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Layered nanomaterials for renewable energy
generation and storage

Anna A. Nikitina,a Filipp V. Lavrentev,a Veronika Yu. Yurova,a Daniil Yu. Piarnits,a

Olga O. Volkova,a Ekaterina V. Skorb *a and Dmitry G. Shchukin *b

This study focuses on potential applications of two-dimensional (2D) materials in renewable energy

research. Additionally, we briefly discuss other implementations of 2D materials in smart systems like

self-healing coatings and electrochemical reduction of carbon dioxide and nitrogen. We highlight the

recent advancements in energy storage technology, phase change materials, materials’ fundamental

characteristics, and summarise perspectives of their future applications in energy technology and related

fields. Furthermore, we discuss the use of machine learning and big data for optimisation and further

development of 2D materials.

1. Introduction

Fossil fuels are the main energy sources in human society and
account for about 85% of total energy consumption.1 However,
burning fossil fuels led to a gradual depletion of their reserves,
which caused an energy crisis and environmental problems.2–4

Therefore, it is important to search for implementation of
renewable energy sources that are sustainable and environ-
mentally friendly. Hydrogen, biofuels, solar, and wind energy
are widely used to replace fossil energy sources. One of the
main disadvantages of hydrogen energy is that most hydrogen
is produced from fossil fuels using well-established technolo-
gies such as steam reforming, gasification, and partial oxida-
tion, which are criticised for their high energy consumption
and carbon emissions.5 Biofuels, typically produced through
biomass fermentation, have low concentration in the final
product and often form mix of liquids with water (azeotropes).6,7

This can significantly increase production costs and potentially
impact the combustion process or pose security concerns during
their application. Solar and wind energy disadvantages include
production instability depending on the weather conditions and
high installation and maintenance costs.8,9 Therefore, new multi-
functional materials are required to solve currents issues of the
green energy transition process.

Promising energy harvesting devices can accumulate energy
from the environment, allowing for sustainable operation by
storing more energy than consumed (Fig. 1).10 Their advantages
have led to significant progress in portable energy harvesting

systems containing 2D materials. First, 2D materials have a
large surface to volume ratio, allowing full use of all available
active electrode materials.11 This leads to an increase in contact
area between the electrodes and electrolytes and a reduction of
the pathway length for charge transfer. Second, atomic-level or
nanoscale 2D materials are thin, which makes them flexible
and attractive for devices requiring low thickness and high
flexibility.12,13 Moreover, 2D materials have unique properties
related to limiting in-plane charge and heat transfer, making
them ideal for thermoelectric devices that convert heat into
electricity.14,15 Third, many 2D materials are highly conductive
with tunable electronic properties, making them ideal for bat-
teries,16–18 supercapacitors19 and other energy storage devices.20

Remarkable optoelectronic characteristics of these nanomaterials
include light emission, optical modulation, saturable adsorption
and electrically modulated field effect characteristics, which have
contributed to the various LEDs, lasers, optical modulators, photo-
detectors, and high-performance 2D field-effect transistors.21–23

The chemical stability of these materials makes it possible to
achieve long-term resistance to degradation and corrosion.24,25

All of these characteristics make 2D materials potential candidates
for the next generations of energy storage devices.

In recent years, thin 2D structures with exceptional electri-
cal, optical, thermal and mechanical properties based on
graphene and graphene oxide (GO),26–28 graphyne,29 graph-
diyne (GDY),30 transition-metal dichalcogenides (TMDs),31,32

and transition metal carbide, nitride, or carbonitride (MXene),33,34

and 2D black phosphorus (BP)35 have demonstrated enormous
potential for their applications in various fields of materials science
and energy. 2D materials are divided into non-layered and layered
materials. Layered 2D materials, unlike non-layered ones, have an
isotropic volumetric crystal structure due to covalent bonds and
have van der Waals gaps between adjacent layers.36,37 In particular,
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van der Waals forces plays significant role in determining the physical
properties of substances, such as boiling and melting points, and are
important in understanding intermolecular interactions.38,39

The use of 2D materials can significantly improve the
properties of various types of electronic devices. Due to its high
surface area (up to 2630 m2 g�1), electrical conductivity, elec-
tron transfer ratio (106 S cm�1), and modulus of elasticity,
graphene has become a leading material in electrochemistry
and battery storage.40,41 Graphdiyne differs from graphene in
combining sp- and sp2-hybridized carbon atoms, while gra-
phene consists of only sp2-hybridized carbon atoms. However,
due to the absence of heteroatoms, graphdiyne has low intrin-
sic electrochemical activity.42 Therefore, to use graphene in
energy storage and conversion, it is necessary to modify it by
doping with heteroatoms or hybridise with other active materials.
However, graphene cannot be used in high-performance,
low-power FET devices due to the low turn-on/off ratios and high
turn-off currents that arise from the lack of bandgap.43

In turn, some 2D TMDs have the same layered structure
features as graphite. Still, most of their bandgap is within 1–2 eV,

and they have strong covalent bonds within layers and weak van
der Waals forces between layers, which provide an ideal space for
Li intercalation.44 For batteries, this means better ion intercala-
tion/deintercalation, control of the volumetric expansion of elec-
trode materials and improved lithium storage surface/interface
properties. Two-dimensional TMDs can also be used in solar cells
to achieve tunable bandgap by adjusting the number of layers and
ensure more efficient absorption of sunlight as compared to
conventional materials like silicon or gallium arsenide.45,46 2D
TMDs have a direct bandgap – leading to efficient charge separa-
tion and collection. Therefore, by controlling the thickness of the
TMDs, their bandgap can be tailored to match most of the solar
spectrum, allowing for more efficient absorption of sunlight.47

Moreover, TMDs have demonstrated multiple light-matter solid
reflections, which means they can absorb a significant amount of
light even in ultrathin layers.48

Using the unique MXenes structure for supercapacitors can
provide a fast electron supply due to their individual conductive
transition metal carbide layers, which have efficient electron
transport.49 This enables increased charge storage and fast

Fig. 1 Schematic illustration of renewable energy materials, methods of their preparation and applications.
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charging/discharging rates in supercapacitors through their
versatile surface terminal groups, which act as active centres
for rapid redox reactions.50 MXenes have high proton avail-
ability due to their hydrophilic surface terminal groups.

The unique puckered monolayer geometry gives 2D black
phosphorus or phosphorene many unprecedented properties,
making it a promising electrode material for electrochemical
energy storage devices, such as lithium-ion batteries, super-
capacitors, and emerging technologies like lithium–sulfur bat-
teries, magnesium-ion batteries and sodium-ion batteries.51

The intrinsic in-plane anisotropy and moderate bandgap of
phosphorene have stimulated considerable efforts in develop-
ing its potential in thermoelectric applications due to the large
Seebeck coefficient and high carrier mobility. The phosphorene
bandgap can be tuned from 0.3 to 2 eV by decreasing its
thickness from bulk to single layer. Such an adjustment can
be engineered by the plane strain and edge structures providing
more flexibility in device design.52,53 It is important to note
that, despite promising properties, phosphorene has chal-
lenges such as low yield in preparation and poor air stability.

This review summarises recent advances in 2D materials for
energy sources, methods for the layered structures fromation,
and applications of phase transition materials (PCMs) for
thermal energy storage. We focus on using machine learning
(ML) as a versatile and effective tool to predict the structural,
electronic, mechanical, and chemical properties of 2D materials
that have yet to be discovered.

2. Methods for the formation of
layered structures

The development of functional micro- and nanocontainers is of
great interest in various research and application areas, including
biotechnology,54,55 medicine,56,57 cosmetics,58,59 catalysis,60,61 and
the creation of multifunctional materials.62,63 Nanocontainers
have a unique ability to isolate active substances from the sur-
rounding environment and release them as needed. To achieve
this goal, stable shell structures of nanocontainers should be
designed to possess the required functionalities and enable the
controlled release of active substances. Various external stimuli
and methods can be used for this purpose, including changes in
pH,64 temperature,65 magnetic fields,66 light irradiation.67,68

Currently, the following approaches for creating ‘‘smart’’
materials have gained wide popularity.69,70 The first approach
is based on the self-assembly of lipid molecules or amphiphilic
block copolymers into spherical bilayer structures known as
vesicles.71,72 The second approach involves using dendrimers
or hyperbranched polymers as nanocontainers.73,74 The third
one includes suspension and emulsion polymerisation around
nanodroplets of oil or water, forming a polymer shell around
them. This method can be enhanced using ultrasound and
allows for the creating of hollow nanostructures with a size of
approximately 20 nm.75 It represents a simple one-step process
and has been widely studied, with several reviews dedicated to
the emulsion polymerisation technique.71,75,76 Inorganic frameworks

of nanocontainers, such as mesoporous silica or nanotubes
made of titanium dioxide and gallium zeolite equipped with
nanogates with adjustable pores, exhibit higher mechanical
strength and are more cost-effective comparing to polymer
nanocontainers.77–79

2.1. Layer-by-layer method – protective coatings

Layer-by-layer (LbL) assembly has become a helpful tool for
creating functional nanofilms with various applications.80,81

This universal method enables the fabrication of thin films on
the surfaces of various shapes. One of the key benefits of LbL is
the ability to tailor the chemical nature of the surface, making
it flexible and adaptive.82–84 Additionally, LbL draws inspiration
from processes occurring in living organisms, allowing the
creation of biomimetic materials. The LbL method has been
automated and is now used to develop new commercial
products.85,86 Industry explores future directions for applying
LbL, such as functional coatings on complex surfaces,87–90

membranes81,91,92 and material design,93,94 and for biomedical
delivery applications.95–97

One of the most developed examples of LbL assembly
application is fabrication of protective coatings, including
anticorrosion and anti-graffiti coatings.98,99 Significant devel-
opments in this field include films that inhibit corrosion
processes on metal surfaces and use of nanocarriers to store
and release corrosion inhibitors. LbL assembly enables the
development of intelligent coatings that can adapt to environ-
mental changes and repair themselves if damaged.100

Shchukin et al. was the first to apply the LbL assembly
method to deposit polystyrene sulfonate (PSS) polyelectrolyte
multilayer films onto the surface of halloysite nanotubes, which
were preloaded with corrosion inhibitors.101 After incorporat-
ing these halloysite nanocarriers into composite SiOx/ZrOy sol–
gel coatings, the composite coatings demonstrated effective
corrosion protection of aluminium over an extended period up
to 10 years. Multilayer composite LbL films enable efficient
storage of inhibitors and their long-term release (Fig. 2).

Similarly, SiO2 particles coated with LbL multilayer films
containing inhibitors were used as nanocarriers for simulta-
neous self-regeneration and creation of anticorrosion compo-
site coatings. Andreeva et al. applied the deposition of poly-
electrolyte multilayer films with opposite charges onto the
surfaces of aluminium materials.102 These polyelectrolyte mul-
tilayer LbL coatings effectively inhibited corrosion processes on
aluminium surfaces due to their ability to maintain a stable
pH level.

2.2. Matrix for thermal energy storage

The combination of natural nanocarriers like sepiolite and
crystallohydrates represents an affordable and effective nano-
scale energy storage system with significant potential for prac-
tical use and scalability due to their natural abundance.103,104

Aqueous crystallohydrate solutions were prepared and various
amounts of sepiolite were added resulting in crystallohydrate/
sepiolite dispersions with different crystallohydrate contents
(50, 60, 70, 80, 90%). These dispersions were then subjected to
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ultrasound treatment at 40 1C for 30 minutes, followed by a
10-minute incubation at room temperature. The process was
repeated twice to saturate the sepiolite. Composites containing
50% Na2HPO4�12H2O and 50% Na2SO4�10H2O demonstrated
outstanding thermal energy storage capabilities during heat
uptake and release. Sepiolite possesses a unique nanotubular
structure, providing a high surface area and demonstrating the
ability to accommodate many of hydrated salts. Water mole-
cules and active groups on the sepiolite surface facilitate
interactions with these salts.105,106 Sepiolite-based composites
have great potential for thermal energy storage and utilisation,
which could be beneficial for temperature regulation in house-
hold applications and harnessing low-temperature waste heat.

2.3. Nanocontainers for thermal energy storage

Various types of materials are available for thermal energy
storage. Solid–liquid phase change materials (PCMs) are among
the most promising options due to their high energy density
and minimal volume changes during phase transitions.
However, ideal PCMs that meet all the necessary criteria, such
as high thermal conductivity and safety, have not yet been
found. Organic paraffin and crystallohydrates are the most
studied, but they also have their drawbacks, such as low
thermal conductivity for paraffin and incongruent melting
and corrosiveness for crystallohydrates.76

The energy properties of solid–liquid PCMs can be enhanced
by encapsulating them into micro and nanocontainers.

These containers must possess several smart properties, such
as controlled release of thermal energy, protection against
corrosion and damage, increased contact area with the sur-
rounding environment, and improved thermal conductivity.
Energy capsules can thus be used in various bulk systems to
impart thermal energy storage properties suitable for practical
applications. Graham et al.107 demonstrated a universal method
for encapsulating crystallohydrates (Mg(NO3)2�6H2O and Na2SO4�
10H2O) and their mixtures into capsules ranging in size from
100 to 300 nm with a poly(ethyl-2-cyanoacrylate), PECA, shell
using in situ inversion mini-emulsification combined with ultra-
sound treatment (Fig. 3).

The encapsulated crystallohydrates and their mixtures
exhibit high stability during energy storage/release processes
(4100 cycles, monitored by differential scanning calorimetry,
DSC) due to the functional properties of the capsule shell and
spatial confinement preventing water loss and incongruent
melting during phase transitions.

2.4. Microfluidic synthesis

Polyurethane capsules were synthesised via droplets formed
inside a microfluidic reactor.108,109 The capabilities of Dolomite
droplet formation are demonstrated in Fig. 4. However, due to
the cost of each Dolomite device, it is not worth the risk of
polymerisation within. This is where fused deposition model-
ing (FDM) printed devices would be beneficial in testing in-

Fig. 2 Synthesis nanocarriers from halloysite loaded with 2-mercapto-
benzothiazole. Zeta potential during polyelectrolyte deposition on halloy-
site nanotubes at pH 7.5. Reproduced from ref. 101 with permission of
publisher. Copyright 2008 American Chemical Society.

Fig. 3 The process of encapsulating hydrate-loaded capsules: creating a
mini-emulsion using ultrasound, forming a PECA shell around the aqueous
phase, and the preparation of nanocapsules with either a single or mixed
hydrate core. Reproduced from ref. 107 with permission of publisher.
Copyright 2017 The Royal Society of Chemistry.
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channel encapsulation.110 Microencapsulation of calcium
chloride hexahydrate in resorcinol resin shell was also demon-
strated in a microfluidic reactor.111 Microcapsules with uniform
coating thickness were proved from the optical microscope as
well as scanning electron microscope images. DSC results
demonstrated that PCM melting in microencapsulated state
occurred at a temperature which is within 1 1C from the melting
point of bulk PCM. DSC profile after 50 heating/cooling cycles
did not show significant changes.

Palazzo et al.112 demonstrated up-scaled encapsulation by
supercritical CO2 emulsification using stearic acid and isopro-
pyl myristate as PCMs in a polymethyl methacrylate (PMMA)
shell. Continuous supercritical CO2 emulsion extraction tech-
nology was proposed for the first time to test the encapsulation
of stearic acid and isopropyl myristate in PMMA. Spherical
microcapsules with smooth surface and average diameter
between 163–431 nm were produced. Encapsulation efficiency
up to 91% was recorded. Thermograms of the obtained cap-
sules indicated absence of chemical reaction between the core
and shell and demonstrated thermal stability for at least
500 heat uptake/release cycles.

3. 2D materials for charge storage

The rapid development of technology and the need for more
energy have significantly increased the demand for energy
storage devices.113 Flexible supercapacitors (SCs), characterised
by a simple manufacturing process, low cost, fast charging,
discharge speed and long service life, are particularly interesting
among other electrochemical energy storage devices (EES).114 Due
to portability, SCs are easily integrated into wearable sensor
devices115 or different types of EES. The efficiency of supercapa-
citors is based on the electron/ion transfer and the boundaries/
surfaces behaviour during the electrochemical reaction, influen-
cing on the reaction kinetics of the electrode material.116,117

Two-dimensional materials are considered innovative and
promising candidates for various types of EES with excellent
electrical, electrochemical and mechanical properties:

(1) atomic or nanoscale thickness with excellent mechanical
properties gives flexibility and durability, which is especially
interesting in the development of novel energy storage devices;
(2) 2D nanosheets have an ultra-large specific surface area and
a better charge distribution, which contributes to the Faraday
reaction rate of battery-type electrode materials and improves
the storage capacity of capacitor-type electrode materials;
(3) the variety of 2D materials allows the development of
materials with different chemical compositions and adjustable
electrical and electrochemical properties.118,119 There are many
2D materials with various properties, among which graphene
and graphene derivatives are particularly distinguished: graphene
oxide (GO), reduced graphene oxide (rGO),14,120 and graphene
nanosheets.121 The following 2D-material are also widely used:
MXenes,122,123 metal–organic frameworks (MOFs),124,125 transition
metal dichalcogenides (TMDs),126 covalent organic frameworks
(COFs),127 2D coordinated polymer.128

3.1. Graphene–graphene-based materials

Graphene is a single layer of hexagonally packed carbon atoms. The
sp2-hybridization of carbon atoms allows delocalising electrons
from p bonds, which allows free movement between carbon atoms
and creates high electrical conductivity. Graphene also has high
specific surface area, extraordinary strength, low density, flexibility
and easy chemical processing. These characteristics make gra-
phene and its derivatives ideal materials for electrochemical
double-layer capacitor (EDLC) electrodes (Fig. 5). The capacitance
characteristics of graphene-based EDLCs depend on several factors,
such as specific surface area, pore size distribution, interlayer
spacing, heteroatom doping, surface functionality and conduc-
tivity.14,129 Unlike other carbon materials, such as nanotubes,
graphene is a strong electrode material due to the strong van der
Waals inter-sheet force.130 However, such a strong attraction con-
tributes to the self-rearrangement of graphene sheets, which
decreases the surface area and ion paths for operational charge/
discharge.38,39 Therefore, the actual specific capacity of graphene
is lower than the theoretical one.131 This problem can be solved
in two ways: physically increasing the gap between graphene
nanosheets and chemical modification of graphene nanosheets
to create repulsive forces between them.132 Various 2D materials
can be used as spacers to prevent graphene stacking. According to
Wang et al.,132 such spacers should: (1) have a thin and extended
2D network for the physical separation of two adjacent graphene
nanosheets; (2) contain mesopores with high porosity to expose
graphene surface for ion adsorption/desorption; (3) facilitate the
unhindered ion-transportation; and (4) have excellent chemical
stability without compromising cycling life. Thus, the formation
of rGO/COF hybrids with a COF as a spacer prevented the laying of
rGO nanolists and maximised their surface accessibility to electro-
lyte ions. GO and rGO were used in a similar way to avoid MXenes
stacking.133,134

3.2. Metal-ion batteries and supercapacitors

For a long time, metal-ion batteries have been widely used
worldwide as energy storage devices. There are different types
of batteries, depending on the metal.135 However, lithium-ion

Fig. 4 Microcapsule synthesis via droplet production in a Dolomite
device before interfacial polymerisation for shell formation. Reproduced
from ref. 110 with the permission of publisher. Copyright 2012, Elsevier.
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batteries have become mostly widespread (LIB) (Fig. 5). The
characteristics of LIB are mostly influenced by the materials
from which the electrodes are made. A traditional lithium-ion
battery consists of two electrodes, typically lithium cobalt oxide
(LiCoO2) cathode and graphite (C6) anode separated by a
porous separator immersed in a non-aqueous liquid electrolyte.
Li-ions move from the LiCoO2 lattice structure to the anode side
during charging to form lithiated graphite (LiC6).18 Due to the
limited storage capacity and moderate diffusion rate of lithium
ions in electrode active materials, it is necessary to develop and
use new materials to replace existing ones.136

Another widespread type of electrochemical energy storage
device is supercapacitors.137 The energy storage mechanism in
a supercapacitor originated from the reversible reaction on the
surfaces of the electrode materials, which includes charge
separation and a faradaic redox reaction at the electrode–
electrolyte interface.138,139 Three types of supercapacitors can
be distinguished depending on the mechanism of energy
storing: electrical double-layer capacitor (EDLC), pseudocapa-
citor and hybrid EDLC supercapacitor.19

The energy storage process of EDLC (Fig. 5) is based on ion
migration. Although the EDLC energy storage mechanism is
almost similar to a traditional capacitor and pseudocapacitor,
there is an important difference. The mechanism of EDLC does
not involve the Faraday redox reaction. Due to this feature, the
EDLC is characterised by high stability and charge/discharge
rate. However, the EDLC does not have a large specific capaci-
tance like the pseudocapacitor. A hybrid supercapacitor offers
electrical double-layer and pseudocapacitor mechanisms

providing high operating potential windows and improved
energy densities without compromising power density.19,140

3.3. Methods of electrode fabrication

Several graphene-based films are prepared for supercapacitors
by different methods: vacuum filtration, vacuum-assisted self-
assembly, layer-by-layer self-assembly, mechanical compres-
sion and solvent evaporation. These methods allow the creation
of films with excellent electrical conductivity and the neces-
sary mechanical properties, but they have some disadvantages.
Thus, the methods of vacuum filtration, vacuum-assisted self-
assembly and mechanical compression require expensive
laboratory equipment and are time-consuming. Fabrication of
electrode materials by the solvent evaporation method takes
5–10 minutes. It allows the change of the parameters of the
film, but there is a possibility of destruction of the film
structure by the produced bubbles.141 Yun et al.,142 the LbL
method was used to form layers of rGO and MXene on a wire
substrate, which is not easy to do by vacuum filtration.
It should also be noted that in comparison with conventional
GO membranes prepared by vacuum filtration, multilayer GO
membranes assembled by LbL differed in internal structure,
wettability and ion permeability.143

Special attention should be paid to the combination of
graphene-based materials with polyelectrolytes. Due to their
electrical conductivity and chemical and mechanical strength,
polyelectrolytes are used as materials for EDLCs electrodes in
supercapacitors.144 In addition to these properties, polyelectro-
lytes can form various structures and layers depending on

Fig. 5 Various 2D nanomaterials for EDLC and LIB electrode applications.
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parameters such as their molecular weight, pH and ionic
strength of the solution.145 Thus, it is possible to create layers
of films with specific parameters using LbL. There are reports
discussing the formation of thin films based on graphene
nanosheets and graphene-based structures included in a poly-
electrolyte matrix of poly(allylamine hydrochloride),146 poly-
aniline,147 and poly(3,4-ethylenedioxythiophene).148 Also,
Kulandaivalu et al.149 demonstrated polypyrrole (PPy) to form
PPy/GO|PPy/MnO2 layers by LbL. This film improves the
electrochemical properties and performance of supercapaci-
tor electrodes by combining the redox reactions of metal
oxides with a high surface area/conductivity of graphene. The
LbL was successfully used to form rGO/polyelectrolyte films.
rGO sheets have a negative charge, due to which they can
bind to various polycationic azopolyelectrolytes.150

4. Application of phase change
materials for thermal energy storage

Phase change materials can store thermal energy by under-
going a phase transition, such as from solid to liquid or liquid
to gas. PCMs have various applications, including cooling in
large areas, regulating temperature fluctuations in buildings or
containers, and storing solar energy for short or long periods.67

When thermal energy comes from periodic sources like solar
radiation or waste heat, PCMs offer a compact and efficient way
to store and access heat. This section discusses the properties
of PCMs improved in combination with 2D materials,80 focus-
ing on applications for heat storage and solar energy conver-
sion. The safety and sustainability of PCMs are also considered,
along with research challenges that need to be addressed for
the widespread use of PCMs.151,152

4.1. PCM composites for controlled heat storage

PCMs can be classified into three main categories based on
their chemical nature: organic (o-PCMs), inorganic (io-PCMs)
and a combination of both called eutectic (eu-PCMs).76,153–159

PCMs can also be categorised based on their operating tem-
perature range, latent heat of fusion and energy storage mode.
An ideal PCM should have all the necessary characteristics for
effective thermal energy storage, but often, a combination of
materials is used to achieve the desired properties. The differ-
ent subgroups of PCMs have a wide range of physical, thermal
and chemical properties, which can be used to design thermal
energy storage systems.151,160–163

Solid–solid PCMs are made of polymer-based materials,
such as polyurethanes and polyalcohols. Liquid–gas and gas–
solid PCMs are not commonly used because they require large
volume and high-pressure systems. Solid–liquid PCMs are the
most practical for thermal energy systems. Solid–liquid PCMs
absorb heat and behave similarly to the sensible heat storage
materials until they reach their phase transition temperature.
At this point, they absorb energy without a significant tem-
perature rise and transform into the liquid phase.152,164,165

PCMs solidify and release the up-taken latent heat when the

temperature decreases. o-PCMs, such as paraffin and nonpar-
affins, have a temperature range of 5–160 1C. io-PCMs, such as
salt hydrates and metallic-compounds-based materials, have an
effective temperature range of 10–900 1C. Eu-PCMs fall between
the temperature ranges of o-PCMs and io-PCMs.166–168

In a recent paper,155 PCMs were developed as microcapsules
containing n-docosane (Fig. 6). Then, energy capsules were
used to impregnate cotton fabrics for thermal energy storage.
These fabrics had temperature buffering effect of 11 1C during
heating when impregnated with 8 wt% of the microcapsules.
They also showed a temperature increase of 6 1C during cooling
over 100 cycles of heat uptake/release. This performance was
maintained even after storing the fabrics at room temperature for
4 years. In aged fabric composites, the temperature buffering
effect during heating increased to 14 1C, and the temperature
increase effect during cooling reached 9 1C. The study suggests
that microencapsulated n-docosane has great potential for ther-
mal management applications in various industries.

4.2. 2D materials for solar energy conversion

Utilizing PCM for solar energy storage offers improved energy
storage capacity, prolonged heat storage, increased energy
conversion efficiency, flexibility in system design and environ-
mental benefits. These advantages make them a promising
solution for enhancing the performance and viability of solar
energy systems.169–172 Solar energy storage using PCMs offers a
solution to overcome the intermittent nature of solar radiation
and enables continuous operation of heating-related processes.
Tao et al.173 designed magnetically moving mesh-structured
solar absorbers within molten salts to enhance the solar-
thermal energy storage rates while maintaining 100% storage
capacity. Current storage systems are limited by the low
thermal conductivity of PCMs, which hinders their energy-
harvesting performance. Presented magnetically movable char-
ging strategy increases the latent heat solar-thermal energy
harvesting rate by 107% and supports large-area charging and

Fig. 6 Microcapsules PCM integrated in cotton fabrics to improve the
thermoregulating for commercial applications. Reproduced from ref. 155
with the permission of publisher. Copyright 2012 American Chemical
Society.
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batch-to-batch storage. The system can be easily integrated
into heat exchanging systems to provide abundant and clean
solar-thermal energy for water and space heating.

Shi et al.174 conducted a study of photo-responsive PCM that
can store latent heat and photon energy from sunlight. The
ortho-substitution of azobenzene units allowed photo-switching
by irradiation at 4530 nm wavelength. Adding an aliphatic
group provided a transition between solid and liquid states.
The ability to achieve photo-controlled latent heat storage
through solar irradiation represents a significant advancement
in the field. It opens new avenues for solar energy harvesting
utilising functional organic materials, which can be involved
in existing systems such as photocatalysts and photovoltaic
materials.

Composites based on 2D materials combined with PCM are
very effective for solar energy storage. Fan et al.175 developed a
new composite PCM based on PEG and Ti3C2Tx nanosheets.
The material has high thermal energy storage density. It exhibits
strong absorption of electromagnetic waves in the UV-Vis-NIR
region due to the localised surface plasmon resonance effect of
the Ti3C2Tx nanosheets. As a result, PCM has excellent photo-to-
thermal storage efficiency, reaching up to 94.5% under solar light
irradiation. Additionally, the composite maintains high energy
storage density and remains stable before and after the phase
transition. These findings demonstrate that synthesised PCM has
superior properties that makes it suitable for solar energy storage
applications. PCMs provide a compact and efficient way to store
and access heat, especially when the thermal energy comes from
intermittent sources like solar radiation or waste heat.176,177

5. Machine learning for the
optimisation of the material

Machine learning (ML) has revolutionized various fields of
science and technology, including materials science. Although
ML technology appeared in the mid-20th century, its practical
use became possible only after the computational power of
personal computers significantly increased. ML algorithms
require significant computational resources, which allow them
to analyze huge volumes of data and identify patterns that
would be difficult or impossible for humans to detect. In the
field of material optimization, artificial intelligence can accel-
erate the discovery and development of new materials with
desired properties.178–180 Therefore, many researchers in the
field of materials science are interested in how to apply ML
methods in their work. Fig. 7a shows growing interest in using
machine learning for materials.

Using ML methods, researchers can predict material proper-
ties before their synthesis, reducing the time and costs required
for experiments. The main advantage of this approach is the
minimization of harmful effects during the production of
certain materials.181,182 Therefore, research on machine learning
and materials optimization is rapidly developing, especially in the
last 10 years, and is already for design of 2D materials,183–185

hydrogels,186–189 supramolecular structures,190 processes of

photocatalysis,191–194 energy storage,195–197 layer-by-layer
structures198,199 and others (Fig. 7b).200–203

In this section, we will discuss the current state of applica-
tions in optimizing various 2D materials and discuss the
problems and opportunities in this rapidly developing field.

5.1. ML for 2D-materials

Currently, one of the most important directions in materials
science is using machine learning as an effective tool for studying
2D materials for catalysis, energy storage, electronics, optics and
biomedical applications. These materials form the basis of modern
technologies, and therefore, developing desired properties and
changing physical characteristics are important directions. Pure
materials are rarely used, and most devices and technologies
require careful design of material properties, which can be achieved
through doping, creating heterostructures of composites, or con-
trolled introduction of defects. Using computational or experi-
mental data of material properties, machine learning algorithms
can predict the structural, electronic, mechanical, and chemical
properties of two-dimensional materials that are yet to be discov-
ered. However, to solve such problems, developing an efficient
learning model and creating a high-quality database are necessary.

In particular, Novoselov et al. demonstrated an approach to
revealing the complex correlation between the structure and

Fig. 7 Histogram of number of scientific publications per year in the
Scopus database on the topics (a) machine learning and materials (solid
line is an exponential approximation); (b) machine learning and 2D materi-
als/hydrogel/photocatalysis/energy storage/layer-by-layer/supramolecu-
lar structure.
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properties of defects in 2D materials based on high-throughput
data sets.204 The main task is to compile the correct structured
data set to establish and control the structure–property rela-
tionships of defects. In the study, the database was compiled
using information on the electronic properties of defects
obtained from Density Functional Theory calculations in
MoS2 2D crystals. Defects are often used as a modification tool
because they contribute to changes in the properties of solids
and, as a result, the properties of 2D materials used in single-
atom catalysis. Therefore, it is important to understand the
electronic properties of defects in 2D materials. In this study,
the distribution of properties of defect configurations was
studied by creating a map of the dependence of the forbidden
zone on the energy of formation. They also extensively studied
the properties of double and triple defects, explaining the
variations in properties using symmetry and quantum mechan-
ical analysis of the electronic structure. This study allows for
predicting changes in material properties when various defects
are introduced by properly organising data and understanding
the physics.

5.2. Big data analysis by computation methods

In addition to material optimisation tasks, machine learning
can analyse large amounts of data. Modern detection methods
are important tools for timely fighting various diseases caused
by bacteria or viruses. However, many of them take time and
require significant resources. In contrast, machine learning
algorithms can quickly and accurately analyse large data sets
and extract characteristic features, providing a more efficient
and economical approach to pathogen detection. Skorb et al.
demonstrated the use of machine learning for data analysis as a
platform for rapid bacterial detection205 and tick-borne ence-
phalitis detection.206 This system is based on using a soft
hydrogel/eutectic gallium–indium alloy and allows registering
nonlinear volt-ampere characteristics depending on the com-
position of the hydrogel. Hydrogel is a material that has a high
water retention capacity and can be used to create an environ-
ment conducive to the growth of a pathogenic organisms. ML
algorithms were trained on a database collected experimentally
by electrochemical characteristics of the system, in particular
voltammetric voltage.

Machine learning can also be one of the most effective ways
to study and develop new photocatalysts that stimulate further
theoretical and experimental research on multicomponent
compounds in photocatalytic water splitting. One way to
increase the photocatalytic activity of a material is by doping,
which involves modifying its optical and electronic properties.
Although studies on material doping have been conducted for
decades, optimal dopants are still experimentally selected by
trial and error. Machine learning can be a promising approach
to determining the optimal dopants for high-performance
systems by establishing correlations between dopant character-
istics and doped materials, which may appear ambiguous when
using traditional methods. This reduces the time and costs of
experimental research and accelerates the process of discover-
ing new promising materials for use in photocatalytic water

splitting. Wang et al. demonstrated a machine learning model
predicting changes in the efficiency of photoelectrodes.207 This
work is based on studying changes in the properties of hematite
by incorporating 17 different metallic dopants. It was found
that when selecting a dopant to improve the material’s effi-
ciency, it is necessary to consider the chemical state, ionic
radius, and enthalpy of the formation of the metal–oxygen
bond. This study demonstrates the possibility of identifying
and establishing correlations between dopant characteristics
and the properties of doped photoelectrodes, which may be
non-obvious for traditional experimental methods.

5.3. Usage ML for topological data analysis

Very interesting application for ML is imageanalysis. In recent
papers the surface roughness of LbL polyelectrolytes was inves-
tigated by using atomic force microscopy.123,208 The analysis
employs innovative techniques such as topological data analy-
sis (TDA) and ML to establish a correlation between multiscale
roughness and the number of bilayers as well as to identify the
specific type of polyelectrolytes involved. Here researchers
compared assemblies polyethyleneimine (PEI)/poly (sodium 4-
styrene sulfonate) and PEI/MXene rigid flakes. (Fig. 8)

As the number of bilayers increases, the surface roughness
shifts from a smooth profile to an equilibrium roughness. The
AFM analysis reveals that the surface morphology exhibits
multiscale roughness, with smaller features superimposed on
larger ones. To ensure accurate roughness data, various meth-
ods are employed, such as correlation length calculations,
statistical analysis of extreme values in trimmed images, and
the use of TDA barcodes and persistence diagrams in an 8D
data space. Additionally, ML algorithm is utilized to determine
the number of bilayers in polyelectrolytes. The roughness
analysis demonstrates a gradual shift from a smooth to a rough
surface, reaching saturation at around three to four bilayers.
Moreover, the existence of multiscale roughness invariance is
observed.

The use of machine learning for material optimisation has
opened up new opportunities for researchers to accelerate the
discovery and development of new materials with desired
properties. Artificial intelligence can be integrated at any stage
of the material design process, depending on the goals set. This

Fig. 8 Schematic representation of the topological data analysis from
atomic force microscope images. Reproduced from ref. 209 with the
permission of publisher. Copyright 2023 American Chemical Society.
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includes the selection of precursors, synthesis parameters,
material formation conditions, and their properties. However,
some challenges need to be addressed, such as the need for
high-quality data and the development of practical machine
learning models.

The database for training machine learning algorithms is
typically formed using various methods such as experimental
data, existing databases, simulations, and modelling. As this
field continues to evolve, researchers need to collaborate and
share data further to develop the capabilities of machine
learning in material optimisation. Thanks to constant innova-
tion and collaboration, the future of materials science with the
integration of machine learning methods looks promising.
In addition to tasks related to materials optimisation, machine
learning can be used as a tool for analysing large volumes
of data.

6. Conclusions and perspectives

In conclusion, this review highlights the potential of layered
materials in the field of renewable energy and explores the use
of machine learning techniques to enhance their performance.
The following is some potential explorations:

1. 2D materials, such as graphene, transition metal dichal-
cogenides and black phosphorus, exhibit exceptional properties
that make them promising candidates for various renewable
energy applications and more. These materials possess high
electrical conductivity, excellent mechanical strength, and unique
optical properties, enabling their utilization in solar cells, bat-
teries and supercapacitors.

2. The review emphasizes the importance of understanding
the structure–property relationships of layered materials to opti-
mize their performance in renewable energy devices. By manip-
ulating the number of layers, doping, and defect engineering,
researchers can tailor the properties of these materials to enhance
their efficiency, stability, and functionality.

3. Encapsulated or layered PCMs demonstrate significant
potential in energy storage applications. Their high surface
area, ability to store large amount of heat in small volume and
excellent electrical conductivity enable controlled thermal
energy storage. The review highlights the advancements in
PCMs energy storage systems, including increased energy density,
longer cycle life, and faster energy exchange capabilities.

4. Machine learning algorithms offer a powerful tool for
predicting and optimizing the properties of 2D materials.
Through the application of supervised and unsupervised learn-
ing techniques, researchers can efficiently screen a vast number
of potential materials, identify their optimal structures, and
predict their performance for specific energy-related applica-
tions. This approach significantly accelerates the discovery and
development of new materials with enhanced efficiency and
functionality. Furthermore, the integration of 2D materials with
machine learning techniques enables the development of
smart energy storage systems. By leveraging the predictive
capabilities of machine learning algorithms, researchers can

optimize the charge–discharge behaviour of batteries and
supercapacitors based on 2D materials. This leads to improved
energy storage capacity, more heat uptake/release cycles, and
enhanced overall performance.

In summary, our review demonstrates the immense potential
of 2D materials in renewable energy applications. By combining
their unique properties with machine learning techniques,
researchers can accelerate the discovery of new materials, optimize
their performance, and pave the way for the development of more
efficient and sustainable energy technologies.
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Andreeva, Nanoscale, 2010, 2, 722–727.
76 E. M. Shchukina, M. Graham, Z. Zheng and D. G.

Shchukin, Chem. Soc. Rev., 2018, 47, 4156–4175.
77 N. Brezhneva, A. Nikitina, N. Ryzhkov, A. Klestova,

A. V. Vinogradov and E. V. Skorb, J. Sol-Gel Sci. Technol.,
2019, 89, 92–100.

78 V. Y. Yurova, P. I. Zyrianova, P. V. Nesterov,
V. V. Goncharov, E. V. Skorb and S. A. Ulasevich, Catalysts,
2023, 13, 993.

79 A. Sharsheeva, V. A. Iglin, P. V. Nesterov, O. A. Kuchur,
E. Garifullina, E. Hey-Hawkins, S. A. Ulasevich, E. V. Skorb,
A. V. Vinogradov and M. I. Morozov, J. Mater. Chem. B,
2019, 7, 6810–6821.

80 K. Ariga, E. Ahn, M. Park and B. Kim, Chem. – Asian J.,
2019, 2553–2566.

81 A. S. Ivanov, L. V. Pershina, K. G. Nikolaev and E. V. Skorb,
Macromol. Biosci., 2021, 21, 1–16.

82 A. M. Yola, J. Campbell and D. Volodkin, Appl. Surf. Sci.
Adv., 2021, 5, 100091.

83 A. Arkhangelskiy, D. Maniglio, A. Bucciarelli, V. K.
Yadavalli and A. Quaranta, Adv. Mater. Interfaces, 2021,
8, 2100324.

84 A. M. Dı́ez-Pascual and A. Rahdar, Nanomaterials, 2022,
12, 949.

85 C. Xu, A. R. Puente-Santiago, D. Rodrı́guez-Padrón, M. J.
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P. Fratzl, F. H. Schacher, D. V. Sviridov, D. V. Andreeva and
E. V. Skorb, Macromol. Biosci., 2016, 1422–1431.

96 B. V. Parakhonskiy, W. J. Parak, D. Volodkin and
A. G. Skirtach, Langmuir, 2019, 35, 8574–8583.
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Weidler, I. Wagner, C. Wöll and M. Tsotsalas, Adv. Mater.
Interfaces, 2023, 10, 2201771.

200 E. E. Ondar, M. V. Polynski and V. P. Ananikov, Chem-
PhysChem, 2023, 24, e202200940.

201 D. A. Boiko, K. S. Kozlov, J. V. Burykina, V. V. Ilyushenkova
and V. P. Ananikov, J. Am. Chem. Soc., 2022, 144,
14590–14606.

202 J. Razlivina, N. Serov, O. Shapovalova and V. Vinogradov,
Small, 2022, 18, 2105673.

203 N. Shirokii, Y. Din, I. Petrov, Y. Seregin, S. Sirotenko,
J. Razlivina, N. Serov and V. Vinogradov, Small, 2023, 19,
2207106.

204 P. Huang, R. Lukin, M. Faleev, N. Kazeev, A. R. Al-Maeeni,
D. V. Andreeva, A. Ustyuzhanin, A. Tormasov, A. H. Castro
Neto and K. S. Novoselov, npj 2D Mater. Appl., 2023, 7, 6.

205 F. V. Lavrentev, I. S. Rumyantsev, A. S. Ivanov, V. V.
Shilovskikh, O. Y. Orlova, K. G. Nikolaev, D. V. Andreeva
and E. V. Skorb, ACS Appl. Mater. Interfaces, 2022, 14,
7321–7328.

206 A. S. Ivanov, K. G. Nikolaev, A. A. Stekolshchikova, W. T.
Tesfatsion, S. O. Yurchenko, K. S. Novoselov, D. V. Andreeva,
M. Y. Rubtsova, M. F. Vorovitch, A. A. Ishmukhametov,
A. M. Egorov and E. V. Skorb, ACS Appl. Bio Mater., 2020, 3,
7352–7356.

207 Z. Wang, Y. Gu, L. Zheng, J. Hou, H. Zheng, S. Sun and
L. Wang, Adv. Mater., 2022, 34, 2106776.

208 M. Zhukov, M. S. Hasan, P. Nesterov, M. Sabbouh,
O. Burdulenko, E. V. Skorb and M. Nosonovsky, ACS Appl.
Mater. Interfaces, 2022, 14, 2351–2359.

209 A. S. Aglikov, A. T. Aliev, M. V. Zhukov, A. A. Nikitina, E. A.
Smirnov, D. A. Kozodaev, M. I. Nosonovsky and E. V. Skorb,
ACS Appl. Electr. Mater., 2023, DOI: 10.1021/acsaem.3c01358.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 9
:5

8:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/acsaem.3c01358
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00924f



