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Abstract: In response to the exhaustion of traditional energy, green and efficient energy conversion has
attracted growing attention. The IVA group elements, especially carbon, are widely distributed and
stable in the earth’s crust, and have received a lot of attention from scientists. The low-dimensional
structures composed of IVA group elements have special energy band structure and electrical proper-
ties, which allow them to show more excellent performance in the fields of energy conversion. In
recent years, the diversification of synthesis and optimization of properties of IVA group elements
low-dimensional nanomaterials (IVA-LD) contributed to the flourishing development of related fields.
This paper reviews the properties and synthesis methods of IVA-LD for energy conversion devices,
as well as their current applications in major fields such as ion battery, moisture electricity generation,
and solar-driven evaporation. Finally, the prospects and challenges faced by the IVA-LD in the field
of energy conversion are discussed.

Keywords: low-dimensional nanomaterials; IVA group elements; battery; transducer; water evaporation

1. Introduction

As a guarantee for the rapid development of modern society, the important role of
energy in all walks of life cannot be overstated. However, the energy crisis caused by
the depletion of traditional energy sources and the environmental pollution caused by
the improper use of energy are becoming increasingly prominent. Therefore, in order
to tackle the global problem, an environmentally friendly and sustainable energy-saving
conversion system is urgently needed [1-3]. The IVA group elements, represented by
carbon, are widely distributed and stable in the earth’s crust and have received a great
deal of attention from scientists [4,5]. The combination of the IVA group elements and
nanotechnology has expanded their application. Fadaly et al. have broken through the
limitation of silicon technology requiring use in conjunction with direct band gap light-
emitting devices by synthesizing silicon and germanium alloy to achieve direct band gap
high luminescence, enabling the integration of electronic and photoelectric functions on
a chip [6]. More importantly, the unique electronic and energy band structures [7-9] of
the IVA group elements make them widely available for efficient energy conversion and
storage. Graphene, for example, is a zero-band semiconductor material with 7t (p) bonds,
where the strength of the bonded electrons is not sufficient for these electrons to leap from
p to p*. The abundant conjugated 7 (p) bonds promote the excited electrons at almost all
wavelengths of sunlight, giving the materials a black color. The excited electrons jump from
ground state orbital (HOMO) to high energy orbitals (LUMO) and then jump back to the
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ground state via electron-phonon coupling, releasing energy and causing lattice vibrations
that lead to an increase in temperature, enabling efficient solar-thermal energy conversion.

With the abundance of methods for the preparation of low-dimensional nanoma-
terials, better morphology control and modification of loading groups can be achieved,
enabling better applications for energy storage and conversion, and showing superior per-
formance. The synthesis of nanomaterials is mainly divided into top-down methods, such
as stripping [10], etching and laser, etc., and bottom-up methods, such as in-situ growth,
hydrothermal synthesis self-assembly, etc. Li et al. used the concept of “Phoenix Nirvana”
to synthesize graphene, through reconstituted graphene nanoparticles to obtain a new
structure of three-dimensional (3D) graphene; the obtained porosity, electrical conductivity,
mechanical strength, etc., increased greatly [11]. Stetson et al. found that the formation
mechanism of the initial solid electrolyte mesophase on the silicon wafers with natural
oxide and chemically etched thermal oxide coating is different, and the structural reversal of
SEl is achieved by chemical etching, which can be used to improve the service life of anode
materials [12]. Zhang et al. tuned the electronic properties of reduced graphene oxide
(rGO) by TI atoms, and the Fermi level drop significantly reduced the series connection
of carbon-based electrodes resistance, thus greatly improving the power conversion rate
of C-PSC [13].

This review first describes the different morphologies and properties of IVA-LD,
followed by an overview of the synthesis methods of these typical low-dimensional nano-
materials. Finally, the excellent applications and advances in energy conversion of the
low-dimensional nanomaterials are presented.

2. Morphology and Properties of IVA-LD
2.1. 0D Quantum Dots
Nanostructures in different dimensions, such as quantum dots, nanotubes,

nanorods/wires, and nanosheets, have provided satisfactory solutions for the rapid devel-
opment of energy storage and conversion devices, as shown in Figure 1.
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Figure 1. IVA-LD are widely used in energy storage and conversion devices. Reprinted with
permission from Ref. [14]. Copyright 2019 American Association for the Science.
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Quantum dots are zero-dimensional (0D) semiconductor particles, only a few nanome-
ters in size, sometimes referred to as atoms. Like a naturally occurring atom or molecule,
it has bound discrete electron states. As a carbon nanomaterial, 0D carbon quantum
dots (CQDs), have attracted increasing attention in recent years because of their low cost,
non-toxicity, large surface area, high electrical conductivity, and abundant outstanding
properties. In addition, CQDs have excellent electrochemical reaction performance due
to their abundant quantity, low price, unique electron transfer capability, and large spe-
cific surface area. More importantly, CQDs can be doped with heteroatoms to change
properties. For example, the fluorescence properties of CQDs can be changed by doping
with heteroatoms. A facile and high-output strategy to fabricate selenium-doped carbon
quantum dots (SeCQDs) [15] with green fluorescence was developed by the hydrothermal
treatment of selenocystine under mild conditions. The selenium heteroatom imparts re-
doxdependent reversible fluorescence to Se-CQDs. Once Se-CQDs are internalized into
cells, harmful high levels of reactive oxygen species (ROS) in the cells are reduced. With
their fast electron transfer and large surface area, CQDs are also promising functional mate-
rials. Similarly, silicon and germanium nanostructures as high refractive index materials
have been extensively studied as a new type of photoresonance structure. It is shown that
silicon quantum dots (SQDs) can increase the internal potential of graphene/Si Schottky
junctions and reduce the light reflection of photodetectors. Ting Yu et al. [16] achieved
a faster response of photodetectors by coupling graphene with SQDs, and could further
improve the performance of photodetectors by changing the size of silicon quantum dots
and the number of graphene layers. Their excellent transmission and optical properties
have potential applications in semiconductor lasers, amplifiers, and biosensors. Currently,
the main method for the synthesis of quantum dots is the colloidal method. Colloidal syn-
thesis involves heating the solution at a high temperature, decomposition of the precursor
solution to form monomers, followed by nucleation, and formation of nanocrystals. This
method can be used to synthesize quantum dots in large quantities.

2.2. 1D Nanowires/Rods/Tubes

Nanowires are one-dimensional (1D) structural materials that are laterally confined
to less than 100 nm. Compared to conventional bulk materials, nanowires tend to exhibit
better photoelectric properties for macroscopic applications. For example, nanowires can
naturally concentrate solar energy into a very small area of the crystal, concentrating
light 15 times more intensely than ordinary light. This has important implications for the
development of solar cells and the use of solar energy [17,18] because of the resonance of
the light intensity within and around the nanowire crystal, which helps to increase the
conversion efficiency of solar energy. Silver nanowire electrodes exhibit easily adjustable
photoelectric and mechanical properties. Atomic-level chemical welding of silver nanowire
electrodes [19] can be used to construct a flexible organic solar cell with high efficiency.
Si/InP core-shell nanowire-based solar cell using etched Si nanowire [20] confirm the
formation of radial nanowire heterostructures. In this cell, more photons can be absorbed.
Compared to traditional solar cells, the performance is greatly improved.

CNTs are one of the highest hardness and best strength of synthetic carbon materials.
In the CNTs, the C-C bonds are mainly sp? hybridized, and the hexagonal mesh structure is
bent to a certain extent, forming a spatial topology, in which certain sp> hybridized bonds
can be formed. sp? hybridized C-C bonds are strong chemical bonds, which makes the
CNTs have very high mechanical strength. For CNTs with an ideal monolith wall, its tensile
strength is about 800 GPa. CNTs are also very flexible and can be stretched. The factor
that usually determines the strength of a material is the aspect ratio, the ratio of length to
diameter. If the aspect ratio reaches 20, it is an ideal flexible material. CNTs are flexible
materials with high thermal conductivity because their aspect ratio can reach more than
1000 and their heat exchange performance along the length direction is very high. CNTs
are also divided into single-walled carbon nanotubes (SWCNT) and multi-walled carbon
nanotubes (MWCNT). The geometric structure of SWCNT can be regarded as a single layer
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of graphene crimp, with excellent electronic and mechanical properties. MWCNT is made
of layers of graphene seamlessly coiled into concentric tubes. Compared with SWCNT,
their elasticity and tensile strength are slightly inadequate. Nanofibers composed of a single
polymer often have poor electrical conductivity and weak mechanical properties, so their
applications are limited. Therefore, CNTs are often used as reinforcement fillers to prepare
nanofibers after compounding with other polymers, which can effectively improve the
properties of nanofibers. Fe;O3 /C/CNT composites [21] sprayed by ultrasonic can be used
as an anode for lithium-ion batteries. In these composites, the high conductivity of CNTs
makes charge transfer faster, which improves the performance of lithium-ion batteries. The
structure along the CNTs is the same as the sheet structure of graphite, so it also has very
good electrical properties. Moreover, it has also realized excellent characteristics in thermal
and optical aspects, so it has a very good prospect in battery, sensing, medical treatment,
and other aspects. Similarly, silicon and germanium nanotubes are suitable to be used
as anodes of lithium-ion batteries because of their cyclic stability. In recent years, further
progress has been made on the crystal phase transformation of anode materials during
battery charging and discharging, which is expected to improve the performance of lithium-
ion batteries. It is worth mentioning that Chen et al. [22] deposited gold (Au), platinum
(Pt), nickel (Ni), and indium tin oxide (ITO) onto the surface of tin dioxide nanotubes to
prepare different kinds of electrodes. High sensitivity detection of hydrogen and benzene
is achieved, and the power consumption is only 1% of that of commercial sensors.

2.3. Monolayer

Because of their excellent electronic, optical, and mechanical properties, two-
dimensional (2D) nanomaterials graphene, silicene, and germanene have attracted wide
interest. Graphene is a new material formed by a single layer of carbon atoms and is also
the basic building block of other carbon-based nanomaterials, such as fullerenes, CNTs,
and graphite. Graphene can be rolled into 0D fullerenes and 1D CNTs, or it can be stacked
in a certain way to form a graphite bulk material. Graphene also exhibits remarkable
physical properties due to its unique internal structure. 1. Graphene has excellent electronic
properties [23]. It can carry a considerable amount of charged ions, so it is commonly
used as a basic raw material for batteries and electrical equipment. 2. Graphene is so
flexible that it can bend and fold to a certain extent with little change in its properties.
Therefore, graphene has a very good prospect in the research field of flexible wearable
electronic devices [24].

But the use of graphene is limited by its lack of a semiconductor band gap. Therefore,
it is a difficult problem to study how to open the energy gap. At present, there are two
main methods commonly used. The first one is to increase inherent defects of graphene,
exposing more active sites. The quantum size effect of the electronic structure can be
achieved by changing the morphology of graphene. For example, graphene can be changed
into 0D graphene nanoribbons and 0D graphene quantum dots. The second is a chemical
modification, which promotes the redistribution of charge on the surface by changing the
number and type of heteroatoms incorporated into the graphene. The chemical modification
includes surface modification and substitution doping. Graphene surface modification is
achieved by hybrid adsorption of gaseous metals or organic molecules on the graphene
surface. Alternating doping is the introduction of heteroatoms into the carbon lattice of
graphene. At present, this modification method is very mature, and various elements have
been widely introduced into graphene.

Monoatomic derivatives of graphene can be obtained by adding halogen atoms to the
graphene skeleton. Graphene derivatives exhibit different properties due to the different
electronegativity of heteroatoms. Among them, fluorographene has large negative magne-
toresistance, high optical transparency, and high reactivity. As well, it is easy to generate
many derivatives, such as graphene acid and cyanogen graphene. Graphene acid is a novel
graphene platform whose carboxylic acid groups are selectively and uniformly located on
the surface of the carbon network. This structure enables the graphene acid to have more
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uniform functionalization and stronger electron conduction. Such good performance also
proves the excellent catalytic activity of graphene acid [25]. Furthermore, the selectivity
of different oxidation products can be precisely modulated by adjusting the structure of
the graphene acid. It is widely used in selective electrochemical sensing and catalysis [26].
Cyano graphene is also one of the graphene derivatives, capable of complex 2D chemical
reactions and high yield covalent functionalization of graphene [27].

Since graphene was discovered in 2004, researchers have proposed silicene, germanene,
and stanene with graphene-like honeycomb structures. Silicene has since been designed as
a cathode to develop zinc-ion hybrid capacitors with enhanced capacitance and hypercyclic
stability. As the research progressed, the researchers designed a hybrid honeycomb silicene,
combining the electron band gap of specific silicon with the high electron mobility energy
of honeycomb silicon. Zhao et al. confirmed that germanene is a potentially high energy
density anode material. They prepared small layer germanene nanosheets by the liquid
phase stripping method and measured their cyclic stability after mixing with rGO [28].

As mentioned above, we reviewed the different morphology and properties of IVA-LD.
In fact, in research and application, they are not applied alone, but are often used in combi-
nation with other low-dimensional or bulk materials, which also shows the advantages
of low-dimensional materials for easy composite. The composite of IVA-LD can not only
have the excellent properties of each part of the material, but also forms heterojunction at
the interface of the composite. Heterogeneous junctions form at the composite interface,
among which the Van der Waals heterojunctions (vdWHs) formed by 2D materials stacking
has attracted the researchers’ attention for the first time. Some studies show that vd WHs
can provide the largest area for the separation and transfer of carriers, showing application
potential in photoelectric detection. Some studies have shown that van der Waals hetero-
junction can provide the largest area for the separation and transfer of carriers, showing
the potential of application in photoelectric detection. Dhungana et al. [29] introduced
the concept of Xene heterostructures based on an epitaxial combination of silicene and
stannene on Ag(111), promising to optimize the responsivity and speed of photodetectors.

3. Preparation of IVA-LD
3.1. Hydrothermal Synthesis

Hydrothermal synthesis is a simple synthesis method in which the prepared and
stirred solution is put into an autoclave and reacted for a period at a certain temperature
and pressure, using a hydrothermal system and a high-temperature and high-pressure
closed environment to obtain IVA-LD. Many parameters, such as surfactant, solution pH
value, reaction temperature, and reaction time need to be ensured in the experiment, which
makes the product more sensitive to environmental changes. The advantages are high
concentration, good dispersion, easy control of particle size, simple operation, large output,
low cost, a mild and safe method of hydrothermal synthesis process, the sample reacts uni-
formly in an aqueous solution at a high rate under high pressure. Hydrothermal synthesis
has shown great versatility and high efficiency in the preparation of holey materials.

Xu et al. [30] synthesized porous graphene oxide (GO) frames with abundant planar
nanopores through a solvothermal reaction involving a mild defect-etching process. A
homogeneous aqueous mixture of GO and hydrogen peroxide was stirred and heated
at 100 °C for 4 h to prepare a solution of hydrogen graphene oxide (HGO) (Figure 2a).
The authors concluded that the oxidative etching reaction initiates and propagates mainly
in oxygen-deficient regions, preferentially removing oxygen-containing carbon atoms,
generating carbon vacancies, and eventually forming nanopores in the GO nanosheets.
A simple metal-organic framework production strategy was proposed by Zhu et al. [31]
Layered porous CoMoO4-CoO/S@rGO nanopolyhedra were synthesized by hydrothermal
S-doping, as shown in Figure 2b. The preparation process can be divided into two parts; the
first step synthesizes dodecahedral-shaped ZIF-67 crystal as the initial precursor. Secondly,
the NPs of layered porous CoMoO4-Co(OH),NPs were formed by injecting a dielectric
sodium-molybdenum solution into the suspension of ZIF-67 crystals via the etching ion
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exchange effect. Then, TAA and GO solutions were added to the suspension of the above
intermediates with CoM0O4-CoO/S@rGONPs, and the final products were obtained by
low-temperature hydrothermal process and heat treatment hydrothermal process and
heat treatment.
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Figure 2. (a) Scheme of the synthetic process of HGFs and HGF films. Reprinted with permission from
Ref. [29]. Copyright 2021 American Association for the Advanced Functional Materials. (b) Synthesis
steps and structural description of CoMo0O4-CoO/S@rGO NPs. Reprinted with permission from
Ref. [31]. Copyright 2022 American Association for the Journal of Materials Chemistry A.

3.2. Template-Directed Synthesis

Template-directed synthesis is an efficient method for preparing multifunctional nano-
materials with multiple morphologies and structures because it allows direct tuning of the
morphology and size of the nanomaterials by adjusting the preparation conditions and
selecting a suitable template. A typical template growth process involves depositing or syn-
thesizing a precursor on a substrate (template) and then removing the template through an
etching process to produce porous nanosheet products [32]. For example, porous and polyg-
onal magnesium oxide layers can be used as templates to obtain monolayer and bilayer
porous graphene nanosheets. The resulting graphene nanosheets have a porous nanonet
structure with a pore size distribution of 6-10 nm and an SSA of up to 1654 m?g~! [33].
Sacrificial template guidance is an extension of the conventional template method and is
a more effective way to prepare porous materials by applying a template as a precursor
system. Graphene and its derivatives are important sacrificial templates for the synthesis of
various ultra-thin, porous 2D nanosheets. Recently, Peng et al. proposed a general method
for in-situ synthesis of 2D porous transition metal oxide (TMO) nanosheets [34]. Figure 3
shows that GO was first employed as a template to grow various TMO precursors on its sur-
face, and then the TMO precursors are transformed into 2D porous TMO nanosheets after
heat treatment due to the synergistic effect of chemical interconnection and GOs-controlled
decomposition of TMO nanoparticles. Two transition metal (TM) cations are mixed with
GO and then anchored on surfaces of the rGO template during solution-phase reaction.
After removal of the rtGO template during post-calcination, 2D porous MTMO nanosheets
consisting of interconnected MTMO nanocrystals were formed.
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MTMO/rGO precursors

TM cations

Holey MTMO nanosheets

Figure 3. Schematic illustration of the general synthetic strategy of 2D holey TMO nanosheets.
Reprinted with permission from Ref. [33]. Copyright 2012 American Association for the Advanced
Energy Materials.

3.3. Liquid Phase Stripping Nanosheet Method

Based on the weak interlayer van der Waals interactions in layered compounds, a
top-down synthesis method has been developed to overcome interlayer forces and to
prepare 2D nanosheets by direct physical or chemical stripping from their bulk layered
nanomaterials. High-quality micro-scale-width films have been obtained from bulk crystals
using the sellotape method [35]. However, the process is time-consuming and difficult
to control and is not suitable for the mass production of 2D nanosheets. To achieve high-
quality large-scale synthesis of 2D nanosheets, as shown in Figure 4, liquid phase stripping
of layered materials is usually carried out using the following three main methods: ion
intercalation, ion exchange, and solvent ultrasonic treatment. Firstly, ion intercalation
refers to the adsorption of guest molecules into the gap between layers, and this method
is widely used in certain layered materials [36]. Ion intercalation usually increases the
interval between layers, weakens the interlayer adhesion, and reduces energy, which is
usually a disadvantage of ion intercalation methods. Also, another disadvantage of the ion
intercalation method is that they are sensitive to environmental conditions [37]. However,
ion intercalation methods are still under development and a large number of intercalation
methods and intercalating agents are emerging. As scientific research continues, ion
intercalation will play a greater role in the use of nanosheets.

Ion-exchange methods refer to the process of displacing ions between insoluble solid
layered materials, such as Montmorillonite (MMT) and hydrotalcite, which normally carry
exchangeable ions, and ions of the same charge in solution. In suspensions like MMT, for
example, this layered structure combined with the unique and convenient migration of
water molecules between layers allows ions to exchange with ions in body solution. The
ion exchange between MMT and cations can peel off their layered structure, thus opening
up a new avenue for novel 2D nanosheets [38]. The method lays the foundation for a
general route to prepare large area monolayer nanosheets and the basic properties of 2D
nanomaterials and develops a number of potential applications.

The final presentation is an ultrasound-assisted liquid phase exfoliation strategy, which
is also a popular method that is widely used due to its high yield. Ultrasonic generates cav-
itation bubbles or shear forces that separate layered material into monolayer to multilayer
nanosheets. However, it also has many disadvantages such as poor structural integrity, size
limitations, and low monolayer yield. This treatment destroys the layered microcrystalline
structure and produces stripped nanosheets. The stability of ultrasound-treated nanosheets
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depends on various parameters and the choice of solvent is very important. As with MMT,
it is difficult to separate monolayer nanosheets with 2D structures.
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Figure 4. (a) Intercalation; (b) Ion exchange; (c) Sonication-aided exfoliation.

In addition, peeling materials with low reduction potentials, such as graphene, by
adding hydroxyl and epoxy groups on its surface, produces hydrophilic properties that
allow solvent water to be embedded and large-scale peeling, with dispersed sheets mainly
in single layers, often spanning hundreds of nanometers stripping by extending the inter-
layer spacing. In addition to multi-step embedding, in-situ reactions of the embedding
agent can be used to overcome interlayer forces and enable exfoliation. At a later stage,
improved methods have been proposed to efficiently obtain high-quality graphene. In
recent years, the controllability of the stripping process and the function of the product
have been further developed based on the method of liquid phase stripping methods for
the synthesis and practical application of 2D nanosheets of controllable quality.

4. Applications of IVA-LD in Energy Conversion Materials
4.1. Battery

Classical graphene nanomaterials are good electronic conductors, with a zero-band gap
structure and excellent electron transport capabilities making them good electrode materials.
However, in many cases, graphene needs to be compounded with different materials to
achieve fast electron and ion transport effects. Many examples have been reported of
the design of hybrid structures of graphene with many oxides (Nb,Os, TiO,, MoO3, etc.)
to achieve the mentioned functions [39—41]. Various carbon carriers such as nanotubes,
graphene-based materials, and porous carbon not only act as electron channels, but also
form heterojunctions between oxide and carbon atoms, thus influencing the electronic
properties of both materials. Another way to achieve fast electron and ion transport
is through the construction of 2D heterostructures, which facilitate the combination of
highly conductive and high-energy density 2D materials. Since at least one material in the
hybrid structure has good electrical conductivity, graphene is often the primary material
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of choice in this [42]. To date, this approach has been applied quite commonly and a
large number of metallic conductors and active materials are also available. A class of 2D
transition metal nitrides and carbides (MXenes) has been widely reported as a promising
paradigm in the field of energy conversion and storage. Both MXene and graphene can
be produced from their conventional materials using “top-down” stripping techniques
(MAX material or graphite). This stripping method allows for the large-scale fabrication of
ultra-thin 2D nanomaterials, down to a single atom or multiple atomic layers, resulting in a
variety of unique chemical and physical properties. Second, ideal MXene and graphene
materials have large specific surface areas and high electrical conductivity, making them
excellent candidates for a variety of energy conversion and storage applications. In addition,
heteroatoms (metallic or non-metallic) can be used to dope or modify the surface of the
microstructure to improve performance. For example, a freestanding, ultra-lightweight,
additive- and binder-free TisC,TxMXene was recently prepared by Olgani et al. [43]. It
was shown that TizC,TxMXene aerogel could be aligned along a temperature gradient
in the sub-millimeter region with a strain tolerance of up to 50%. MXene aerogel has an
excellent electrochemical response, excellent rate performance, high specific capacity, and
high cycle stability. This study shows that preventing re-stacking of MXene flakes during
aerogel manufacturing eliminates the need for electrochemical cycling to achieve maximum
volume. The excellent electromechanical properties of MXene aerogel result from the
directional assembly of the 2D sheet in their structure, which makes them high-quality
strain sensors. Zhang et al. [44] prepared a composite material containing MXene and
SnS by a hydrothermal method. The introduction of SnS increases the interlayer spacing
and enhances the reversibility and electrical conductivity of the composite. However,
A pristine MoS; electrode exhibits quick capacity attenuation and rate performance. A
2D composite material was prepared by Huang and coworkers [45] with the help of a
hydrothermal technique.

MoS; nanosheets were introduced into the interlayer of Ti3C,TxMXene to create
the composite. In a nutshell, the MXene@SnS and MXene@MoS, composites exhibit
outstanding electrochemical characteristics and have promising application possibilities
due to the synergistic impact of SnS and MoS; with high theoretical capacity and TizC,Tx
with superior electrical conductivity.

Lithium-ion batteries (LIBs) dominate the power supply market for a wide range of
devices, from electronics and new energy vehicles to networking applications [46]. The
structure of IVA-LD plays an important role in improving the electrochemical performance
of LIBs, such as power/energy density and cycling stability. Nanostructured electrodes that
improve the overall performance of LIBs include ultra-thin, well-defined 2D nanomaterials,
shortened lithium-ion transport channels, and abundant surface area for lithium-ion storage
activity [47]. Despite the advantages of 2D nanomaterials in LIBs applications, the problem
of self-filling of 2D nanomaterials in electrode manufacturing has been an impediment
to their practical use in LIBs. During material processing or electrode fabrication, 2D
nanomaterials can easily re-agglomerate into dense structures due to the weak van der
Waals force between them [48], severely hindering electrolyte and ion penetration into the
internal structure of the electrode and thus leading to rapid capacity decay.

Chen et al. have designed a horizontally aligned, high tortuosity porous rGO and used
it as an efficient sulfur host [48]. Sulfur species can be firmly encapsulated in sandwiches of
2D carbon material, which can act as a barrier to suppress shuttle effects due to its inherent
high conductivity and laminar flow confinement. These neatly aligned rGO nanosheets are
made into sandwiches to limit the diffusion of dissolved LiPSs. The experimental results
show that the curvature of rGO affects the inhibition of LiPSs on diffusion and dissolution.
Higher electrode curvature may help ions to diffuse outward mass transfer paths to inhibit
LiPSs diffusion from the cathode, as shown in Figure 5a,b. Based on these advantages, the
cell achieved an ultra-high cathode area capacity of 21 mAh cm ™2, after 160 cycles, with
a capacity retention of 98.1%. Following this idea, the core concept of sulfur limitation in
the conductive matrix can be further applied to the design of 3D frame hosts. rGO is a
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good carrier for coupling well with other materials, and Lei et al. [49] designed a single-
dispersed molecular cluster catalyst composite comprising of a polyoxometalate framework
[Co4(PW9O34),]'% shown in Figure 5e and a multilayer rGO. The composite demonstrates
efficient polysulfides adsorption and reduced activation energy for polysulfides conversion
due to interfacial charge transfer and exposure of unsaturated cobalt sites, making it highly
advantageous for use as a bifunctional electrocatalyst. Figure 5c,d shows a significant
increase in reactive polarization to 267 mV and 442 mV for the rGO/S cathode, and a slight
increase in overpotential for the CosW13/rGO/S cathode. Furthermore, the activation
barrier of LiS can be reduced on the CosW;3/rGO/S electrode compared to the rGO
electrode, which further demonstrates the more significant oxidation kinetics of Li,S on the
CoyW1g/rGO/S cathode.

To improve the performance of the LIBs, the key is to develop novel electrode mate-
rials that could improve the energy density, extend the power capacity and prolong the
life cycle [47,50]. Graphene/CNTs composites display great merits in the preparation of
the anode materials for LIBs, and a lot of successes have been achieved by incorporating
graphene/CNTs composites into LIBs. To improve the performance, Chen et al. [51] and
Li et al. [52] synthesized Graphene/CNTs composites using CVD based methods and
prepared lib based on these composites. These batteries are proven to have greater capacity,
cyclability, and rate capability. The results show that the composite can achieve the highest
thermal conductivity and temperature rise inhibition when the Graphene/CNT mass ratio
is 7/3 [49], which indicates that the composite has great potential in the thermal manage-
ment of lithium-ion power batteries. The bonding behavior between graphene and carbon
nanotubes is of great significance to the electrical properties of composites. To further
improve battery performance, different types of metals and metal oxide nanoparticles, Ni
nanoparticles [53], Ge nanoparticles [54], V2Os [37], SnO; [55,56], CozO4 [57], TiO, [58] and
MoS; nanoparticles [59-61] are also added to the Graphene/CNTs composites to produce
anode materials. These nanoparticle/Graphene/CNTs composites could be used to make
anodes for LIBs with enhanced performance. Graphene/CNTs-based Si nanocomposites
can also improve the performance of the active materials in LIBs. However, these candi-
dates still produce severe capacity attenuation due to electrical disconnections and fractures
caused by large volume changes in long cycles. Therefore, Tian et al. [62] designed a novel
3D crosslinked graphene and SWCNTs structure to encapsulate Si nanoparticles. The
synthesized 3D structure is attributed to the excellent self-assembly of CNTs with GO and
the heat treatment process at 900 °C. This special structure provides sufficient gap space for
Si nanoparticles to expand in volume and provides channels for ion and electron diffusion.
In addition, the cross-linking of graphene and SWCNTs also enhances the stability of the
structure. As a result, the volume expansion of Si nanoparticles is limited. Specific capacity
keeps at 1450 mAh g~ after 100 cycles at 200 mA g~ !. This well-defined 3D structure helps
to achieve superior capacity and cycle stability compared to the mechanically mixed com-
posite electrodes of bare silicon and graphene, single-walled carbon nanotubes, and silicon
nanoparticles. In the same year, a porous Si/rGO/CNT composite was developed by facile
chemical etching with a self-encapsulating process as anode material for full cell LIBs [63].
What is more, SnO,@carbon nanotube/reduced graphene oxide (SnO,@CNT/RGO) com-
posite is rationally designed and fabricated [64], in which nano SnO; nanoparticles (NPs,
~6 nm) are anchored onto 3D conductive CNTs/RGO skeleton by first assembling SnO,
onto CNTs and then entangling SnO,@CNT nanofibers in 3D graphene networks. The
synergistic effect of CNTs and RGO significantly improved the conductivity and prevented
the aggregation of active substances. In addition, the mesoporous structures constructed
by CNTs and rGO can adapt to the volume changes of SnO, NPs and form more stable
SEl layers during repeated discharge/charge processes. Moreover, Graphene/CNTs com-
posites could also promote the cathode function of LIBs [65-68] and inhibit the dendrite
formation of the lithium anode of lithium-ion batteries [69], providing more opportunities
for a huge increase in battery capacity and energy density. The addition of Graphene/CNTs
composites helps to solve the existing problems such as slow reaction kinetics, polysulfide
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diffusion caused by insulating sulfur, and severe capacity loss, and further promotes the
development of LIBs in the next generation of energy storage systems.

Silicon is also commonly used as a battery anode material, with a recording capacity
(about 4000 mAhg~! more than ten times higher than the graphite used in commercial bat-
teries [70]. As a result, silicon has attracted considerable interest in recent years as an anode
material for lithium-ion batteries. However, the application of silicon is severely limited by
its rapid degradation when used as an electrode, the potential for lithium /dehydrogenation
processes to cause volume expansion effects of up to 300%, in addition to the numerous
drawbacks faced by the electrode/electrolyte such as the instability of the interface and the
low electrical conductivity of the material. To address these issues, scientists have explored
many aspects. Most of these studies have attempted to come up with practical solutions
using innovative electrode structures or silicon-based composites. They usually require
silicon at the nanoscale (nanoparticles, core-shell structure, yolk-shell structure, nanoporous
structure, nanowires, nanotubes, nanofibers, films, etc.) [71-74]. Nanostructured Si-based
materials allow for high loading and cycling stability but remain a process and engineering,.
Haon et al. [75] designed a Si nanowires-grown-on-graphite one-pot composite (Gt—SiNW)
via a simple and scalable route, as shown in Figure 5f. The uniform distribution of SINW
and the ordered arrangement of graphite flakes prevent electrode pulverization and ac-
commodate volume expansion during cycling, resulting in very low electrode swelling. As
shown in Figrue 5g, the Gt—SiNW anodes perform well in terms of ICE (72%), cyclability
(900 mAhg ! and 72% capacity retention at 300 cycles), rate capability (1145 mAhg~! at
2 C rate), and extended cycling at high rate (629 mAhg~! after 250 cycles at 2 C rate). It
overcomes the technical hurdle of severe volume change with Si-rich anodes and exhibits
an acceptable 20% electrode expansion after 50 cycles. This study found that graphite plays
a key role in maintaining high energy density: it facilitates rapid electron transport and
adaptation and directly influences the volume change during cycling, thereby improving
long-term mechanical integrity.

Metallic tin-based materials have been a promising substitute due to their high specific
capacity of up to 992 mAh g~!, proper lithium insertion potential, abundant natural
resources, low price, and non-toxic and environmental friendliness. However, tin-based
anodes suffer from an extreme volume expansion of up to 300% in the lithiation process
(formation of Lis 4Sn). The severe volume change causes a significant structural collapse
and an unstable SEI, resulting in substantial deterioration in the cycling performance [76].
However, similar to the silicon anode, the Sn anode suffers from a massive volume change
due to a large amount of lithium insertion and extraction, which leads to pulverization of
the electrode and loss of active material [77]. Li et al. [78] propose a shell-to-yolks evolution
strategy to synthesize a novel structured Sn-based composite that can well address this issue.
The as-prepared composite with multiple Sn cores embedded in one hollow nitrogen-doped
carbon sphere is called multiple-yolks-shelled Sn@nitrogen doped carbon (MYS@Sn@NxC).
The appropriate voids between Sn particles inside the sphere can well accommodate the
volume change during cycles. As well, the robust NxC shell maintains a stable structure
of the electrode. Moreover, through the metal-Sn synergistic effect, the volume expansion
and rapid capacity decay for LIBs application can be effectively alleviated. Wang et al. [79]
rationally design a Cu-5n (e.g., Cu3Sn) intermetallic coating layer (ICL) to stabilize Sn
through a structural reconstruction mechanism. The low activity of the Cu-Sn ICL against
lithiation/delithiation enables the gradual separation of the metallic Cu phase from the Cu-
Sn ICL, which provides a regulatable and appropriate distribution of Cu to buffer volume
change of Sn anode. The proposed structural reconstruction mechanism is expected to
open a new avenue for electrode stabilization for high-performance rechargeable batteries
and beyond and more metal synergies need to be developed.
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Figure 5. (a) Schematic diagrams; (b) SEM images for the expanded rGO film. Reprinted with
permission from Ref. [48]. Copyright 2020 American Association for the Matter.; (¢) Galvanostatic
discharge—charge curves at 1 C (i.e., 1.68 A gs—1); (d) Rate performance of various sulfur cathodes
at different specific current; (e) Schematic illustration of bifunctional catalytic effect for Li2S depo-
sition and oxidation on the surface of Co4W18/rGO composites. Reprinted with permission from
Ref. [49]. Copyright 2022 American Association for the Nature Communication; (f) Characterization
of Gt—SiNW and Thickness and swelling percentage of electrodes vs. cycle number for SINW@carbon
black and SiNW@graphite; (g) prelithiation at C/2 rate. Comparison of corresponding reversible
capacities, and Coulombic efficiency. Reprinted with permission from Ref. [75]. Copyright 2020
American Association for the ACS Nano.

4.2. Transducer

The burning of fossil energy sources not only harms the environment, but also faces
exhaustion. Therefore, the development of new, green non-polluting, and clean energy
sources is a key to solving this problem. Water is ubiquitous in the atmosphere and
has an amazing amount of energy. With the development of science and technology,
obtaining clean energy from water has aroused great interest. We have found that water
can interact directly with many functional materials to generate power. However, in
the absence of chemisorption, the interaction between water vapor and solid surface is
very weak. To enhance their interaction, it is necessary to change the composition of
the surface structure or enlarge the effective area of the interaction. Nanomaterials are
not only very small in size, but also have many tiny pore structures. It greatly increases
the specific surface area of the nanomaterial considerably and promotes interaction with
moisture. Moreover, nanomaterials are highly sensitive to external stimuli. It can therefore
be optimized for functionalization by doping with other elements, changing the functional
groups, or coupling to an external substrate. Nanomaterials, therefore, stand out among
the materials used for the generation of electricity from water. Materials typically used for
power generation mainly include carbon nanostructured materials.
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The most prominent carbon nanomaterial in the field of moist-electric generation
(MEG) is graphene, a monolayer of graphite with a honeycomb lattice. The chemical
state of the graphene surface can be modified by oxygen-related functional groups [80],
in which the graphite is oxidized and exfoliated to give GO, as shown in Figure 6a. In
contrast to graphene, GO is modified by several oxygen-containing functional groups,
such as -OH, -COOH. The addition of these functional groups increases the reactivity of
graphene and greatly improves the hygroscopic and desorption properties when in contact
with moisture [81]. It releases protons (H") from the oxygen-containing functional groups,
creating an ion gradient. The protons move from high to low concentrations, producing a
stable voltage. There are therefore three main strategies to improve output performance.

@ water molecule 6V

Figure 6. Electricity generation from graphene materials with instantaneous output. (a) Synthesis of
GO from graphite through Hummers’ method. There are many oxygen functional groups on sheets
of GO due to the strong oxidization of graphite. Reprinted with permission from Ref. [80]. Copyright
2018 American Association for Joural of Physics D-Applied Physics; (b) A large-scale, rollable HEG
integration. (c) Schematic drawing of GHEG preparation. GO film and rGO interdigital electrodes
and circuits that were in situ were reduced by direct laser writing. A pair of gold electrodes was
physically pressed on rGO electrodes of GHEG and applied with a 6 V bias under a high-humidity
environment. The oxygen-containing group distribution between the electrodes after the polarization
process, which shows a concentration difference. Reprinted with permission from Ref. [82]. Copyright
2019 American Association for Advanced Materials.

(1) Asymmetric treatment of material structure. As suggested by Yang et al., a potassium
hydroxide (KOH) solution is added to the GO solution to introduce a large ionic
gradient [81]. Most of the oxygen-containing functional groups of GO are destroyed
by reaction with KOH. The structure of GO is destroyed, leaving potassium ions (K*)
between the lamellar structures, forming rGO. GO and rGO come into contact through
overlapping. An ionic solution is formed in the middle of the layered structure when
exposed to moisture. So, the potassium ions (K*) are distributed asymmetrically
throughout the system. The potassium ions (K*) move spontaneously from the rGO
side to the GO side, generating a stable voltage and current. A graphene hygroelectric
generator also has been prepared by laser treatment of graphene. The graphene hygro-
electric generators can be folded [82], stretched, or even stripped in three dimensions.
The rGO is formed by engraving the GO film using a direct laser writing technology,
as in Figure 6b,c. On this basis, the gradient distribution of oxygen-containing groups
between the positive and negative poles is changed by a moisture—electric annealing
polarization process. When the device encounters moisture, the free hydrogen ions
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released from the oxygen-containing groups in it form an ion gradient and create a
concentration difference within.

Treatment of functional groups. GO can not only be reduced, but also acidified. After
acidification, the density of functional groups on GO can be adjusted to make the func-
tional groups dissociate more easily, resulting in a larger proton gradient difference
between the upper and lower surfaces of the GO films. In zhu et al.’s. experiment [83],
GO/PVA treated with 32% HCI could produce a voltage of 0.85 V. Apparently, acidifi-
cation can greatly increase the voltage output, as shown in Figure 7a.
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Figure 7. (a) Electric generation for acidified GO/PVA film. The protons in the functional groups
of GO are mobilized by moisture absorption and achieve charge separation by proton migration
toward the inner layer. Conversely, the migration direction is opposite under the moisture removal
and contributes to the charge recombination. Reprinted with permission from Ref. [83]. Copyright
2022 American Association for Nano Energy; (b) Schematics of MEG. The MEG is composed of a pair
of metal electrodes and porous GO composite with absorbed water molecules and heterogeneous
chemical structure, where the darkened upside area was reduced by a directionally controlled laser.
The GO composite has substantial micropores facilitating water molecule absorption and an abundant
cross-linking network providing ion channels for fast carrier migration. Reprinted with permission
from Ref. [84]. Copyright 2019 American Association for Energy&Environmental Science.

®)

Composite with other materials. GOs are also frequently combined with other ma-
terials to enhance their MEG function. Huang et al. proposed a moisture electric
generator based on porous GO and PAAS composites [84], as shown in Figure 7b. In
this material, the large specific surface area and hydrophilic groups work together
to enhance its water absorption, which substantially promotes ion dissociation and
efficient transport. In addition, the heterogeneous structure of the material and the
asymmetric metal electrode allow the system to construct Schottky contact, which
facilitates unidirectional ion transport and significantly improves the device perfor-
mance. Carbon nanotubes can also be combined with GO. A MEG is fabricated by
the end-to-end connection of two equal asymmetric regional sandwich structural
GO/CNT composite films [85]. Proper addition of CNT helps to create continuous
CNT network channels and generates a voltage as water flows over the CNTs surface,
thus improving output performance. The generator uses exhaled moisture to generate
electricity. As a person continues to breathe, electricity can be continuously generated.
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4.3. Water Evaporation

In recent years, the photothermal conversion to obtain drinkable fresh water from
abundant seawater has attracted great attention due to its energy source of inexhaustible
solar energy, which is greener and more sustainable than other methods. Currently, the
main factor limiting the application of photothermal conversion in drinking water is the
low water evaporation rate, among which photothermal materials are the core devices, and
the factors affecting the performance of photothermal materials are light absorption perfor-
mance, photothermal conversion efficiency, thermal insulation, and water transport [86,87].
IVA-LD are mainly carbon and semiconductor materials. Carbon-based materials and
semiconductor materials have received increasing attention from researchers as excellent
photothermal materials. Carbon-based materials with 7-t conjugate structure require a
variety of doping in broadband absorption of sunlight compared with the semiconduc-
tor materials and carbon black materials have itself has an excellent absorption effect by
themselves and are inexpensive and have great application advantages in this regard.

Semiconductor materials absorb rapidly when exposed to sunlight, and the absorption
of photons leads to the transition and relaxation of electrons (Figure 8a). During this
process, there will be a great opportunity to release energy into the lattice and convert it
into phonons, which will turn into heat for photothermal conversion. For example, mono-
lithic tin monoselenide (SnSe), with its strong photo material coupling, wide absorption
wavelength range, and outstanding quantum confinement effect, has great potential to
effectively utilize solar radiation and convert it into heat [88]. Although silicon has been
used for research in solar power generation due to its excellent photochemical properties,
it is not suitable for use as a photothermal material for photothermal conversion due to
its poor absorption of low-wavelength sunlight. Initially, the photothermal material was
modified by loading silicon nanoparticles with silicon as a modifier [89], and the trans-
formation of the material from hydrophilic to hydrophobic was achieved, as shown in
Figure 8 b—d, which improved the absorption of sunlight (Figure 8e). Then by doping
gold, silver, and other precious metals with silicon [90,91], the researchers realized the
absorption of the full band of sunlight, which is used as a photothermal material gener-
ated by solar-thermal steam to study. Compared with silicon nanocrystals, germanium
nanocrystals receive less attention, but have more excellent photothermal efficiency (Figrue
8f). Sun, et al. [92] prepared GeO by thermally induced dehydration of Ge(OH); to obtain
size-controlled ncGe verified the superior photothermal performance of Ge nanocrystals
over silicon nanocrystals, and expanded their research on its application in photothermal
water evaporation and seawater desalination.

The natural black color of carbon-based materials allows them to absorb sunlight at a
wide wavelength range. The 7-7 conjugated structure is widely present in carbon-based
materials, allowing excited electrons to jump from the highest occupied molecular orbit
(HOMO) to the lowest unoccupied molecular orbit (LUMO) after absorbing photons and
then return to the ground state orbit by releasing heat, as shown in Figrue 9a. Compared
with homologous semiconductor materials, carbon-based materials have significant ad-
vantages such as excellent light absorption and photothermal conversion properties, easy
processing, and low price. They have a wide range of promising applications in pho-
tothermal conversion, evaporation, and desalination of water. In recent years, researchers
have conducted extensive and in-depth research on carbon-based materials of different
dimensions, such as carbon quantum dots, carbon nanotubes, graphene nanosheets, etc.
As an excellent dopant, CQDs were firstly doped into the permeable membrane [93,94],
which showed excellent deconfliction and purification ability and increased pure water
flux, drawing the attention of researchers. After that, researchers introduced CQDs into
photothermal devices, which can improve the photothermal conversion performance of
photothermal materials while solving the problem of desalination and decontamination.
Chao et al. [95] loaded carbon quantum dots (LCQD) prepared by hydrothermal method
onto delignified wood (DW) substrates to improve the photothermal materials, and their
sunlight absorption performance and photothermal performance were improved, as shown
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in Figure 9b,c. The longitudinal and transverse anisotropy of thermal conductivity of
macroscopic carbon nanotube arrangement [96] makes it a natural photothermal material
with excellent thermal management by integrating external and main water insulation and
internal water evaporation heat conduction. Chen et al. [97] pioneered the coating of CNTs
on chemically treated wood substrates to realize a photothermal device that integrates
sunlight absorption, heat management, and water transmission. Using the unique unidirec-
tional water permeability property of the all-fiber structure, Zhu et al. [98] loaded CNTs
onto the substrate to achieve water transmission control, thus promoting the increase of
water evaporation rate, as shown in Figure 9d. Later, Zhao et al. [99] integrated CNTs with
SMP to achieve flexible folding of photothermal devices and achieved thermal management
of sunlight absorption due to the presence of carbon nanotubes. IVA-LD have significant
advantages in material integration to improve performance. Graphene is an excellent
photothermal material due to its excellent mechanical properties such as high toughness,
better thermal conductivity than CNTs and excellent optical properties, and easy modifi-
cation and assembly. By introducing thermally responsive PNIPAm into the microporous
graphene frames, the biomimetic materials prepared by Zhang P et al. [100], achieved
reversible regulation of pore size and hydrophilicity under different lighting conditions,
and realized self-regulation of water for evaporation, as shown in Figure 9e. Cui et al.
combined graphene photothermal materials with solar cells to achieve the combined pho-
toelectric thermal effect, and the water evaporation rate reached the highest rate reported
at that time 2.01-2.61 kg m~2 h~! at 1 sun. More importantly, the integrated utilization
of the photoelectric thermal effect broadened the application potential of graphene as a
photothermal material. In particular, Lu et al. [101] used graphene materials for membrane
distillation and successfully developed a catalytic pyrolysis process for the preparation
of ultrathin NG membrane from solid carbon sources. The prepared graphene with high
porosity atomic layer thickness, combined with the hydrophobic property of graphene
naturally implements the vapor high selectivity, high flux through the graphene membrane,
and the salt intercept (>99.8%). Meanwhile, the photothermal properties of graphene were
utilized to achieve a temperature difference of 65/25 °C on both sides of the membrane
under solar irradiation to achieve a high flux of LMH for water purification, which is much
higher than the membrane flux (<80 LMH) currently reported in natural mode.
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Figure 8. The fourth group of semiconductor nanomaterials is used as photothermal conversion
materials. (a) Semiconductor photothermal conversion mechanism diagram; (b) PVA sponge fibers.
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for the Chemical Engineering Journal; (f) Photothermal transformation of germanium nanocrystals.
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Figure 9. Carbon-based materials are used for photothermal conversion. (a) A schematic illustra-
tion of a carbon nanostructure with long internal optical-path lengths to enhance light absorption;
(b) UV-Vis absorption of wood, DW, LCQDs, and LCQDs-DW. The standard AM 1.5 solar spectrum
was set as the background and the visible light wavelength ranging from 380 nm to 780 nm was
marked by a green dashed-line. Reprinted with permission from Ref. [95]. Copyright 2021 American
Association for the Chemical Engineering Journal; (c¢) Temperature rising curve for pure water, wood,
DW, and LCQDs-DW. Reprinted with permission from Ref. [95]. Copyright 2021 American Associ-
ation for the Chemical Engineering Journal; (d) Photographs and SEM images of nonwoven (inset
is the cross-section SEM image of PP/PE fiber) with MWCNTs. Reprinted with permission from
Ref. [98]. Copyright 2021 American Association for the Advanced Science; (e) Under the different
intensity of solar irradiation, the water transport channels can be autonomously turned on and off by
the opening and closing of microstructures. Reprinted with permission from Ref. [100]. Copyright
2018 American Association for the Angewandte Chemie-International Edition.
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5. Summary and Prospects

In this review, we systematically introduce IVA-LD, mainly carbon-based nanoma-
terials and semiconductor nanomaterials, and their different morphologies and unique
properties. The last few years have witnessed a wide range of applications of IVA-LD in
energy conversion due to their unique mechanical, optical, electrochemical, and thermal
properties. In addition, recent advances in the synthesis and preparation methods of
IVA-LD are reviewed. Also, new synthesis and preparation methods have promoted the
application of IVA-LD in energy conversion to a certain extent. We present in detail the
progress of applications in battery energy storage, MEG, and photothermal evaporation.

Group IVA elements with similar valence electron structures exhibit efficient solar-
thermal conversion properties, especially carbon-based materials that have been widely
used in battery, MEG, and photothermal evaporation in recent years due to their diverse
morphology and low price and are expected to be commercialized in a green way. In the
aspect of battery, the application of carbon materials and silicon materials in electrode
materials is explored. The doping of some transition metals will significantly improve
their performance, and starting with cathode materials, inhibiting the dissolution of active
substances in the direction of future research. In the aspect of MEG, the voltage and current
are caused by the directional motion of charged particles driven by concentration gradient.
Some methods to improve the power generation performance, such as increasing specific
surface area and modifying their surfaces, are also discussed. As the understanding and
research of the material have improved, the voltage output has been increasing while
becoming more stable. MEG have been widely used in sensors and self-powered electronic
devices. For efficient photothermal evaporation, it is important to realize the broad-band
solar energy absorption, heat insulation management, and water transport management
simultaneously in photothermal materials. IVA-LD are easy to process and load, and
easy to integrate with other materials to add, photothermal management, while retaining
the properties of other materials, thus enabling broad-band solar energy absorption, heat
insulation management, and water transport management as one of the photothermal
materials. These characteristics enable biomimetic materials, foldable flexible materials and
devices integrated with solar cells, with potential applications in solar-thermal evaporation.
Although good results have been achieved in battery, MEG, and photothermal evaporation,
many aspects are still not perfect, and many problems need to be solved.

Here is a summary of what we can work on and the challenges ahead. Increasing the
cycle stability and safety, power output, and water yield remains a top priority. While the
cycle stability and safety, voltage output, and water yield has been improved, it is nowhere
near enough to scale production. It still does not meet our most pressing needs. On the
one hand, we consider exploring the properties of IVA-LD, where the combination of pore
structures of 3D porous materials as intelligent and integrated materials will be their future
direction. On the other hand, it is also important to find new materials that can be used
for energy conversion. There is a wide variety of materials in nature, and many potential
resources remain untapped. The discovery of new materials may lead to new directions for
battery energy storage, MEG, and photothermal evaporation.
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