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The utilization of solar-driven interfacial evaporation technology is highly important in addressing the en-
ergy crisis and water scarcity, primarily because of its affordability and minimal energy usage. Enhancing
the performance of solar energy evaporation and minimizing material degradation during application can
be achieved through the design of novel photothermal materials. In solar interfacial evaporation, pho-
tothermal materials exhibit a wide range of additional characteristics, but a systematic overview is lack-
ing. This paper encompasses an examination of various categories and principles pertaining to photother-
mal materials, as well as the structural design considerations for salt-resistant materials. Additionally, we
discuss the versatile uses of this appealing technology in different sectors related to energy and the en-
vironment. Furthermore, potential solutions to enhance the durability of photothermal materials are also
highlighted, such as the rational design of micro/nano-structures, the use of adhesives, the addition of
anti-corrosion coatings, and the preparation of self-healing surfaces. The objective of this review is to of-
fer a viable resolution for the logical creation of high-performance photothermal substances, presenting
a guide for the forthcoming advancement of solar evaporation technology.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With population growth and urbanization, coupled with climate
change and environmental pollution, water environmental prob-
lems are becoming increasingly prominent worldwide, including
water shortage, water pollution and water resource degradation,
especially in developing countries [1,2]. Around 2050, it is pro-
jected that approximately four billion individuals across the globe
will experience water scarcity issues [3].

To address the issue of limited availability of fresh wa-
ter resources, numerous methods for desalinating seawater have
been extensively researched, including reverse osmosis, distilla-
tion, multi-stage flash evaporation, electrodialysis, and others [4-
6]. However, these methods consume a significant amount of en-
ergy. Currently, global energy consumption is predominantly re-
liant on non-renewable fossil fuels, which not only deplete natu-
ral resources but also have substantial environmental implications.
Hence, it is imperative to discover a technique for desalinating
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seawater that can utilize renewable energy sources. As a kind of
abundant renewable clean energy and low cost, solar energy has
attracted the attention of researchers. Simultaneously, to address
the issue of heat loss resulting from the heating of the entire wa-
ter body during solar energy evaporation, a solar-driven interfacial
evaporation technology is proposed. This approach localizes photo-
generated heat on material surfaces and efficiently facilitates sea-
water evaporation by selectively heating a small amount of wa-
ter [7,8]. This technology is of great significance to alleviate the
scarcity of water resources and promote the sustainable growth of
energy. Therefore, the solar-driven interfacial evaporation technol-
ogy has immense promise in the advancement and utilization of
freshwater resources.

In the past few years, the research on solar-driven interfacial
evaporation technology has mainly focused on the development
of photothermal conversion materials with excellent performance.
The ideal materials should include the following characteristics: (1)
The material that can absorb sunlight across the full spectral range;
(2) The materials possesses a favorable pore structure, facilitating
rapid water transfer, and exhibits exceptional thermal insulation
properties to prevent heat loss to the surrounding water; (3) The
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materials are eco-friendly, affordable, stable and easy to large-scale
production [9,10].

Nowadays, with the continuous development of material sci-
ence, numerous excellent photothermal materials have been cre-
ated, leading to a wider range of applications for these materials.

The main focus of this paper is to present a thorough review
of the main categories and principles of action for photothermal
materials, as well as the structural design of salt-resistant pho-
tothermal materials. Additionally, it introduces various applications
of photothermal materials in fields beyond seawater desalination
and discusses strategies for improving their durability.

2. Categorization of typical photothermal materials

The primary process involved in evaporation is the conversion
of solar energy into heat energy. The efficiency of evaporation is
directly influenced by the photothermal materials on the device’s
surface. When selecting materials, it is crucial to take into account
their sunlight absorption rate and their efficiency in converting it.
It is advisable to choose photothermal materials that have a high
absorption rate, low transmission, and reflection ratio as much as
possible [11]. Therefore, the advancement of materials is vital for
driving the technology of solar-driven interfacial evaporation. At
present, the primary materials utilized encompass metal materi-
als, semiconductor materials, carbon-based materials, and polymer
materials [11,12]. The examples of typical photothermal materials
are introduced in Supporting information.

2.1. Metal materials

Metal nanomaterials exhibit a high capacity for sunlight absorp-
tion and thermal conversion, primarily achieved through the phe-
nomenon of localized surface plasmon resonance [13]. When the
incident light’s frequency aligns with the vibration frequency of
the nanoparticles’ electrons, the electrons become excited and gen-
erate hot electrons, then the hot electrons resonate with the elec-
tromagnetic field of the incident light, leading to the conversion
of light energy into heat energy [14]. Metal nanoparticles such as
gold (Au), silver (Ag), copper (Cu), and aluminum (Al), are widely
utilized materials in various applications.

2.2. Semiconductor materials

Semiconductor materials, being a novel form of photothermal
conversion material, have extensive applications in the field of
photothermal technology due to their diverse range, convenient
functionalization, and affordable price [15]. According to the pho-
tothermal conversion principle, semiconductor materials can be
classified into two categories. The first material under considera-
tion is a semiconductor with a defect structure, which cause the
migration of carriers on the material’s surface, resulting in a lo-
cal plasmon resonance effect that is similar to the surface of metal
nanoparticles, and photothermal conversion occurs, such as some
copper chalcogenides [16]. The second is a semiconductor material
with an intrinsic absorption band gap. When semiconductor ma-
terials are exposed to light, the electrons present in the valence
band absorb energy and shift to the conduction band, resulting in
the creation of electron-hole pairs above the band gap, and then
the electrons and holes relax to the edge of the energy band, and
the energy beyond the band gap is converted into heat through a
thermal relaxation process, such as transition metals and their ni-
trides, carbides, borides, and sulfides [17,18].

2.3. Carbon-based materials

In comparison to metal and semiconductor materials, carbon-
based materials offer several advantages. Firstly, they are more
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cost-effective and abundant. Additionally, carbon-based materi-
als exhibit excellent resistance to salt, acid, and alkali, making
them highly versatile. Examples of such materials include carbon
black, carbon nanotubes, and graphene. Moreover, carbon-based
materials are known for their environmentally friendly properties.
The material exhibits exceptional light absorption capabilities and
demonstrates high photothermal conversion efficiency across the
entire spectral range, making it extensively employed in the realm
of seawater desalination [19]. When sunlight irradiates carbon-
based materials, the electrons absorb energy and transition from
the ground state to the excited state. Upon the return of electrons
from an excited state to the ground state, the previously absorbed
light energy can be converted into heat energy through the vibra-
tion of the lattice and subsequently released [20].

2.4. Polymer-based materials

Polymer materials possess several notable characteristics, in-
cluding ease of synthesis, affordability, high light absorption rate,
and good biocompatibility. In the past few years, solar-driven in-
terfacial evaporation technology has witnessed widespread utiliza-
tion of these materials. When subjected to illumination, the mate-
rial undergoes a process where absorbed photons induce a rapid
transition of electrons from the ground state to the excited state,
and then the electrons in the excited state release heat energy (i.e.,
photothermal effect) through non-radiative decay [21]. Common
examples of organic polymer materials include polypyrrole (PPy)
and polydopamine (PDA).

Based on a brief overview and examples of the photother-
mal conversion principles of the above four types of photother-
mal materials, Table S1 (Supporting information) has been cre-
ated. The simulated light intensity in the laboratory is 1kW/m?2.
The solar interfacial evaporation devices, fabricated using carbon-
based materials and polymer materials, exhibit a comparatively
high evaporation rate and are cost-effective. Consequently, these
devices hold significant potential for widespread utilization in the
future.

3. Salt-resistant design of photothermal materials

When the evaporation device is operating in brine environment,
water and solute are transported through non-selective capillaries,
and salt ions will diffuse back to the bulk liquid due to the concen-
tration gradient, but some of them will remain in the porous chan-
nel and begin to crystallize when saturated [22]. Simultaneously,
the deposition of salt on the surface of the photothermal material
can obstruct sunlight, resulting in a substantial evaporation effec-
tiveness reduction. At present, the elimination of salt crystals ne-
cessitates cleaning or post-treatment methods to restore the func-
tionality of the evaporator. This subsequently results in a rise in
production expenses. In order to tackle the problem of salt accu-
mulation during interfacial evaporation, it is imperative to explore
novel photothermal materials that exhibit resistance to salt. Cur-
rently, there are several methods to enhance the salt resistance of
evaporation devices. These include increasing the flow of water to
remove salt, manufacturing Janus double-layer structure or super-
hydrophobic coating to limit salt intrusion and using ion repulsion
effect [23,24]. The examples of salt-resistant design are shown in
Figs. S5-S7 (Supporting information).

3.1. Structural design to enhance water flow

As is widely recognized, solar interfacial evaporation devices
function exclusively during daylight hours, with their evaporation
efficiency steadily increasing until noon. With the process of evap-
oration, the concentration of salt in the device gradually increases,
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resulting in the formation of a concentration difference. As the
process of salt crystallization occurs, the ongoing influx of water
will dissolve the salt and cause it to revert back into the seawa-
ter [25,26]. This phenomenon demonstrates inherent self-cleaning
characteristics, which can be further optimized to attain the salt-
tolerant functionality of the device. The better the hydrophilicity
and porosity of the material, the stronger the self-cleaning ability
[27].

Carbonization of natural plant materials is an economically vi-
able and well-established technique that has been effectively uti-
lized in the fabrication of solar evaporators, resulting in excep-
tional performance. Wang et al. successfully synthesized a super-
hydrophilic porous carbon foam material through the process of
slicing potatoes and subsequently subjecting them to carboniza-
tion at a temperature of 600°C for 2h [28]. The material ex-
hibits a significantly porous structure with interconnected pores,
as depicted in Fig. S5a (Supporting information). This unique struc-
ture facilitates efficient water transport and enables rapid dissolu-
tion of salt crystals within the three-dimensional porous frame-
work. In the simulated seawater, there was no discernible salt
accumulation was observed on the surface of the material after
8h of 1kW/m?2 light irradiation. Kuang et al. drilled holes along
the growth direction of the wood block, and then carbonized
the surface to form millimeter-scale (drilling) and micron-scale
channels (Fig. S5b in Supporting information), which are low-salt
concentration and high-salt concentration channels, respectively,
and will form a concentration gradient, thereby achieving spon-
taneous salt exchange, so that the salt solution in the micron-
scale channel is diluted, effectively preventing the accumulation
of salt crystallization [29]. Chen et al. successfully fabricated a
porous framework photothermal microgroove-structured aerogel
(PDA/PEI/PPy@PI-MS MGA, pppMGA) by freeze-drying, laser en-
graving, and chemical polymerization techniques [30]. The result-
ing aerogel exhibited a three-dimensional skeleton, microgroove
structure flume, and cotton core multistage efficient water deliv-
ery network (Fig. S5c in Supporting information). As the evap-
oration process advances, the presence of superhydrophilic mi-
crogrooves on the device’s surface facilitates the ion exchange via
capillary action, thereby decelerating the rate of salt crystallization.
The low-concentration brine present in the microgrooves simulta-
neously dissolves the crystals and inhibits their further accumula-
tion, thereby demonstrating a consistent and effective evaporation
capability.

This kind of photothermal material has excellent ability to
transport water, which can accelerate the diffusion of salt ions,
dilute the salt concentration at the evaporation interface, avoid
the formation of salt crystals, and effectively enhance the salt re-
sistance of the evaporation device. Nevertheless, a portion of the
thermal energy is frequently dissipated during the process of dif-
fusion, thereby exerting an influence on the rate of evaporation to
some degree.

3.2. Superhydrophobic coating and Janus structure

The presence of a superhydrophobic layer hinders the further
transport of water towards the photothermal layer, and the salt
that accumulates beneath the superhydrophobic layer will dis-
solve as the pumping process continues, ultimately returning to
the salt water, which overcomes the limitations associated with
fully hydrophilic structure being susceptible to erosion by seawa-
ter, as well as the slow evaporation rate of fully hydrophobic struc-
tures [31]. The design of the super-hydrophobic layer incorporates
two distinct types of independent superhydrophobic coating and a
Janus structure [32].

For the purpose of developing superhydrophobic coatings, Shen
et al. prepared a flexible superhydrophobic photothermal mem-
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brane (CNTs@PVP) with a water contact angle of 150.8°, which
is composed of polyvinyl pyrrolidone (PVP) and carbon nanotubes
(CNTs) with 1H,1H,2H,2H-perfluorodecyl triethoxysilane modifica-
tion (Fig. S6a in Supporting information) [33]. The excellent hy-
drophobicity of the material contributes to its outstanding resis-
tance to salt. Following 40 h of uninterrupted operation and 18 cy-
cles of evaporation, there was no build-up of salt and no significant
decline in the rate of evaporation.

The Janus membrane is characterized by its asymmetry, featur-
ing superhydrophobicity on one side and superhydrophilicity on
the other side. The utilization of a super-hydrophobic layer is em-
ployed for the purpose of photothermal conversion, whereas the
super-hydrophilic layer serves as a means of water transporta-
tion. Due to the hindrance of the superhydrophobic layer, wa-
ter stops when it reaches the hydrophilic/hydrophobic interface,
and the evaporation process occurs at this interface to prevent
salt intrusion [34]. Song et al. prepared a Janus solar evapora-
tion device based on PPy-coated porous structure nickel sponge
(NSP) (Fig. S6b in Supporting information) [35]. The absence of
hydrophilic functional groups is responsible for the weak inter-
action between the PPy film and water molecules. Moreover, the
coarse texture of the sample and the abundance of air cushions
inside it enhance its superhydrophobic properties. This is demon-
strated by a water contact angle measuring 150.3°. Following the
modification of sodium alginate, the lower part of the specimen
exhibits superhydrophilicity, which is supported by a contact an-
gle measurement of 0°. The evaporator’s asymmetrical wettability
effectively hinders salt deposition, demonstrating exceptional re-
sistance to salt even when exposed to simulated salt water with
a concentration of 15%. Hu et al. designed a Janus carbon nan-
otube@Poly(butylene adipate-co-terephthalate) (PBAT) fabric (JCPF)
and prepared a three-dimensional water channel evaporator (3D
WCE), as shown in Fig. S6¢c (Supporting information) [36]. By
adding appropriate content of carbon nanotubes, multi-level mi-
cro/nanostructures with porous microstructure and hairy nanos-
tructures were obtained. These unique structures improve the sur-
face hydrophobicity (water contact angle is 160°). When tested in
simulated seawater, the fabric demonstrates remarkable light ab-
sorption and photothermal conversion properties, leading to an
evaporation rate of 1.576kg m~2 h~! and an impressive energy
conversion efficiency of 92.7%. In addition, it was observed that no
salt particles were generated even after 8h of uninterrupted op-
eration in a 20% high concentration brine, showing long-term op-
erational stability. It is worth noting that the photothermal film is
environmentally friendly and can be naturally degraded after the
end of service life.

The superhydrophobicity design can effectively prevent salt ac-
cumulation. However, the existing methods of modification result
in significant costs and hinder production expansion. In the future,
it is imperative to further decrease the expenses associated with
modification.

3.3. ion repulsion effect

By implementing an ion barrier, the Donnan effect is used to
repel the accumulation of salt by repelling ions of the same charge
in the salt solution [23]. For instance, Wang et al. first reported the
self-desalination photothermal material of monolithic porous ionic
polymers (PIPs) coated with PPy [23]. The polymer that incorpo-
rates the imidazolium cation group exhibits a repulsive effect on
the cations present in the solution (Fig. S7a in Supporting infor-
mation). This characteristic enables the polymer to demonstrate a
highly effective and stable evaporation capacity when exposed to
simulated seawater containing 30% NaCl concentration.

Similarly, Xiao et al. developed Janus photothermal materials
by utilizing a porous superhydrophilic poly(ionic liquid) monolith
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Fig. 1. Antibacterial effect: (a) Schematic illustrations of the photothermal water evaporation and photothermal bacterial killing, based on borophene-embedded cellulose
papers. Copied with permission [40]. Copyright 2023, Wiley. (b) Schematic illustration of the synthetic method, efficient solar water evaporation, and thermal antibacterial
property. Copied with permission [41]. Copyright 2019, American Chemical Society. (c) Schematic illustration of the Au/Ti3C, photothermal membrane with antibacterial
ability. Copied with permission [43]. Copyright 2021, American Chemical Society. (d) Schematic illustration CuO nanowire tree system. Reproduced with permission [44].
Copyright 2019, American Chemical Society. (e) Schematic illustration of the preparation of CPHs. Copied with permission [45]. Copyright 2021, American Chemical Society.

that was coated with hydrophobic carbon soot (C-PDVB-BFILs) to
achieve efficient solar steam generation [37]. The repulsive effect
of poly(ionic liquid) imidazolium cations on cations in a salt solu-
tion was synergistically combined with a Janus structure, result-
ing in remarkable salt resistance, as depicted in Fig. S7b (Sup-
porting information). No salt crystals were observed to precipi-
tate during a continuous 6h operation in a 20% saline solution.
Li et al. constructed a cost-effective Janus complex (JC) by com-
bining commercial carbon nanotubes and porous cotton fiber pa-
per (PCFP) through the process of silanization and the combination
of polyelectrolyte (PDDA) [38]. The resulting complex was named
t-OCNTs/PCFP JC (Fig. S7c in Supporting information). The strong
ionic strength of PDDA renders it effective in preventing salt depo-
sition during solar seawater desalination, thereby highlighting its
potential for application in this field.

Compared to the aforementioned materials, it is evident that
the design of salt-resistant photothermal materials is not con-
strained by a single principle. In order to produce materials with
exceptional performance, it is often necessary to employ a combi-
nation of various technologies in a synergistic manner to enhance
the overall effect.

The evaluation of salt resistance performance is based on the
presence of salt crystallization on the surface of the evaporation
device and the evaporation rate during testing. Subsequently, the
following Table S2 (Supporting information) is compiled to catego-
rize different photothermal materials based on their salt resistance
properties. In relation to the present circumstances, various de-
signs have demonstrated significant salt tolerance. Even under ex-
treme conditions, such as exposure to a 20% NaCl solution or a 30%
NaCl solution, these designs are able to maintain a certain level of
salt tolerance. This capability greatly enhances the longevity of the
evaporation device.

4. Development of other functions of photothermal materials

With the advancement of scientific and technological research,
a plethora of photothermal materials have been successfully devel-
oped. Consequently, the efficiency of solar energy utilization has
witnessed a steady improvement, thereby facilitating the progress
of solar-driven interfacial evaporation technology. However, the
practical implementation of single-function solar evaporation de-
vices is constrained, thus necessitating the development of mul-
tifunctional evaporation devices based on photothermal materials.
For example, photothermal membranes with antibacterial effect,
photothermal catalysis, pollutant degradation adsorption.

4.1. Antibacterial effect

In the practical application of solar interfacial evaporation, the
presence of microbial accumulation on the device’s surface poses
challenges. This leads to pollution of the photothermal membranes,
blockage of the water transmission channel, and subsequent neg-
ative impacts on the photothermal conversion capacity, evapora-
tion efficiency, and overall device lifespan [39]. To tackle the pre-
viously mentioned problems, it is crucial to create a photothermal
film that possesses antibacterial properties.

Given that the photothermal material can produce high temper-
atures during operation, it can effectively eliminate bacteria due to
the thermal effect. Therefore, the inherent thermal properties of
the device can be harnessed for this purpose. Guan et al. incor-
porated 2D borophene nanosheets into cellulose nanofibers (CNF)
paper, resulting in the fabrication of flexible borophene papers
(Fig. 1a) [40]. Under 3 kW/m? illumination, almost 100% of Gram-
positive and Gram-negative bacteria were killed within 20 min.
Zhao et al. prepared Co,g7;S4 nanoparticles deposited polytetraflu-
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oroethylene (PTFE) membrane, which has demonstrated signifi-
cant antibacterial properties, effectively inhibiting bacterial growth,
as depicted in Fig. 1b [41]. However, the antibacterial efficacy of
these devices is solely reliant on the photothermal effect, making
it highly susceptible to variations in light conditions. Consequently,
its practical application yields suboptimal results.

Metal materials (such as Au, Ag) can generally achieve broad-
band absorption after adjusting the shape, and have good antibac-
terial activity [42]. For example, Qu's team reported a multifunc-
tional Au/Ti3C, photothermal membrane (Fig. 1c) with stable an-
tibacterial ability, which has physical and chemical antibacterial ef-
fects: Through the excellent photothermal properties of the ma-
terial, high temperature is generated, resulting in the destruction
of the cell wall of the bacteria under the thermal process, and
then death; in addition, AuNPs and Ti3C; in the membrane can
produce reactive oxygen species (singlet oxygen), which can effec-
tively inactivate bacteria [43]. The photothermal membrane inacti-
vated 6.7 log;o CFU/mL E. coli K-12 and 7.1 log;y CFU/mL Spinopy-
xis sp. BM1-1 within 20min and 10min, respectively. Although
the sterilization of the material is highly effective, the doping of
gold nanoparticles means high production costs. Therefore, it is
recommended to explore alternative materials that are more cost-
effective for future applications. Xu et al. developed a multifunc-
tional photothermal material based on copper mesh with abun-
dant CuO nanowires, as depicted in Fig. 1d [44]. The continuous
release of copper ions has been found to effectively inhibit bacte-
rial growth and demonstrate positive results in treating domestic
sewage. The practical applications of photothermal materials have
demonstrated significant antibacterial properties due to their in-
herent thermal effects and the unique characteristics of metal ma-
terials. These combined factors have led to promising results in
the field. Peng et al. developed a cationic photothermal hydrogel
(CPHs) using methacryloyloxyethyl trimethyl ammonium chloride
(METAC) and polypyrrole (PPy) as raw materials (Fig. 1e) [45]. Be-
cause CPHs contain a large number of ammonium groups within
the network, they can effectively kill E. coli and Staphylococcus au-
reus.

4.2. Pollutant treatment

Due to population growth and industrial development, a large
number of pollutants have been discharged into the marine wa-
ter body, which makes the marine environment deteriorating and
threatens the survival of human beings [46]. Therefore, our objec-
tive is to develop multifunctional photothermal materials capable
of efficiently treating pollutants, as well as purifying water through
desalination.

It is well known that when some pollutants such as phenol,
aldehyde and ketone enter seawater, they will form azeotrope solu-
tion, which will be degraded into carbon dioxide and water during
evaporation [47]. Based on this principle, Noureen et al. developed
multifunctional Agz;PO4-reduced graphene oxide (Ag3PO4-rGO)
nanocomposite-coated textiles, which can completely decompose
rhodamine B (RhB) in the experiment, as shown in Fig. S8a (Sup-
porting information) [48]. Furthermore, the photocatalytic proper-
ties of the material remain unaltered even after undergoing five
cycles. Zhang et al. prepared reduced graphene oxide/carbon ni-
tride composite sponge (rGO-g-C3N4-PVA-PU) (Fig. S8b in Support-
ing information) for solar evaporation and wastewater treatment
[49]. The degradation rates of methylene blue and RhB were found
to be remarkably high, reaching 99.20% and 91.07% respectively.
Tu et al. sucessfully synthesized a multifunctional mesoporous
Ag@MnOx/m-SiO, (AMSs) nanocomposite, as shown in Fig. 2a [50].
This material not only has excellent photothermal properties
(1.51kg m=2 h-1) and antibacterial ability, but also can degrade
nitrophenol. Du et al. constructed a dual-functional photother-
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mal nanosphere by integrating ultrafine plasma Co304 into a
nitrogen-doped carbon layer over silica nanospheres (SiO,@Co/C),
as dipicted in Fig. 2b [51]. This material can effectively treat
bisphenol A. It also has good degradation effects on oxytetracy-
cline and tetracycline, shows its potential in the treatment of envi-
ronmental antibiotic pollution. Li's group have used Prussian blue
analogue (PBAs) as precursors to prepare FeNiz/graphitic carbon
nanofibers-3 (CNT-3) through electrospinning and carbonization
methods, as shown in Fig. S8c (Supporting information) [52]. The
synergistic effect of FeNi3 and graphitized CNF can promote the
photothermal efficiency and effectively degrade organic dyes. Du
et al. used self-assembly methods and tuning calcination to pre-
pare SiO,@CoFe/C nanosphere materials (Fig. S9a in Supporting in-
formation) [53]. The introduction of Co can effectively improve the
activity of peroxymonosulfate, resulting in a certain degree of cat-
alytic degradation synergy. This study provides significant enlight-
enment for the comprehensive application of photothermal mate-
rials in pollutant separation and fresh water regeneration.

On the other hand, physical adsorption offers the benefits of
affordability and high efficiency, but the accumulation of pollu-
tants on solar energy absorption materials will cause the absorp-
tion rate of light to decrease, so it is more practical for sewage
treatment with low pollution [17]. Wang et al. reported on the de-
velopment of a carbonized cattail-agarose hydrogel (CCAH) mem-
brane with many microchannels resembling bamboo knots, which
has excellent hydrophilicity, light absorption capacity and pollu-
tant adsorption capacity (Fig. 2c) [54]. Its evaporation rate and
evaporation efficiency reached 1.93kg m~2 h~! and 95.8% under
1 sun irradiation. In experiments involving the treatment of heavy
metal wastewater (Cr2t, Cd*, and Pb2+) at both low concentration
(10mg/L) and high concentration (100 mg/L), the rejection rate ex-
ceeded 99.9%. Similarly, in simulated dye wastewater experiments
using RhB, methyl orange, and methyl blue at a concentration of
10 mg/L, the rejection rate reached an impressive 99.7%. The CCAH
membrane exhibits exceptional water treatment capabilities, mak-
ing it highly promising for applications in seawater desalination
and sewage treatment.

Nowadays, there is a frequent occurrence of marine oil spill ac-
cidents, which significantly and adversely affect the environment
[55]. In order to address this issue, people have invested a lot of
resources to develop adsorption materials for removing oil pollu-
tion, but these materials are very ineffective in removing heavy oil,
because heavy oil has a great viscosity at room temperature (103-
10° mPa-s), which poses a significant challenge in terms of pene-
trating the pores of the adsorbent [56]. Nevertheless, as the tem-
perature rises, the viscosity of heavy oil will progressively decrease
[57]. Therefore, the photothermal effect can be utilized to decrease
viscosity and facilitate the development of photothermal adsorp-
tion materials capable of in situ adsorption of heavy oil. Chang et
al. prepared a photothermal adsorbent with superhydrophobicity
and superoleophilicity by using carbon nanotube (CNT) modified
polyurethane sponge (Fig. S9b in Supporting information) [58]. The
adsorbent can effectively heat the heavy oil at the oil-sponge in-
terface, reducing its viscosity by two orders of magnitude. This al-
lows the modified sponge to absorb 20 times its own weight of
heavy oil quickly when exposed to sunlight irradiation. When the
adsorbent undergoes the process of oil adsorption, it is imperative
to take into account both the oil recovery and the absorbent re-
generation. Wu et al. incorporated PPy with photothermal conver-
sion capabilities and poly(N-isopropylacrylamide) (PNIPAm) with
thermal response properties into a melamine sponge, resulting in
the synthesis of PNIPAM/PPy functionalized sponges [59]. Due to
its hydrophobic nature above 32°C and hydrophilic nature below
32°C, PNIPAm/PPy exhibits the ability to passively release heavy
oil at room temperature following heavy oil treatment, as shown
in Fig. 2d. This release process does not necessitate the use of ex-
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tra energy, conserves resources, and holds greater significance for
sustainable development.

Currently, solar interfacial evaporation technology predomi-
nantly relies on photodegradation and physical adsorption for the
purpose of sewage purification, and has demonstrated significant
progress. It is important to acknowledge that when the device is
in operation, the high temperature it generates can cause certain
volatile organic pollutants in the water to evaporate, leading to
their presence in the collected fresh water. Therefore, it is neces-
sary to undertake further research and development of novel pho-
tothermal materials to effectively address the issue of pollutants in
the future.

5. Durability of the photothermal materials

Conventional photothermal materials are susceptible to devel-
oping cracks or fractures when exposed to repetitive loads because
of their inherent lack of flexibility or fragility in structure [60,61].
Furthermore, it typically leads to a decrease in energy harvesting
efficiency in real-word applications. Therefor the chemical stabil-
ity and mechanical strength of the photothermal materials need
further attention for future applications and the more complex
situation faced by the evaporation device in practical application
[62]. At present, there are some strategies to improve the durabil-
ity such as the rational design of micro/nano-structures, the use of
adhesives, the addition of anti-corrosion coatings, and the prepa-
ration of self-healing surfaces [63].

Huang et al. suggested a highly durable photothermal material
by combining liquid metals (LMs) with polymers through dynamic
crosslinking, leveraging the distinctive mechanical deformability of
LMs [64]. During the stretching process, the polymer chains can
undergo orientational crystallization, while the embedded core-
shell structured LMs droplets are squeezed using the dynamically

cross-linked interface, as shown in Fig. 3a. The resulting compos-
ite has a highly aligned structure, thus demonstrating exceptional
mechanical properties. Its tensile strength measures 283.7 MPa, en-
abling it to support a weight 200,000 times its own. The LMs dis-
persed in the polymer skeleton makes the material flexible and
long-term structural reliability, the material can bear 100,000 cy-
cles. Ren et al. designed a highly efficient solar steam making de-
vice, Cu nanoparticles encapsulated in ultra-thin graphene were
in-situ grown on carbonized loofah sponge by pyrolysis of metal-
organic skeleton and natural loofah sponge biomass (Fig. 3b) [65].
The graphene sheets efficiently shield Cu from oxidation in normal
surroundings, which is advantageous for achieving the plasmonic
heating of Cu® during solar vapor generation. Xie et al. designed
and fabricated a micro/nanostructured polyethylene/carbon nan-
otubes foam with interconnected open-cell structure and graphite
oxide/carbon nanotubes (GO@CNTSs) coating (MN-PCG) using micro
extrusion compression molding (©«-ECM) method [66]. Due to the
strong bonding between the polyethylene framework and the F-
GO@CNTs resulting from p-ECM, the surface of the MN-PCG foam
displays a uniform arrangement of primary micropillars, as shown
in Fig. S10 (Supporting information).

These micropillars are then adorned with secondary
microstructures in a consistent pattern. Due to the mi-
cro/nanostructures on its surface, the MN-PCG foam demonstrates
excellent superhydrophobicity and possesses adequate resistance
to acid/alkali. These surface features ensure the adaptability and
durability of the foam. Wang et al. fabricated an inverted pyramid
microstructure by embossing technology, and filled the interior
of the structure with silica nanoparticles, so that the structure
has excellent wear resistance and can still maintain strong hy-
drophobicity after one thousand friction experiments, as depicted
in Fig. S11 (Supporting information) [67]. The rational design
of micro/nano-structures is excellent, but it requires subtle and
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complex processing methods, so it is more difficult and expensive,
but it has a good application prospect in some highly demanding
environments.

The method of using adhesive is relatively simple, and the
adhesives can be applied to materials that require fast speed,
low cost, and good wear resistance [63]. Zhou et al. synthesized
anisotropic silica with different morphologies by adding different
silane coupling agents in an emulsion-based one-pot method, and
then adhered the nanostructured film to the substrate using a
commercial acrylic adhesive [68].

Gomez-Vidal applied different types of nickel-based MCrAIX
coatings to the surface of stainless steel, and the best coating can
control the corrosion rate of stainless steel at 190 um/year, which
is 96% lower than that without the coating. This special coating is
pre-oxidized within 24 h, during which time a uniform and dense
layer of alumina forms on the stainless-steel surface, which can
be used to further protect the solar power application materials
from corrosion (Figs. 4a-c) [69]. Kong et al. invented an innovative
method for producing a flexible coating with superhydrophobic
properties for thermal energy storage and photothermal conversion
by applying a combination of mesoporous C@SiO, nanotubes, poly-
dimethylsiloxane, and industrial paraffin wax onto cloth through
spraying (Figs. 4d and e) [70]. The resulting film possesses excel-
lent flexibility, allowing it to withstand various distortions, such as
bending and twisting, and return to its original shape under nor-
mal atmospheric conditions.

The exceptional effectiveness of superhydrophobic coatings in
preventing metal corrosion has garnered significant interest. How-
ever, the practical use of these applications is still hindered by in-

adequate longevity and stability, as well as the intricate process
of preparation. Then numerous researchers have investigated self-
healing superhydrophobic surfaces. In addition, researchers have
proposed strategies for adding self-healing polymers to superhy-
drophobic materials [71]. Under specific circumstances, materials
with self-repairing capabilities can help restore damaged regions
on super water-repellent surfaces [72]. Wu et al. prepared a con-
ductive superhydrophobic film by depositing a thermally healable
polycaprolactone (PCL)/poly(vinyl alcohol) (PVA) composite film
with silver nanoparticles (AgNPs) and silver nanowires (AgNPs-
AgNWs), and then depositing 1H,1H,2H,2H-perfluorodecanethiol
(Fig. 5a) [73]. The layer of AgNPs-AgNWs not only provides hierar-
chical structures at both micron-scale and nano-scales to enhance
superhydrophobicity, but it also could be heated at low voltage or
low power NIR light exposure to heal the PCL/PVA film underneath.

Han et al. created composites consisting of graphene/ZnO-
dodecanethiol (G/ZnO-SH) in advance [74]. Next, the researchers
mixed G/ZnO-SH composites with an organic resin and applied the
mixture onto a metal substrate to obtain the EP-FEVE@G/ZnO-SH
coating, as depicted in Fig. 5b. After undergoing O, plasma etching,
the resulting coating can rapidly regain its superhydrophobic prop-
erties when exposed to 3.21 sun irradiation. The impaired layer
can quickly warm up in the presence of sunlight, causing the hy-
drophobic alkyl chains located at the lower part to move upward.
This layer greatly enhances the durability of the superhydropho-
bic exterior and has significant potential in protecting metal sur-
faces from corrosion, thereby extending their lifespan. Li et al. fab-
ricated a super-hydrophobic composite coating which used epoxy
modified silicone resin polymers as film-forming substance and
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composite additive phases (modified SiO,, Graphene oxide, TiC)
was treated on several substrates [75]. The coating demonstrates
outstanding mechanical, chemical, and durable properties, as well
as long-lasting protection against corrosion with self-healing capa-
bilities, as depicted in Fig. 5c.

Through one or more of the above strategies, it is expected
to improve the durability of photothermal materials and further
promote the progress of solar-driven evaporation interfacial tech-
nology.

6. Conclusions

Solar-driven interfacial evaporation technology has garnered
significant attention as a clean, cost-effective, and efficient method
for seawater desalination. After years of dedicated research and de-
velopment, this technology has become increasingly mature. As the
cornerstone of technological advancements, novel and highly effi-
cient photothermal conversion materials have become the primary
focus of ongoing research among scholars. Researchers aim to re-
duce costs and streamline processes while enhancing performance,
thereby facilitating the practical implementation of this technol-
ogy. Based on a comprehensive analysis of previous research find-
ings, this paper provides a summary of the various categories of
photothermal materials. It is evident that exceptional photother-
mal materials possess the attributes of a high absorption rate,
favourable porosity, and thermal insulation performance. At the
same time, they also strive to possess simple and easily attainable
attributes in order to facilitate large-scale implementation.

Salt accumulation issues are frequently encountered during the
routine operation of the interfacial evaporation device, thereby im-
peding the overall efficiency of evaporation. In this paper, an anal-
ysis is conducted to categorize the three existing types of salt-
resistant photothermal materials that possess self-cleaning capabil-
ities. Currently, a plethora of photothermal materials exhibiting ex-
ceptional resistance to salt have been developed, thereby ensuring
prolonged and stable operation of evaporation devices. However,
the current studies have only been conducted using simulated sea-
water or NaCl solutions, which provide a relatively simplistic en-
vironmental setting. If the findings are to be applied in practical
settings, additional research is required.

In addition, this paper provides a concise overview of the vari-
ous functionalities of photothermal materials, thereby demonstrat-
ing the potential application of solar-driven interfacial evaporation
technology in intricate aquatic environments. Also, the application
of solar-driven interfacial evaporation system needs to be further
broadened, and the combination of seawater desalination with hy-
drogen production and power generation is also the main research
direction in the future.

Finally, we analyzed the enhancements in the durability of pho-
tothermal materials and provided a brief summary of the existing
methods. Each method exhibits distinct advantages and disadvan-
tages. For instance, simple and low-cost adhesives offer general ef-
fectiveness, while self-healing surfaces and micro/nano-structures
designs provide excellent performance but are complex to imple-
ment. Coatings, on the other hand, suffer from poor stability, and
the manufacturing methods associated with them are challenging.
Further development of robust long-term photothermal materials
is still a bottleneck problem that needs to be solved. In order to
achieve optimal results, it is imperative that we employ existing
methodologies in a proficient manner and strive to comprehend
the durability mechanisms of materials.

Generally, when designing photothermal materials for the fu-
ture, one should consider not only the photothermal properties
of the materials, but also their cost, environmental friendliness,
stability, salt-resistance, and versatility. Simultaneously, the design
and production of related efficient water collectors need urgent at-

Chinese Chemical Letters 36 (2025) 109925

tention, as they are crucial for implementing solar-driven interface
evaporation technology in practical applications.
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