheets, and
especially MXenes like TisC2T, must be produced in
large quantity without losing quality. The synthesis
process must also remain low cost, safe, repeatable,
and suitable for mass production.
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A recent tutorial review reports that although
exfoliation and small-scale chemical routes are widely
used, industrial production demands new thinking in
precursor supply, reactor design, process monitoring,
and control of material uniformity [215]. Scalable
production of 2D materials requires not only larger
batch sizes but also stable control over thickness,
lateral size, defect density, purity, surface terminations,
and structural quality. This challenge is clearly seen in
MXene synthesis. Large-scale etching and delamination
of MXenes using fluoride-based or molten-salt routes
have enabled production up to hundreds of grams.
However, issues related to toxic etchants such as HF,
waste handling, oxidation, delamination efficiency, and
cost remain unresolved. Bao ef al showed that
although large-volume MXene synthesis is technically
achievable, future progress depends on safer etchants,
continuous reactors, and modular production strategies
[216]. Bottom-up synthesis methods such as chemical
vapour deposition, molecular beam epitaxy, and
vapour-phase conversion have also been adapted for
2D materials. These methods aim to achieve wafer-
scale uniform films compatible with industrial
substrates. Studies on wafer-scale growth of MoS2,
WS2, and related TMDs on 4-12 inch substrates show
that precursor delivery, substrate cleanliness, film
transfer, and thickness control remain key limitations
[217]. Similar challenges are observed in energy
material manufacturing, where uniform coating,
electrode size, and production rate are critical factors.
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Despite clear progress, several obstacles still
limit commercial-scale manufacturing of 2D materials
for energy devices. Most synthesis routes remain
batch-based with low throughput, while continuous or
modular systems are still rare. Large-scale control over
defects, surface chemistry, and lateral dimensions is
difficult, and such variations strongly affect device
performance and lifetime. Environmental and safety
concerns linked to hazardous chemicals and waste
disposal also require urgent attention, as regulations
increasingly favour green synthesis routes. In addition,
material production is often disconnected from device
fabrication, even though scalability must cover the
entire chain from synthesis to module assembly.
Finally, the lack of standard metrics for yield, defect
density, size distribution, and batch consistency
restricts comparison across studies and slows industrial
adoption. In summary, scalable synthesis of 2D
materials beyond graphene is as important as
discovering new materials. For practical energy storage
and conversion systems, synthesis methods must
deliver large quantities of high-quality material at low
cost with minimal environmental impact. At the same
time, key properties such as conductivity, surface
chemistry, mechanical flexibility, and ion accessibility
must be preserved. Achieving this goal will require
advances in reactor engineering, materials chemistry,
quality control, economic evaluation, and strong
collaboration between academia, industry, and policy
bodies.
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9.2 Stability and Degradation Issues

The real-world use of 2D materials beyond
graphene in energy storage and conversion devices
depends strongly on their long-term stability. Although
many materials show excellent laboratory performance,
they often degrade over time through chemical,
structural, electrochemical, and mechanical processes.
These degradation mechanisms reduce performance,
shorten device life, and limit commercial use.
Understanding and controlling stability is therefore
essential for practical deployment. Chemical instability
is one of the most common degradation pathways.
Materials such as black phosphorus and several TMDs
readily react with oxygen, moisture, or electrolytes,
leading to oxidation or surface changes. A large meta-
analysis covering 29 different 2D materials reported
that degradation rates vary over five orders of
magnitude, with composition controlling nearly 85% of
this variation [219]. This result highlights the need to
evaluate stability alongside performance. Long-term
studies on TisC2T, MXene films further show that
conductivity loss during ambient storage mainly arises
from water adsorption and can be partly reversed
through vacuum annealing, indicating that some
degradation effects are not permanent [220].

In electrochemical systems, structural damage
and interface degradation dominate. When 2D
materials act as electrodes or catalyst supports,
repeated ion insertion and removal cause volume
changes, layer separation, phase shifts, and edge
corrosion. Defect engineering, while useful for
improving activity, may also increase instability, as
reactive sites interact more strongly with electrolytes
and dissolve or restructure under bias [221]. In TMD
electrodes, loss of chalcogen atoms or conversion to
oxides during cycling leads to performance decay and
higher resistance. Stability therefore depends on a
delicate balance between defect density, ion transport,
and mechanical strength.

Mechanical stress further contributes to
degradation, especially in flexible or wearable devices.
Thin 2D layers experience cracking, delamination, and
loss of contact when subjected to bending, stretching,
or thermal cycling. In batteries, repeated volume
expansion during ion storage generates stress that
propagates through 2D frameworks and accelerates
failure. A recent review reports that without proper
interface and stress management, the excellent initial
performance of many 2D materials drops quickly under
realistic cycling conditions [222]. Environmental factors
such as temperature, humidity, electrolyte composition,
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and reactive species also shape degradation pathways.
In photoelectrochemical systems, light, heat, and
radicals can trigger surface reconstruction or corrosion.
In contrast, controlled use of 2D materials as
interlayers in perovskite solar cells has improved
moisture resistance, defect passivation, and ion
migration control, extending device lifetimes beyond
5000 hours under stress conditions [223]. These
examples show that stability challenges can be
mitigated through thoughtful material and interface
design.

Despite progress, several gaps remain. Long-
term stability data under realistic operating conditions
are still scarce. Standard testing protocols for stability
reporting are lacking, making comparison difficult. The
combined effects of chemical, mechanical, and
electrochemical degradation in complex 2D systems
remain poorly understood. Strategies for repairing or
self-healing degraded materials are also at an early
stage. In conclusion, while 2D materials beyond
graphene offer strong potential for energy
technologies, their success depends on stable and
durable performance. Addressing degradation requires
integrated approaches that combine surface chemistry,
mechanical design, interface engineering, and realistic
device testing. Only through such efforts can these
materials move from laboratory studies to reliable
components in sustainable energy systems.

9.3 Interface Engineering

Interface engineering plays a crucial but often
underestimated role in the use of 2D materials beyond
graphene for energy storage and conversion. The
interface between a 2D material and its substrate,
electrode, electrolyte, or neighbouring phase controls
charge transport, ion movement, chemical stability,
mechanical adhesion, and overall device reliability. For
materials such as MXenes, TMDs, black phosphorus,
and van der Waals heterostructures, precise control of
interface chemistry and structure is essential for high
performance and long-term stability. A comprehensive
review on 2D-material interfaces highlights that
interface engineering is central to unlocking the full
potential of these materials in electronic and energy
devices [224].

From an energy perspective, interfaces serve
several interconnected functions. First, they reduce
electrical resistance and support efficient charge
transfer. Strong and chemically compatible contact
between 2D layers and current collectors lowers
contact resistance and improves electron and ion flow.
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This can be achieved through surface termination
control, conductive interlayers, or  substrate
functionalisation. Second, interfaces influence ion
transport and electrochemical stability. Well-designed
interfaces must tolerate volume changes during
cycling, maintain contact, and suppress unwanted
reactions such as electrolyte decomposition. Third, in
catalytic and photoelectrochemical systems, interfaces
determine energy-level alignment and charge
separation efficiency. Introducing 2D materials at
catalyst-support junctions can tune band alignment,
reduce recombination, and enhance catalytic stability.
These effects are clearly discussed in studies on halide-
perovskite and 2D-material interfaces [225].

Mechanical aspects of interfaces are equally
important, especially for flexible and large-area
devices. Repeated bending or thermal cycling can
cause delamination, cracking, and increased resistance
at poorly designed interfaces. Adhesion layers, gradient
structures, or hierarchical anchoring can help absorb
stress and maintain contact. Scaling such interface
treatments to large substrates while ensuring
uniformity and long-term chemical stability remains a
manufacturing challenge. Several barriers still limit
effective interface engineering. Real interfaces often
contain defects, roughness, contamination, and size
variations that complicate large-scale control. The
relationship between interface chemistry and long-term
stability is not well explored, as many studies focus
only on initial performance. Designing interfaces that
balance ion transport, electrical conduction, mechanical
adhesion, and chemical durability involves trade-offs.
In addition, standard methods for measuring and
reporting interface properties such as adhesion
strength, resistance evolution, and delamination are
rarely used consistently. In summary, interface
engineering is a key factor in advancing 2D materials
for energy applications. High material performance
alone is insufficient without stable, scalable, and
durable interfaces. Future research must focus on
precise interface control, systematic measurement
under operating stress, and scalable fabrication
methods. Strong progress in interface design will be
essential for practical deployment of 2D materials
beyond graphene.

9.4 Theoretical Understanding Gaps

Although 2D materials beyond graphene have
shown strong potential for energy storage and
conversion, major gaps remain in theoretical
understanding. One key limitation lies in the weak
connection between atomic-scale simulations and real
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device behaviour. Methods such as density functional
theory and molecular dynamics provide insights into
defects, ion binding, and interlayer interactions.
However, linking these results to larger-scale effects
such as electrode swelling, fracture, ion networks, and
heat flow remains challenging. Recent studies stress
that chemical reactions, ion transport, and mechanical
deformation are often treated separately instead of as
a coupled system [226]. Another limitation arises from
simplified modelling assumptions. Many theoretical
studies consider ideal, defect-free 2D sheets with fixed
terminations and ignore electrolytes, interphases,
humidity, and interface dynamics present in real
devices. As a result, predicted binding energies or
diffusion barriers may not reflect actual performance.
Reviews on band-gap engineering in 2D
heterostructures report that many models neglect
disorder, many-body effects, and environmental
factors, which limits their practical relevance [227].

The selection of reliable descriptors for
screening 2D materials also remains unclear. Common
parameters such as adsorption energy, bandgap,
diffusion barrier, and work function do not always
correlate across different materials and applications.
This reduces the predictive strength of high-throughput
and machine-learning models. Although machine-
learning tools reduce computational cost, their
accuracy strongly depends on training data quality and
descriptor choice, and reliability outside trained
domains remains uncertain [228]. Dynamic processes
such as phase changes, delamination, stress-driven
reactions, and interface evolution during cycling are
also poorly captured. Many materials undergo
significant structural and chemical changes during
operation, yet most models remain static and
equilibrium-based. Predictive models for heterogeneous
2D-3D interfaces, which are critical for stability, are
still limited [229]. Without time-dependent modelling,
long-term durability and failure modes are difficult to
predict.

Finally, lack of standardisation in computational
methods and data sharing further restricts progress.
Differences in calculation settings, material models,
and reporting formats hinder comparison and
reproducibility. Limited access to open datasets also
restricts validation and meta-analysis. To address these
gaps, future efforts should focus on multi-scale and
multi-physics  modelling that links  chemistry,
mechanics, and thermal effects. Models must better
represent realistic device environments. Robust and
transferable descriptors should be validated across
materials and applications. Dynamic simulations that

Page 58 of 84



Vol 7 Iss 1 Year 2026

S. Anupama & D. Senthilkumar /2026

capture long-term evolution are needed. Community-
wide standards for data reporting and open databases
will also be essential. In conclusion, closing theoretical
gaps is critical for transforming 2D materials beyond
graphene into practical energy technologies. Improved
modelling will strengthen theory—experiment links,
enhance predictive accuracy, and support reliable and
scalable material design.

9.5 Standardization and Benchmarking

In research on 2D materials beyond graphene,
the lack of standardisation and benchmarking remains
a major barrier to practical adoption. Although many
studies report impressive values for capacity, activity,
or conductivity, differences in testing conditions and
reporting formats prevent meaningful comparison. A
recent review on metrology for 2D materials notes that
despite rapid progress, universal measurement
standards are still missing, especially for high-volume
manufacturing [230]. Standardisation is required at
several levels. First, material characterisation must
follow consistent definitions for layer number, lateral
size, defect density, surface chemistry, and uniformity.
Without common metrics, terms such as “few-layer” or
“high quality” remain ambiguous. Second, performance
benchmarking must adopt standard test conditions. In
energy devices, electrolyte composition, mass loading,
electrode structure, cycling protocol, and ageing
conditions should be clearly defined. Studies have
shown that many reports focus on single-device
performance without providing statistical variation or
yield data, which limits reliability assessment [231].
Third, system-level metrics such as full-cell
performance, areal capacity, stability under stress, and
environmental impact are often missing, even though
they are crucial for real applications.

The absence of standardisation has direct
consequences. It slows reproducibility, reduces
investor confidence, and delays technology readiness.
Industry roadmaps now emphasise the need for
standard protocols and metrics, including defect
density, uniformity, and production cost per area, as
key milestones for the next decade [232].
Implementation remains difficult due to the wide
variety of 2D materials, synthesis methods, and
applications. Addressing this challenge requires
coordinated action. This includes developing certified
reference materials, publishing open standard testing
protocols, building shared performance databases, and
aligning research practices with international standards
organisations such as IEEE, ASTM, and SEML
Commentaries have repeatedly stressed that without
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unified standards for mobility, defect density, and
process repeatability, translation from Ilaboratory
research to technology will remain slow [233]. In
conclusion, the full potential of 2D materials beyond
graphene in sustainable energy systems can only be
realised through rigorous standardisation and
benchmarking. Novel materials alone are not sufficient.
Clear protocols, transparent reporting, and comparable
datasets are essential for reproducibility, confidence,
and industrial uptake. Future high-impact studies must
integrate standard metrics and benchmarking as core
elements of their methodology to accelerate translation
from research to real-world energy technologies.

10. Future Directions and Outlook
10.1 Emerging 2D Material Families

Research on two-dimensional materials has
expanded far beyond graphene as its limitations, such
as zero bandgap and restricted chemical control,
became clear for many energy applications. Although
graphene shows excellent conductivity and strength, it
is not ideal for all energy storage and conversion
systems. As a result, several new 2D material families
have emerged with diverse atomic structures,
compositions, and  electronic properties. A
comprehensive review reports more than 150
graphene-like materials, including layered and non-
layered 2D systems, which reflects the rapid growth of
this research area [234]. One important group includes
mono-elemental 2D materials, often called Xenes, such
as phosphorene, antimonene, bismuthene, and
tellurene. These materials show thickness-dependent
bandgaps, directional charge transport, and strong
spin—orbit effects. Such properties make them
attractive for energy conversion, sensing, and catalytic
applications. Phosphorene, for example, offers a
tunable bandgap between 0.3 and 2 eV along with high
carrier mobility, which supports its use in
photodetection and energy-harvesting devices [235].
However, many Xenes suffer from chemical reactivity
and poor environmental stability, which limits their
practical use. Another emerging class consists of
ternary and quaternary 2D materials, such as MA2Z4-
type compounds including MoSi2N4. In these materials,
a transition metal layer is sandwiched between
functional layers to form a stable but non-natural 2D
structure. These systems show high mechanical
strength, good thermal conductivity, and
semiconducting behaviour with controllable bandgaps.
Monolayer MoSi2N4, for instance, sustains very high
tensile stress along both zigzag and armchair directions
and also tolerates large strain under biaxial loading
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[236]. Such properties make these materials suitable
for thermoelectric devices, electrocatalysis, and flexible
energy systems.

MXenes form another rapidly growing family of
2D materials. These transition-metal carbides and
nitrides build upon the success of TisCz2T, and related
systems. MXenes offer metallic conductivity, flexible
mechanical  behaviour, and tunable surface
terminations such as -0, —OH, and —F. These features
support their use as electrodes, conductive
frameworks, and charge-storage materials. Future
progress depends on expanding MXene compositions
beyond titanium-based systems and integrating them
into layered and hybrid device structures. In addition,
2D metal oxides, metal halides, layered double
hydroxides, and covalent organic frameworks have
gained attention. These materials provide high surface
area, accessible ion pathways, and abundant active
sites. Two-dimensional oxide nanosheets and
perovskite-type oxides have been developed for
batteries,  supercapacitors, and  water-splitting
reactions. Their tunable interlayer spacing, surface
chemistry, and electrochemical stability offer clear
advantages. A detailed review highlights the broad
chemical flexibility of these 2D systems for energy and
catalytic applications [237].

Each emerging material family brings distinct
strengths. Xenes provide high mobility and tunable
electronic structure. Designer ternary materials offer
mechanical strength with controlled bandgaps. MXenes
deliver high conductivity and surface control. Oxide and
hydroxide nanosheets contribute chemical stability and
catalytic activity. However, challenges remain in
stability, large-scale synthesis, electrolyte compatibility,
and device integration. Systematic efforts are needed
to unlock their full potential. In conclusion, the
landscape of 2D materials beyond graphene continues
to expand rapidly. The focus has shifted from
extending graphene properties to designing new 2D
chemistries with targeted functions. Real progress in
energy technologies will depend on advances in
synthesis  control, interface  design, stability
improvement, and scalable manufacturing. Deeper
understanding of structure—property relationships and
alignment with device requirements will shape future
developments.

10.2 AI and Autonomous Discovery

Materials research is undergoing a major shift
as artificial intelligence becomes central to the
discovery and development of advanced 2D materials.
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In energy storage and conversion fields such as
batteries, supercapacitors, catalysis, and photovoltaics,
Al tools help explore large chemical spaces that are
difficult to access using traditional methods. A general
review highlights how machine-learning techniques
support prediction of structural, electronic, mechanical,
and chemical properties of 2D materials, thereby
speeding up discovery and translation [238]. Al
methods such as deep learning, graph neural
networks, generative adversarial networks, and
reinforcement learning enable several key tasks. These
tools allow high-throughput screening of possible
structures, identification of hidden design rules, and
extraction of meaningful descriptors such as defect
energy or surface termination effects. In some
systems, Al connects synthesis, characterisation, and
feedback into closed-loop discovery pipelines. For
example, a study using crystal-graph convolutional
neural networks analysed nearly 45,000 structures and
identified design rules relevant to mechanical and
photovoltaic properties in 2D systems [239]. Other
generative frameworks have proposed hundreds of
thousands of new 2D material candidates through
deep-learning models combined with structural
prediction and DFT validation [240].

Al also supports autonomous discovery and
optimisation. Integrated workflows that combine
formation-energy prediction, interatomic potentials,
and genetic algorithms have identified new compounds
with more than hundred-fold speed improvement
compared to standard DFT screening [241]. These
approaches show how combining AI with physical
insight can accelerate the materials genome strategy
for energy-focused 2D materials. Recent reviews also
note that modern AI frameworks now include
constraints such as synthesizability, defect tolerance,
and scalability, which brings predictions closer to real-
world implementation [242]. Despite these advances,
challenges remain. Al models depend strongly on data
quality, and experimental data for many emerging 2D
materials remain limited. Model transferability across
different chemistries is uncertain. Bias in datasets and
lack of interpretability also restrict confidence in
predictions. Autonomous laboratories face practical
issues related to synthesis repeatability, quality control,
and matching Al outputs with device-level
performance. Although generative models can suggest
many candidates, successful synthesis and device
translation rates remain modest [243]. In summary, Al
and autonomous discovery tools are becoming
powerful drivers in 2D materials research for energy
applications. These methods support large-scale
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screening, materials design, and optimisation beyond
traditional approaches. To fully realise their potential,
efforts must focus on building high-quality datasets,
improving model transparency, integrating AI with
experimental platforms, and linking predictions to
device and cost metrics. With these developments, Al-
based discovery can become a core pillar of next-
generation energy materials research.

10.3 Integration Pathways to Commercialization

Moving 2D materials beyond graphene from laboratory
research to commercial energy devices is a complex
process. Material innovation alone is not sufficient.
Success also depends on manufacturing readiness,
supply-chain integration, regulatory approval, and cost
competitiveness. Although materials such as MXenes,
TMD nanosheets, Xenes, and layered oxides show
strong laboratory performance, their commercial
impact remains limited due to low production
throughput, defect variability, and lack of standard
process flows [244]. Technology readiness assessment
plays a central role in commercialization. For energy
storage applications, this requires a shift from small-
scale flakes to large-area films or composites
compatible with industrial processes such as roll-to-roll
coating and electrode fabrication. MXene electrodes,
for instance, show high capacity in laboratory cells, but
challenges remain in large-scale synthesis, etchant
handling, yield control, and electrode formulation. A
review on MXene integration into batteries highlights
that these factors must meet industrial reliability
standards for commercial success [245]. Control over
surface chemistry, defect density, and film uniformity is
therefore essential.

Industry partnerships and pilot-scale studies
help bridge the gap between research and
manufacturing. Collaboration among material suppliers,
equipment developers, device manufacturers, and
system integrators allows alignment across the value
chain. An industrial commentary stresses that
translation requires reliable supply, quality assurance,
and compatibility with existing energy-device
infrastructure [246]. Pilot lines must test not only
material performance but also compatibility with
binders, coatings, cell assembly, and long-term cycling.
Regulatory and environmental factors also influence
commercialization. New 2D materials must meet
safety, toxicity, recycling, and sustainability standards.
Use of hazardous etchants or rare elements can raise
regulatory hurdles and increase costs. An analysis of
market barriers for 2D semiconductors highlights
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manufacturing cost, defect control, and regulatory
compliance as major challenges [247]. These aspects
must be considered early in development.

Economic viability is another key factor. For
adoption, 2D materials must offer better cost-to-
performance ratios than existing technologies. An
economic assessment shows that without major
reductions in production cost and improvements in
yield, performance gains alone will not lead to
commercial uptake [248]. Techno-economic analysis
should therefore accompany material development
from an early stage. In summary, commercialization of
2D materials beyond graphene requires coordinated
progress in manufacturing, cost control, industry
collaboration, regulation, and sustainability. The field
must move beyond isolated performance reports
toward full value-chain readiness. Early integration of
these considerations can enable successful transition
from laboratory research to scalable energy
technologies.

10.4 Grand Challenges

As research on 2D materials beyond graphene
advances, several grand challenges must be addressed
to enable large-scale energy applications. One major
challenge is the scalable synthesis of large-area, high-
quality 2D films with precise control over thickness,
uniformity, surface chemistry, and crystal structure.
Although laboratory results are promising, scale-up
remains a key bottleneck, as highlighted in reviews of
emerging graphene-like materials [249]. Without
reliable industrial production, commercial deployment
remains difficult. Long-term stability under real
operating conditions is another critical challenge. Many
2D materials show excellent initial performance but
degrade under high loading, temperature variation,
humidity, or mechanical stress. Structural damage,
interface failure, and chemical corrosion reduce device
lifetime. A meta-analysis in aqueous ammonium-ion
batteries points out that stability under extended
cycling remains insufficiently studied for many 2D
systems [250]. Achieving durable performance at
device level is therefore essential.

Integration into complete energy systems
presents further challenges. This includes interface
design with current collectors and electrolytes,
mechanical and thermal reliability, scalable processing,
cost control, and recycling. Many studies stop at half-
cell or proof-of-concept stages, which do not reflect
real-world requirements.
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Table 2. Grand Challenges and Future Roadmap for 2D Materials in Energy Applications

Outlook (Short <
2027 / Mid 2027-

.N hall A Key Bottl k T Metri E i i Ref
S.NO | Challenge Area ey Bottlenecks arget Metrics merging Strategies 2032 / Long > eferences
2032)
_ i > 2 i <59
Scalable Synthesis of Harsh HF-based etF hl.n.g, 10 cm un.lform films, <5% LiF/HCI etching, molten salt .
1 batch-to-batch variability, defect density, HF-free o Mid-term [252]
MXenes methods, Lewis acidic molten salts
defect control methods
MXene Oxidation Ambient degradation, >1000 h ambient stability, Surface functionalization, .
2 . water/oxygen sensitivity, . protective coatings, controlled Short to Mid-term [253]
Stability <10% capacity fade .
performance loss oxidation
h -
MXene Interlayer Sheet faggregatlon reduces Maintain >80% theoretical Pillar molecules, spacer insertion,
3 . accessible surface area and . . . Short-term [254]
Restacking . capacitance, <20% restacking 3D architectures
ion transport
P iformity in CVD
Wafer-Scale 2D .o<.3r uniformity in CVD, . >4-inch wafer, single-crystal Roll-to-roll CVD, epitaxial growth, .
4 . limited area coverage, high ) o Mid to Long-term [255]
Synthesis cost domains >1 cm? liquid-phase methods
M le 1T ph
TMD Phase Stability etastable 1T p asg converts >70% 1T phase retention, Electron injection, plasma .
> (1T vs 2H) to 2H, loss of metallic 100% phase purit treatment, heteroatom dopin Mid-term [256]
conductivity °Pp purity ! ping
Layer restacking during o . .
6 TMD Stru.ctural cycling, conversion reaction >5009 cycles @ >80% capacity Inte_rlaye.r expansion, phase Mid-term [257]
Aggregation . . retention engineering, carbon scaffolds
irreversibility
7 Black Phgsphorus Rapid ox@ahon in a|r/wa.1ter, >100 da.ys émblent stability, Covalent fgnctlonallzatlon, o Short to Mid-term [258]
Degradation photo-assisted degradation <5% oxidation encapsulation, surface passivation
) . Direction-d dent . . . .
BP Anisotropic rection-cependen . Isotropic performance, flexible | Composite architectures, cross- .
8 . performance, mechanical o . Mid-term [259]
Properties . substrates linking, hybrid structures
fragility
Dissolution, oxidation, >10,000 h @ constant L
Electrocatalyst . . Operando characterization, .
9 . structural reconstruction overpotential, <5 mV decade-? . Mid to Long-term [260]
Stability (HER/OER) ) . protective layers, alloy catalysts
under operation drift
OER Catalyst Morphological changes, metal | >5000 h stability @ 500 mA Surface stabilization, corrosion- .
10 ) ) ! . . . Mid-term [261]
Degradation leaching, phase cm-2, <10% performance loss | resistant supports, bimetallics
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transformation
1 HEB Cétalyst Low ba.sal .pla.ne_actlwty, Pt-like activity (<50 mv @. 10 Defect engme_ermg, _smglg-atom Short to Mid-term [262]
Activation edge-site limitations mA cm-2), >95% active sites catalysts, strain engineering
Weak lyst-
2D Material ca .cata yst-substrate >90% adhesion retention, Covalent anchoring, 3D conductive
12 . adhesion, gas bubble . . N Short-term [263]
Delamination <5% delamination scaffolds, binder optimization
detachment
High ist t 2D-metal . .
Interface Contact '9 re5|§ af‘ce a ) meta <100 Q'um contact resistance, | Graphene interlayers, phase- .
13 . contacts limits device ) . Mid-term [264]
Resistance <10 mV voltage drop engineered contacts, doping
performance
. Incomplete data (loading, . . .
Performance Metric Mandatory reporting standards, | Standardized cell architectures, .
14 . electrolyte volume, cell . ) o Short to Mid-term [265]
Reporting i . peer-reviewed checklists automated data validation
configuration)
. luggish Mg2+/Zn2+/AI3+ . . .
Multivalent Battery S.ugg.jls g*+/zn>+/ >200 mAh g-1, >1000 cycles, Interlayer engineering, hybrid .
15 kinetics, narrow voltage . ) . . Mid to Long-term [266]
Performance . >1.5 V operating window electrolytes, surface modification
windows
Li-S Battery Capacity fade, coulombic >500 cycles @ >80% MXene/TMD separators, polar .
16 i . . . . . . ) Short to Mid-t 267
Polysulfide Shuttling | efficiency loss retention, >99.5% efficiency interlayers, catalytic conversion ort fo Flic-term [267]
- - - - - - —
17 Supercapautpr Low e!'lergy density vs >.50 Wh kg-1, >10,000 W kg Hybrid capacitors, rec.jox active Short-term [268]
Energy Density batteries simultaneously electrolytes, MXene films
Flexible Energy Mechanical degradation under | >10,000 bend cycles @ <10% | Freestanding films, textile .
1 ) - . . . . o Short to Mid-t 269
8 Storage bending, limited scalability capacity loss integration, 3D printing ort fo Fid-term [269]
Rapid el -hol Z-sch h
Photocatalyst Charge apid e.ect.ron oe >10% solar-to-hydrogen >¢ em.e eterostructures, .
19 ) recombination, low quantum . L plasmonic enhancement, Mid to Long-term [270]
Separation . efficiency, >100 h stability
efficiency cocatalysts
CO2 Reduction Multi-carbon product >80% Faradaic efficiency for Defect-rich surfaces, bimetallic
20 o . . . L Long-term [271]
Selectivity selectivity, competing HER C2+ products, <10% H2 sites, ionic liquid electrolytes
ing HER, low NH
Nitrogen Reduction C.ompetlng ! 0\.N . ° >20% Faradaic efficiency, >10 | Vacancy engineering, hydrophobic
21 - yield rates, contamination . - Long-term [272]
(NRR) Efficiency issues Mg h-1 mgcat-1 surfaces, Li-mediation
. . Limited training data, model - . .
Machine L ! % N I k I
2 achine Learning transferability, experimental >90% prediction accuracy, eural network potentials, active Short to Mid-term [273]

Integration

validation

<10% validation error

learning, closed-loop systems
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AI-Guided Synthesis

Complex parameter spaces,

Autonomous synthesis

Bayesian optimization,

2 is- - i i i Mid- 274
3 Optimization synthesis-structure-property platforms, real-time feedback reinforcement learning, robotic id-term [274]
gaps labs
. Computational cost Screen >10,000 .
High-Throughput . o e . DFT+ML hybrid methods, .
24 9 .r vghpu descriptor identification, compositions/month, validated ) yor Short to Mid-term [275]
Screening . materials genome databases
database gaps descriptors
Computational- DFT predictions don't match <15% deviation between Mu_Itlsc.aIe modellng, operando .
25 . . . . validation, uncertainty Mid-term [276]
Experimental Gap experimental observations theory and experiment e b
quantification
Operando !_lmlted real-time mgnltorlng, In—5|t_u techniques for all kgy Synchrotron XAS, environmental .
26 L instrument accessibility, data | reactions, temporal resolution ) Short to Mid-term [277]
Characterization . . TEM, spectroelectrochemistry
interpretation <1ls
Toxicity & Unknown long-term toxicity of Complete lifecvdle assessment Green synthesis routes,
27 Environmental MXenes/TMDs, recycling P y. ) " | biodegradation studies, circular Mid to Long-term [278]
>90% recyclability
Impact challenges economy
. . . Earth-abundant alternatives,
- < <
)8 Cost Effectlve High precur_sor cqsts (Ti, Mo,_ $100/kg for MXenes, <$50/kg electrochemical synthesis, Mid to Long-term [279]
Production V), energy-intensive synthesis | for TMDs .
recycling
Most 2D materials at TRL 3— . . .
Technology S . ? rais a TRL 6—7 demonstrations, Industry collaboration, pilot-scale .
29 . 4, limited pilot ) . s . . Mid to Long-term [280]
Readiness Level . commercial partnerships facilities, standardized testing
demonstrations
No established safet ISO standards, safe . .
Regulatory & Safety ! Y L - " ty Multi-stakeholder frameworks, risk
30 protocols for nanomaterials in | certifications, regulatory Long-term [281]
Standards i assessment protocols
energy devices approval
High capital costs, established . N . - '
h Nich I fi I
31 Market Entry Barriers | competitor technologies, risk Cost parity wit |r\cu.r.nbents, I ‘e .app |cat.|ons Irs_t’ value Long-term [282]
. demonstrated reliability chain integration, policy support
aversion
32 Heterostructure Lattice mismatch, interface Atomically sharp interfaces, Van der Waals assembly, transfer- Mid-term [283]
Interface Control defects, thermal stability <1% lattice mismatch free growth, interface engineering
33 High-Entropy 2D Synthesis complexity, phase Stable compositions, tailored Computational prediction, Long-term [284]

Materials

stability prediction

properties

combinatorial synthesis
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Bridging the gap between material discovery
and system integration is necessary for meaningful
impact. Theoretical understanding and benchmarking
also remain limited. Predictive models often lack multi-
scale coupling and realistic environmental inputs.
Standardised benchmarking protocols are missing,
which restricts comparison and validation across
studies. Reviews on 2D material metrology emphasise
that inconsistent reporting of mass loading, cycling
conditions, and stress testing limits reproducibility
[251].

Sustainability and supply-chain issues form
another long-term challenge. Large-scale use of 2D
materials must align with environmental regulations,
resource availability, and life-cycle management.
Reducing hazardous chemicals, improving Yyield,
ensuring material availability, and designing for
recycling are essential steps. Without addressing these
aspects, even high-performance materials may fail
economic and sustainability evaluations. In conclusion,
the grand challenges for 2D materials beyond
graphene extend beyond material properties. They
include scalable synthesis, long-term stability, system-
level integration, reliable theory and benchmarking,
and sustainable manufacturing. Addressing these
interconnected challenges is essential to realise the full
potential of 2D materials in future energy storage and
conversion technologies. Table 2 lists the challenges
and emerging strategies for 2D materials in energy
applications.

11. Conclusions

Two-dimensional materials beyond graphene
have developed into a rich and diverse materials
platform for next-generation energy storage and
conversion technologies. Over the past decade,
research has expanded from graphene to a wide range
of 2D systems, including MXenes, transition metal
dichalcogenides, black phosphorus, metal oxides and
hydroxides, layered double hydroxides, and other
emerging materials. These systems provide enhanced
chemical flexibility, tunable electronic structures, large
accessible surface areas, and short ion and electron
transport paths, which are essential for high-
performance energy devices. Significant progress has
been achieved in understanding synthesis routes,
defect engineering, heterostructure construction, and
interface design. These advances have enabled
impressive performance in batteries, supercapacitors,
electrocatalysis, and photoelectrochemical energy
conversion. However, many reported results are based

NanoNEXT 7(1) (2026) 21-84

on small-scale laboratory demonstrations under ideal
conditions. In practical applications, challenges related
to material stability, electrode architecture, interfacial
resistance, and large-area manufacturing remain
unresolved. Bridging the gap between material
discovery and device-level reliability is therefore a
critical requirement.

Recent developments in advanced
characterisation  techniques and  computational
modelling have improved insight into reaction
mechanisms and degradation processes. Machine

learning and artificial intelligence have further
accelerated material screening and optimisation.
Nevertheless, predictive accuracy depends strongly on
data quality, realistic modelling conditions, and
experimental validation. Without robust synthesis
pathways, standardised testing protocols, and long-
term durability assessment, theoretical predictions
cannot fully translate into technological impact. Future
progress in this field requires a shift toward system-
oriented research. Scalable and environmentally
responsible synthesis methods must be prioritised.
Interface engineering should focus on maintaining
stable performance under realistic mechanical, thermal,
and electrochemical stress. Universal benchmarking
standards are needed to ensure reproducibility and
meaningful comparison across studies. In parallel,
techno-economic analysis and life-cycle assessment
must guide material selection and device design. In
conclusion, 2D materials beyond graphene hold strong
potential to reshape the energy landscape. Realising
this potential will depend on coordinated efforts across
materials science, device engineering, computation,
and industry. With sustained interdisciplinary
collaboration, these atomically thin materials can
become key components of efficient, durable, and
sustainable energy technologies.
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