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Abstract

The tension in the relationship between water and energy seriously restricts the harmonious
coexistence between man and the ecological environment. The solar-powered interface
evaporation technology emerging in recent years has shown good application prospects in
high-salt wastewater treatment for achieving the zero-discharge treatment of wastewater.
In this review, advanced solar-driven interfacial evaporation is primarily focused on its
mechanisms, photothermal materials optimization, and the structure of solar evaporators
for salt removal. The high wide-spectrum solar absorption rate of photothermal materials
determines the total energy that can be utilized in the evaporation system. The light-
to-heat conversion capacity of photothermal materials directly affects the efficiency and
performance of solar interface evaporators. We highlight the microstructures enabled
by the nanophotonic designs of photothermal material-based solar absorbers, which can
achieve highly efficient light harvesting across the entire solar irradiance spectral range
with weighted solar absorptivity. Finally, based on current research, existing problems, and
future development directions for high-salt wastewater evaporation research are proposed.
The review provides insights into the effective treatment of high-salt wastewater.

Keywords: high-salt wastewater; photothermal materials; interfacial solar steam genera-
tion; salt removal; solar interface evaporators

1. Introduction

High-salt wastewater generally refers to sewage with a salt-containing mass fraction
greater than or equal to 1% originating from engineering, pharmacology, and the paper-
making industry. Salt-rich wastewater, if discharged directly, will lead to adverse effects on
the ecological and environmental problems. On the one hand, the inorganic salt will cause
freshwater mineralization, soil salinization, and water eutrophication. Moreover, the accu-
mulation of heavy metal elements in the food chain will largely affect the drinking water
safety [1]. On the other hand, salt infiltration into the soil will change the soil structure and
permeability, and reduce the soil moisture permeability, increasing the possibility of being
flooded [2]. In addition, irrigation with brine can lead to irreversible soil salinization. It
hinders the crops’ growth, and the agricultural productivity is significantly reduced [3].
The treatment of high-salinity wastewater is more problematic than that of other industrial
wastewaters. Due to the complex and diverse composition of high-salinity wastewater, it is
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often necessary to select appropriate pretreatment schemes based on actual situations. The
excessive inorganic salts in high-salinity wastewater inhibit the growth and reproduction
of microorganisms, greatly reducing the treatment efficiency, which makes it difficult for
traditional biological technologies to treat high-salinity wastewater [4]. Traditional physical
and chemical treatment methods also have certain limitations, such as excessive use of
chemicals, equipment corrosion, and high operating costs [5-9]. Furthermore, the purifi-
cation of waste salt after desalination remains very challenging [10]. If this high-salinity
wastewater is discharged directly without treatment, it will further burden municipal
sewage treatment plants [11]. Accelerating the promotion of the recycling of industrial
high-salt wastewater, turning it from waste into a resource, has become the key to promot-
ing green industrial development and alleviating the contradiction between water supply
and demand [12]. Research on high-salt wastewater treatment technologies is urgent, and
exploring efficient and economical high-salt wastewater treatment technologies has become
one of the hotspots in current high-salt wastewater treatment [13-19]. At the same time, it
is necessary to vigorously develop key core technologies such as the zero-discharge and
resource-oriented treatment of saline wastewater, to achieve a new pattern of recycling and
resource recovery utilization [20].

The treatment process for high-salinity wastewater typically employs thermal desali-
nation technology and membrane separation technology. Thermal desalination technology
separates distilled water from saline water through heating. The most widely used methods
are multi-stage flash evaporation and multi-effect distillation. Thermal desalination technol-
ogy consumes a significant amount of fossil fuels, which may lead to increased air pollution
and greenhouse gas emissions [21]. Membrane separation technology includes methods of
reverse/forward osmosis, electrodialysis, and membrane distillation. Among these, the
most commonly used reverse osmosis devices consume approximately 100 TWh of energy
annually, and if this energy is provided by coal combustion, it would result in 60 to 100 tons
of carbon dioxide emissions [22]. Therefore, the research and development of novel water
purification materials and technologies, along with the utilization of renewable energy to
drive seawater desalination in order to reduce energy consumption, have attracted signif-
icant attention in the scientific community. Among them, solar-driven interfacial water
evaporation technology, as a green, clean, simple, and efficient water treatment method, is
one of the frontier hotspots in the field of materials and environmental research.

Solar energy, as a clean, environmentally friendly, and renewable energy source,
is considered an effective alternative to traditional fossil fuels. It has been extensively
researched [23] and plays a significant role in energy transition. Through solar energy
technology, we can convert sunlight into electrical or thermal energy to meet the needs of
human life and industrial production. The conversion and utilization of solar energy is
one of the important strategies proposed to alleviate the current global energy crisis and
environmental issues [24]. Solar photothermal interfacial evaporation technology is a sus-
tainable water treatment technology, exploiting solar energy to realize water evaporation
and purification. It heats the photothermal layer using the heat provided by solar energy.
After absorbing sunlight, the photothermal layer converts it into thermal energy on the
water-contacting surface. Once the surface water temperature reaches a certain level, water
molecules begin to evaporate into water vapor, and pure water is obtained by collecting
and condensing the water vapor. In brief, heat can be sealed on the surface of seawater, and
the diffusion of a large amount of heat in other directions can be inhibited [25]. This is con-
ducive to maximizing the “boiling” of seawater and high-salinity wastewater, improving
the utilization efficiency of solar energy. This technology has attracted widespread attention
once reported. As shown in Figure 1 [26,27], solar photothermal interfacial evaporation
technology has the advantages of being environmentally friendly, low-cost, and easy to
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maintain, and is therefore widely used in seawater desalination, wastewater treatment,
drinking water purification, agricultural irrigation, and other fields [28]. Solar-powered
water evaporation technologies are highly dependent on significant advancements in the de-
sign and manufacture of multifunctional photothermal materials. In terms of photothermal
materials selection, researchers focus on developing photothermal materials with high effi-
ciency and broad absorption spectra in solar-driven seawater desalination technology, such
as metal nanomaterials, semiconductor materials, carbon-based substrates, and conductive
polymers [29], which promote the light-to-heat conversion of desalinated seawater.
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Figure 1. Different types of solar photothermal evaporators: (a) Salt-responsive PZH evaporators.
Reproduced with permission [30]. Copyright 2022, Wiley-VCH. (b) Three-dimensional hydrogel
evaporators. Reproduced with permission [30]. Copyright 2022, Wiley-VCH. (c) Macro-sandwiched
structure of salt-tolerant solar evaporators. Reproduced with permission [27]. Copyright 2021,
Wiley-VCH. (d) High-salt-tolerant 3D hydrogel evaporators. Reproduced with permission [31].
Copyright 2021, Wiley-VCH.

Traditional solar water evaporation involves directly exposing the entire water body
to sunlight to obtain water vapor and complete water purification. However, since wa-
ter molecules can only absorb infrared solar light and the water surface scatters light,
this method is time-consuming and inefficient (30-45%), failing to achieve the desired
results [32]. Therefore, improving the evaporation device to enhance evaporation efficiency
has become a key issue in solar water evaporation technology. In recent years, researchers
have leveraged the advantage of photothermal materials, which can efficiently convert solar
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energy into thermal energy, and applied them to the field of solar water evaporation. By
additionally heating the water through photothermal materials, a higher water evaporation
efficiency is achieved [33]. Meanwhile, the structural design of solar water evaporation
devices has also undergone further development, with the working area of photothermal
materials being moved from the entire water body to the air-water interface. This interfacial
evaporation method increases the light absorption area of the system, avoids the majority
of heat loss, and facilitates the diffusion of water vapor, thereby effectively enhancing the
photothermal conversion efficiency of the system (reaching over 97%).

In this review, a comprehensive understanding of advanced solar-driven interfacial
evaporation is primarily focused on in terms of its mechanisms, photothermal materials
optimization, and the structure of solar evaporators for salt removal. The high wide-
spectrum solar absorption rate of photothermal materials determines the total energy
that can be utilized in the evaporation system. The light-to-heat conversion capacity
of photothermal materials directly affects the efficiency and performance of interfacial
solar evaporators. Therefore, the delicate design of nano-/microstructured photothermal
materials is of great importance for attaining highly efficient solar absorptivity across the
entire solar irradiance spectral range. Finally, the present problems and future prospective
directions for high-salt wastewater evaporation are anticipated. The review will pave the
way for designing effective solar-driven interfacial evaporation systems in wastewater
treatment and provide insights for future advancement.

2. Solar-Driven Interfacial Evaporation
2.1. Photothermal Conversion

The light absorption capacity of photothermal materials refers to the extent to which
the material absorbs sunlight or other light sources. Two critical factors are involved as
follows: the absorption range over the full solar spectrum and the corresponding intensity
per wavelength. A higher light absorption capacity translates to more efficient absorption
of sunlight by the material. Photothermal materials selected for interfacial heating should
exhibit high absorptance, minimal transmittance, and low reflectance in the whole solar
irradiance spectral range from 300 to 2500 nm [34]. Therefore, the high broad-spectrum
solar absorptance of photothermal materials determines the total energy that can be utilized
in the evaporation system.

Secondly, the excellent light-to-heat conversion capability of photothermal materials
directly affects the efficiency and performance of interfacial solar evaporators. Below is the
formula for calculating the photothermal conversion efficiency [35]:

n= m X [h]U+C(T* To)]

P M

where m is the mass flux of evaporated water; h is the latent heat of water evaporation at
the specific temperature; C is the specific heat capacity of water, with a constant value of
4.2]-g71.K~1; T is the evaporation temperature; Ty is the initial temperature of the water;
and Ps is the incident solar radiation power.

2.2. Interfacial Evaporation

Solar-driven interfacial evaporation technology utilizes sunlight as the energy source.
Through photothermal conversion materials (solar absorbers), light energy is converted
into heat energy. Water molecules at the interface between the photothermal conversion
material and the water body absorb sufficient heat energy and escape in gaseous form
through internal channels of the photothermal conversion material, while impurities and
solutes in the water remain in the water body, thereby achieving water purification [36], as
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shown in Figure 2. This technology leverages green and sustainable solar energy to drive
the acquisition of clean water, addressing both water scarcity issues and alleviating the
energy conflicts arising from the water purification process.
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Figure 2. Schematic of the operating principle in a solar-driven interfacial evaporation (SDIE) unit.
Reproduced with permission [36]. Copyright 2024, Elsevier.

In the solar-driven water evaporation system, the solar absorber is its main component.
The first stage of the development of solar-thermal water evaporation technology is bottom
heating [37]. As shown in Figure 3a, the heating device is placed at the bottom of the water
body. Due to the scattering of water, a significant amount of light energy is lost, and heat
cannot be concentrated on the surface of the solar absorber, resulting in slow evaporation.
The second stage is volumetric heating, as shown in Figure 3b. The photothermal con-
version particles are uniformly dispersed in the water body. The heat generated during
the contact between the photothermal conversion particles and the water is conducted
to the non-evaporating water body, leading to substantial heat loss. The third stage is
interfacial heating. As shown in Figure 3c, the solar absorber is located at the water—air
interface, concentrating the heat at the interface and largely avoiding heat loss. Interfacial
evaporation technology does not require high-temperature or high-pressure conditions and
can achieve water desalination or liquid concentration with low energy consumption [38].
The operation is relatively simple, eliminating the need for complex equipment and control
systems, and is easy to maintain and manage. It can also be combined with renewable
energy sources, such as solar thermal energy or waste heat utilization, contributing to
reducing dependence on traditional energy sources and demonstrating good sustainability.
Therefore, the emerging SDIE technology significantly improves evaporation efficiency and
drives the rapid development of solar-driven interfacial evaporation technology [39].
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Figure 3. Different solar absorbers in the light-heat water evaporation field. (a) Bottom heating. (b) Volu-
metric heating. (c) Interfacial heating. Reproduced with permission [37]. Copyright 2023, Wiley-VCH.

3. Micro-Nano Photothermal Materials

High-performance photothermal materials are key to achieving efficient photothermal
evaporation. Photothermal materials can generally be classified into four categories: metal
nanomaterials, inorganic semiconductor materials, carbon-based light-absorbing materials,
and polymer materials [24,29], as shown in Figure 4.
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Figure 4. Photothermal conversion mechanism of diverse photothermal materials. (a) Thermal energy
generation through plasmonic resonance in metallic light-to-thermal conversion materials (LTCMs).
(b) Schematic illustration of photogenerated exciton recombination in semiconductors. (c) Depiction
of carbon-based LTCMs generating heat through molecular thermal vibrations. (d) Operational
mechanism of a hydrogel evaporator. Reproduced with permission [40]. Copyright 2025, Nature
Publishing Group.
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3.1. Metal-Based Photothermal Materials

For metal-based plasmonic materials, efforts have been made to carefully regulate their
size, shape, orientation, and structure at the nanoscale, thereby improving their absorption
rate of sunlight and the wavelength range covered [41,42]. Precious metals such as gold and
silver are the two typical metallic materials in hot plasmas, exhibiting significant surface
plasmon effects in the visible and near-infrared regions [43]. Taking gold nanostructures as
an example, various structural gold nanostructures have been obtained through different
synthesis methods. Bae et al. [44] achieved solar steam generation by heating surface
plasmons using metal nanoshells or nanoparticles with narrow absorption bandwidths.
Thermal nanofocusing in self-assembled metal nanowire bundles achieved 91% average
absorption across 400-2500 nm, whereas microscale funnel structures maintained 7%
average reflection over 2.5-17 um. However, Ag is prone to oxidation or sulfurization in
atmospheric environments, which greatly reduces its plasma characteristics and ultimately
affects its photothermal conversion capability. Additionally, as a rare metal, the high cost
of Ag hinders its large-scale industrial application. Copper (Cu) and aluminum (Al), due
to their abundant reserves and excellent cost-effectiveness, are expected to become the
best substitutes for Au and Ag [45]. Al exhibits good light absorption across the entire
UV-Vis-NIR region. Even though a 3 nm thick Al,O3 passivation layer can form on its
surface after oxidation, this does not affect Al’s photothermal effect but rather prevents
further oxidation of Al [46,47]. Considering cost, stability, and practicality, the further
application of precious metals remains challenging. Recently, research has focused on
combining plasmonic materials with substrate materials of complex structures to create
evaporators [37,44], aiming to further enhance light absorption and reduce material costs.

3.2. Inorganic Semiconductor-Based Photothermal Materials

Photothermal conversion in inorganic semiconductors relies on two mechanisms: pho-
togenerated carrier dynamics and thermal conduction [48]. When inorganic semiconductor
materials are illuminated, photon energy is absorbed, exciting valence band electrons to
the conduction band, creating electron-hole pairs [49]. These carriers diffuse within the
material, with some being trapped and undergoing recombination processes, while others
are transported to the material’s surface. At the surface, these photogenerated carriers can
participate in surface reactions or subsequently undergo thermalization and non-radiative
recombination, releasing energy as heat for local heating [50]. This photothermal effect
can be utilized in fields such as solar photovoltaics, photothermal conversion, and photo-
catalysis. Metal chalcogenide compounds of nanoscale size are commonly used as photon
absorbers in optoelectronic devices, yet research on these semiconductor materials in pho-
tothermal conversion is still lacking [51]. Yang et al. [52] synthesized anti-fouling copper
zinc tin selenide (CZTSe) nanospheres and deposited them onto a membrane, achieving
efficient and stable photothermal evaporation. In practical applications, this device exhibits
excellent photothermal conversion performance, abundant nanochannels, anti-fouling
properties, timely water supply, and low heat loss. The photothermal evaporation rate of
this evaporator can reach 1.528 kg'm~2-h~!, and it can maintain stable and continuous
operation for 30 days under saline water conditions.

3.3. Carbon-Based Photothermal Materials

Owing to their optical transitions in the 7-band, carbon-based materials can signifi-
cantly reduce Fresnel reflection [53]. To further increase light absorption, nanostructures of
carbon-based materials with low refractive indices have been developed [54]. Fu et al. [55]
developed a method to prepare graphene aerogel (GA) solely through photoreduction from
graphene oxide. The material demonstrated intensity-dependent solar-steam efficiencies at
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1 kW-m~2 (53.6 + 2.5%) and 10 kW-m~2 (82.7 & 2.5%). Moreover, after 10 cycles of testing,
the efficiency remained high, and the morphology of GA was almost undamaged. Carbon
nanotubes, for example, are widely used in the field of photothermal evaporation due to
their high specific surface area, high light absorption, and high photothermal conversion
efficiency [56]. However, the preparation of carbon nanotubes through methods such as
arc discharge [57], chemical vapor deposition [58], and laser ablation [59] often requires
high temperatures, high energy consumption, and inert gas protection, making the prepa-
ration conditions stringent and costly. Additionally, carbonization—the high-temperature
pyrolysis synthesis of carbon materials—commonly converts low-cost, accessible organic
precursors (e.g., biomass, biochar, polymer foams, sugarcane, lotus seedpods, bamboo
mushroom, and wood) into different photothermal converters [60-64]. These materials’
solar energy absorption efficiency is significantly improved after carbonization treatment.
Nevertheless, such synthesis processes also have the disadvantages of high energy con-
sumption and high costs [65].

3.4. Photothermal Polymers

Conjugated organic polymers are long-established photothermal evaporation mate-
rials due to their exceptional light absorption, low cost, lightweight nature, and tunable
chemistry [48]. Polyaniline’s (PANI’s) strong broadband absorption further minimizes
energy dissipation during solar-to-thermal conversion, owing to its abundant m-electron
delocalized structure. Polypyrrole (PPy) is also a commonly used polymer material, par-
ticularly notable in a wide wavelength region (200-2500 nm), and it exhibits better pho-
tostability in comparison [34]. Zhang et al. [66] developed a PPy-based solar evaporator,
which was modified with fluoroalkylsilane and coated on a stainless-steel mesh to impart
ideal hydrophobicity to the evaporator. This evaporator floats on the water surface for
interfacial heating. The pure water photothermal evaporation rate is 0.92 kg-m~2-h~!, and
the energy conversion efficiency is 58%. In addition, polydopamine (PDA) materials, which
possess excellent light absorption properties and photothermal conversion efficiency, also
make certain contributions to water evaporation applications. Xu et al. [67], inspired by the
self-expansion and contraction cycle of river dolphins when facing danger, developed a
highly elastic and light-responsive solar absorption gel (SAG). The introduction of PDA
into SAG can modify N-isopropylacrylamide (PNIPAm) hydrogels to achieve solar light
enrichment. Researchers conducted multiple tests on the water purification capability of
SAG and found that it has great potential in treating various types of wastewater, holding
promise for sustainable water resource recycling. Yang et al. [68] prepared a fiber membrane
coated with tobramycin-doped PDA nanoparticles (PDA/TOB@CA). Under 1 kW-m~2 of
illumination, this membrane achieved a high water evaporation rate of 1.61 kg:-m 2-h~!
and an evaporation efficiency of greater than 90%. Furthermore, this composite membrane
also exhibited excellent antibacterial activity, enabling efficient and sustained solar water
evaporation performance even in bacteria-rich environments. Zhang et al. [69] prepared a
bio-inspired aerogel (PAS) using PDA and attapulgite (ATP) as carriers. Under 1 kW-m 2
of illumination, the evaporation rate of this PAS was 1.71 kg'-m~2-h~!, with an evaporation
efficiency of 98.7%.

Polymer photothermal materials, due to their unique light-absorbing properties, ease
of molding and processing, stable performance during use, and ultimate degradability
under natural conditions after disposal, have emerged as a novel material in the field of solar
water evaporation and are widely studied. However, polymer photothermal materials still
have several drawbacks, such as the high structural stability of the polymers themselves,
which makes direct modification and structural design challenging, as well as limitations
like complex synthesis processes and high costs. Consequently, polymer photothermal
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materials have been facing issues of intrinsic low photothermal conversion efficiency and
long-term cyclic stability in interfacial evaporation applications. Therefore, improving the
photothermal conversion performance and long-term stability of these materials is the
primary task for the future development of polymer photothermal materials.

4. Design Principles of High-Efficiency Interfacial Evaporators

Solar-driven interfacial evaporation features three energy flows: incident solar radia-
tion, vapor enthalpy output, and environmental heat exchange [70]. Consequently, efficient
systems require the following: (1) high-efficiency solar harvesting/conversion, (2) opti-
mized water transport from bulk reservoirs to active evaporation fronts, and (3) suppressed
parasitic heat losses at the vaporization interface. Currently, broadband solar absorption
and high-efficiency photothermal conversion are largely obstructed by the accumulation of
salt on the surface of photothermal materials [71]. To further boost evaporation rates in
solar-driven systems, research focus is shifting from material-centric development toward
integrated system design with multiscale energy management [72-74]. Advanced pho-
tothermal architectures and optimized system configurations are emerging to boost energy
capture and enable precision thermal management [75,76]. Assuming good photothermal
conversion efficiency, researchers have proposed the following strategies to design high-
efficiency solar evaporation systems [54,70,77-84], including (1) enhancing light capture
through surface morphology; (2) restricting heat conduction; (3) increasing the specific
evaporation area; (4) creating hydrophilic surfaces; and (5) reducing the enthalpy change
in evaporation.

4.1. Optical Enhancement

As the main component of the interfacial structured evaporator, the light absorber, with
its surface-modified photothermal material, determines the absorption and conversion of
light, thereby influencing the system’s steam generation efficiency. Although photothermal
materials inherently possess high photothermal conversion efficiency, diffuse reflection
and thermal radiation inevitably occur during practical operation, potentially affecting the
system’s ability to capture sunlight. Additionally, under actual conditions, variations in the
angle of the sun may pose another challenge to solar light absorption and steam generation.
To maximize light collection, it is particularly important to design and regulate surface
structures at both macro and nanoscales.

(1) Enhancing light absorption through (i) multiple reflections or (ii) matrix formation:
(i) Macroscopically, a three-dimensional microstructure can be formed on the surface of
traditional two-dimensional evaporators, allowing multiple interactions between sunlight
and the material to enhance light collection. Compared to two-dimensional planes, the
absorbance of three-dimensional evaporators increases from ~93% to 99%, as exempli-
fied by origami and cup-like structures [85]. Angular tuning of PPy/PVDF cones [86]
revealed inverse apex angle-temperature dependence: sharper geometries concentrated
heat, achieving 1.7x higher evaporation than planar interfaces. This demonstrated the
effectiveness of achieving the multiple utilization of light by regulating the surface structure
of solar absorbers. Li et al. [87] designed a foldable evaporator with a flower-like surface
morphology and found that the origami rose with maximized petal count and steepest folds
achieved record internal light reflection, yielding 99% solar absorption and 2.12 kg-m~2-h 1
evaporation—the highest reported for biomimetic evaporators (Figure 5a—c). However,
despite achieving peak energy utilization efficiency, the origami rose evaporator exhibited
significantly lower surface temperatures than its flat counterpart. This finding challenges
the conventional view correlating elevated surface temperatures with enhanced evapo-
ration performance. The researchers speculated that the origami rose with an enlarged
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surface area could achieve evaporation over a larger surface, thus resulting in lower heat
accumulation than in the flat device. In addition, the lower surface temperature also helps
reduce radiative energy losses and improve energy utilization efficiency.

Currently, while surface architecture now dominates photothermal performance opti-
mization, significant challenges persist in achieving scalable and stable evaporation systems.
For instance, although increasing the height of the sidewalls can reabsorb more dissipated
energy and thus generate higher temperatures, the resulting high internal humidity within
the solar absorber can inhibit steam generation [88]. Consequently, unresolved structural
challenges threaten the operational sustainability of solar evaporation systems. (ii) In
practical applications, large-scale desalination and freshwater production often require the
implementation of evaporation unit matrices. Hong et al. [89] engineered a paper-based
solar evaporator featuring periodic surface topography with alternating peaks and valleys
(Figure 5d). They found that light capture performance and the energy recovered from
heat loss increased with the increasing surface area density, leading to an increase in steam
production, surpassing planar counterparts by 50%. Additionally, under both sunny and
shady conditions, it was observed that the paper with a periodic surface structure exhibited
an uneven spatial temperature distribution in a wet state, with the temperatures of valley
folds always being higher than those of peak folds. Therefore, such concave structures
are conducive to reducing light reflection, and the resulting reverse heat flux facilitates
further reuse of thermal energy. Nature employs periodic surface architectures for pho-
tothermal efficiency, exemplified by Sun et al. [90] who leveraged carbonized sunflower
heads—biomimetic radial structures achieving efficient solar vaporization. Due to the
large number of three-dimensional cavities on its top surface, the evaporation efficiency
reached up to ~100% by minimizing diffuse reflection and thermal radiation. Additionally,
effective light capture can be achieved by hollowing out the initially compacted material to
form periodic cavities. Therefore, Mizuno et al. [91] demonstrated through research that
the light absorptance of the surface of a vertically aligned single-walled carbon nanotube
(SWCNT) array (0.98) exhibits 29% greater absorptance than planar laminates (0.76). Thus,
the photothermal efficiency in real-world evaporation systems depends critically on matrix
topography optimization. Further exploration is needed into the density—shape relationship
of solar absorber units and the system’s light absorptance and steam generation.

(2) Compensation for the effect of the incident angle: Despite laboratory success in
thermal management and evaporation efficiency, additional parameters must be considered
for water evaporation in outdoor environments, such as unstable solar intensity. Real-
world solar absorption is limited to 50-90% due to atmospheric conditions: approximately
10-20% irradiance loss occurs under clear skies, escalating to 50% during cloud cover.
Stochastic cloud movement further disrupts consistent energy flux [92]. In such situations,
solar evaporation systems rarely have the opportunity to fully realize their potential.
Li et al. [1] designed an umbrella-shaped evaporation device synthesized from a GO
membrane and proposed that the three-dimensional device can capture sunlight from
different incident angles. They found that the steam generation of the three-dimensional
device was 1.43 times higher than that of the planar device. Chen et al. [92] designed a three-
dimensional hemispherical solar-driven evaporation device to compensate for changes
in the solar altitude angle. Under medium intensity (0.75 kW-m~2), when irradiating the
three-dimensional hemispherical device at wide incident angles of 90, 80, and 65°, they
found that its water evaporation rate and energy efficiency remained constant, while the
performance of two-dimensional planar and cylindrical devices decreased sharply as the
incident angle decreased. Bian et al. [93] prepared an evaporation system by carbonizing
the tree-like hairy magnolia fruits. The study found that this evaporation system, through
its large surface area and additional available space (interwoven pod-like peels), provides
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Cellulose Paper

omnidirectional solar absorption and enables rapid steam escape, thereby increasing daily
steam production of 3.15 kg-m~2-h~! (Figure 5e). Overcoming changes in the solar angle
is of great significance in practical applications. Early research primarily focused on the
photothermal characteristics of the solar absorber layer, but some surfaces of the absorber
inevitably fall into shadow, preventing them from fully harnessing their light absorption
potential. Dynamic solar-tracking systems [94] theoretically achieve peak absorption but
face structural fragility barriers in real-world environments.
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Figure 5. (a) Fabrication process of PPy origami. (b) Optical absorption of cellulose paper and
different PPy origami structures. (c) Solar steam water evaporation rate and solar-thermal energy
conversion efficiency under 1 sun. Reproduced with permission [87]. Copyright 2019, Wiley-VCH.
(d) Miura-ori tessellation for enhanced photothermal vaporization. Reproduced with permission [89].
Copyright 2018, American Chemical Society. (e) Mass change in water generation rate of 3D CMF in
dark and under 1 sun. Reproduced with permission [93]. Copyright 2019, Wiley-VCH.

(3) Reducing or utilizing thermal radiation: Generally, an excellent solar absorber often
needs to have a high solar absorptance and a low thermal emissivity, while a blackbody
absorber has both high solar absorptance and high thermal emissivity. Therefore, when
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dealing with high-temperature steam, a spectrally selective absorbing surface can be used
to replace the blackbody absorber to reduce thermal radiation losses while maintaining
a high solar absorptance [95]. Studies have found that, assuming the absorber surface
temperature is 100 °C and the ambient temperature is 20 °C, by replacing the blackbody
absorber with a spectrally selective absorbing surface, radiant heat loss can be reduced
from 680 to 50 W m~2 [19]. Thus, spectrally selective absorbing surfaces that reduce system
energy losses by inhibiting thermal radiation have great potential [19]. According to Stefan—
Boltzmann’s law, radiative heat loss scales as T4, dominating thermal dissipation in high-
temperature systems. It is feasible to recover energy generated by long-wavelength thermal
radiation from high-temperature absorbers. To achieve this goal, Wang et al. [96] developed
a solar collector based on a reasonably thick, low-scattering silica aerogel layer integrated
with a non-vacuum flat plate (Figure 6a). This device can recover thermal radiation by
capturing long-wavelength radiation while maintaining high solar absorptance. However,
the additional coating inevitably reduces transmittance and leads to a decrease in efficiency,
thus prioritizing this strategy for systems dominated by radiative heat loss. Further research
is needed for its application in evaporation systems.
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Figure 6. (a). The aerogel allows sunlight to transmit through but blocks thermal radiation from
the blackbody absorber by strong IR absorption. Reproduced with permission [96]. Copyright 2019,
American Chemical Society. (b) Schematics of (left) the traditional interfacial solar vapor generator
and (right) the environmental energy-enhanced interfacial solar vapor generator. Reproduced with
permission [70]. Copyright 2018, Elsevier.

4.2. Limiting Heat Conduction

Reducing conductive heat loss—critical for evaporation enhancement—requires mini-
mizing thermal conductivity in inherently conductive solar absorbers. The high thermal
conductivity of solar absorbers makes a significant portion of the heat dissipate into the bulk
water through heat conduction. To address this, reasonably coupling the solar absorber
with a thermal insulation structure becomes a viable solution. Two primary strategies miti-
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gate conductive heat losses: inserting a low-thermal-conductivity hydrophilic insulation
layer beneath the absorber to decouple absorption from heat dissipation. These substrates,
owing to their hydrophilic capillaries, can provide a sufficient water supply for evaporation
while reducing downward heat conduction [97]. However, water-saturated hydrophilic
substrates form 3D hydration networks but compromise insulation: water’s thermal con-
ductivity (0.6 W-m~1.K~1) exceeds air’s (0.023 W-m~1.K~1) by 26 x, enabling conductive
losses through the wetted insulation layer. Another method is to adopt structures with
limited water transport paths (two-dimensional and one-dimensional water paths) and
thermal insulation layers. While this approach enables air-trapping insulation and con-
trolled hydration to suppress conductive losses [98], it also sacrifices the salt rejection path,
and limiting the water path can lead to salt accumulation issues. Therefore, when using
limited water paths for seawater desalination applications, the continuing operational
system stability must also be considered.

4.3. Increasing the Evaporation Rate

Water evaporation dissipates substantial thermal energy via the latent heat of va-
porization, resulting in a phenomenon where the surface temperature is lower than the
ambient temperature. For three-dimensional evaporators, the evaporation interface irra-
diated by sunlight typically has a higher temperature than the environment due to the
photothermal conversion effect, while the dark surface is the opposite. Therefore, ex-
panding the dark surface area enables radiative thermal regulation, potentially inverting
the evaporator-environment temperature gradient and reversing net heat flux direction.
Given this, researchers have initially explored the following three strategies: (1) increasing
the side area of photothermal materials that are not exposed to sunlight; (2) introducing
macroscopic structures on the evaporation surface; and (3) utilizing the inner surface for
evaporation [99-102]. Zhu et al. [70] proposed the use of the lateral surface of an array
of cylindrical evaporators to collect energy from the environment, thereby enhancing the
evaporation rate (Figure 6b). For specific macrostructures, due to beam divergence, the
surfaces at different heights receive varying intensities of sunlight, leading to the formation
of distinct temperature zones. To address this, the evaporation rate can be accelerated
by enhancing convective contributions from the surrounding environment. Typically, the
evaporation process is determined by two consecutive steps: phase change and diffusion.
Although conventional evaporators have a large specific surface area for the phase change
process, a small internal surface area may hinder vapor diffusion. Therefore, activating the
pore structure of the evaporator’s internal surface is crucial for optimizing vapor diffusion.
Interconnected porous architectures simultaneously optimize the phase change interface
and facilitate rapid vapor transport, achieving evaporation rates higher than the theoretical
values. Although increasing the specific evaporation area to enhance the evaporation rates
has been preliminarily validated as effective, most of the water vapor has a temperature
lower than the surrounding environment and cannot condense into droplets [70]. Therefore,
a key challenge in hypothermal evaporation systems is the disparity between highly effi-
cient vapor generation and inefficient condensation. Optimizing system design for effective
low-temperature vapor condensation is crucial to achieving productive desalination and
water harvesting.

4.4. Creating a Hydrophilic Surface

Local thermal positioning of the photothermal interface is of great significance for
gas-liquid interface heating, and the wettability of the photothermal interface is equally
important for obtaining high-efficiency steam. Hydrophilic surfaces promote water spread-
ing into thin films, whereas hydrophobic surfaces induce droplet beading [103]. Therefore,
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from the perspective of achieving high-efficiency water evaporation, hydrophilic surfaces
are often the preferred design for photothermal interfaces, ensuring a higher evaporation
area and adequate water supply. Studies have shown that, under identical roughness
conditions, hydrophilic surfaces exhibit a significantly larger effective evaporation area
than hydrophobic surfaces, resulting in an increased evaporation rate of up to 10% [104].
Notably, the thin hydrophilic film enhances thermal conduction, elevating the three-phase
contact temperature above the surrounding regions. This surface property also sustains
a continuous water supply from the bulk reservoir to the evaporation front, preventing
interfacial dry-out and associated performance losses [74]. Research confirms hydropho-
bic evaporator interfaces repel underlying water, whereas hydrophilic materials drive
spontaneous upward wicking via capillarity. Hydrophobic surfaces also promote vapor
cavity formation beneath the evaporator, further restricting vertical liquid conveyance [105].
From the perspective of salt crystallization, hydrophobic evaporators can reduce salt adhe-
sion, serving as an effective method to address salt deposition. Consequently, evaporator
wettability must be application-tailored.

4.5. Reducing the Enthalpy of Evaporation

The energy absorbed per unit mass of liquid water during evaporation (latent heat of
vaporization) is as high as 2455.6 k] kg ! (at ambient temperature) [106]. The high enthalpy
of vaporization is typically caused by the strong interactions between water molecules, and,
therefore, the evaporation rate of the system can be increased by reducing the enthalpy of
water. One feasible strategy is to regulate the enthalpy of liquid water by controlling the
state of water in the solar absorber [80]. Depending on the interaction strength between the
solar absorber and surrounding molecules, water can exist in the states of free water (weak),
intermediate water (moderate), or bound water (strong). Compared to bulk water in the
bound state, intermediately bound water molecules have fewer intermolecular contacts
and a weaker hydrogen bond network, resulting in a lower enthalpy of vaporization [104].
An alternative strategy involves evaporating water as molecular clusters rather than single
molecules. Evidence suggests water within hydrogen-bonding networks preferentially
evaporates as small clusters [80], requiring less energy to dissociate bonded units. This
collective evaporation mechanism substantially lowers the enthalpy of vaporization. As a
result, materials including hydrogels, aerogels, inorganic nanosheets, wood, and metals can
evaporate in the form of water clusters, leading to enhanced water evaporation performance.
Although it has been demonstrated that exceptional performance can be achieved by
reducing the evaporation enthalpy, researchers still need to further consider and unify
relevant experiments and calculations.

5. Conclusions and Prospective

In summary, the photothermal conversion mechanism of solar-driven interfacial water
evaporation devices is summarized in detail. Meanwhile, we comprehensively report the
recent design principles for photothermal materials and evaporators. It provides a detailed
introduction to the design methods for photothermal materials and the structural design of
solar evaporation devices, and analyzes and compares various strategies for improving the
evaporation performance of the devices.

Despite significant achievements in the design of photothermal materials and device
structures, the development and application of most evaporators are still at the laboratory
stage, and outdoor practical applications are only at the prototype testing stage, with
insufficient preparation for large-scale outdoor use. Several factors restrict their widespread
use as follows: for instance, obtaining low-cost, high-efficiency photothermal materials
remains challenging; the design of stable and salt-resistant evaporation devices with good
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anti-fouling properties is still relatively complex; furthermore, the collection efficiency of

condensed water in practical applications is relatively low. Therefore, further in-depth

research is needed to address the issues faced by solar water evaporation devices in practical

applications. Specifically, considerations can be made from the following aspects.

)

@)

®)

4)

Further development of photothermal materials. Semiconductor materials have high
photothermal conversion efficiency but weak light absorption capacity, while carbon-
based materials are the opposite, and metal nanoparticles and polymer materials have
relatively high costs. Therefore, considering factors such as cost, light absorption
rate, photothermal conversion efficiency, and the instability of light intensity during
outdoor practical use, further research and development of photothermal materials are
needed to enable them to have good light absorption capacity, excellent photothermal
conversion ability under any light intensity (including low light intensity), and be
obtainable through simple preparation processes.

Optimization and integrated design of evaporation devices. To enhance energy uti-
lization efficiency, the interplay of various factors such as light absorption, water
transport, thermal management, and salt tolerance and rejection capabilities should
be considered when designing the structure of evaporators. Sometimes, there may
be conflicting relationships among these factors. For instance, an increased water
transport rate inevitably leads to higher energy losses, resulting in poorer thermal
management capabilities of the evaporation device. Therefore, it is necessary to com-
prehensively consider all factors in the design of evaporation devices to maintain a
balance in device performance. This requires researchers to have a thorough under-
standing of the theoretical mechanisms underlying interfacial evaporation, which is
crucial for optimizing and integrating interfacial solar evaporators. Additionally, it is
essential to comprehensively consider potential issues that may arise when construct-
ing and deploying evaporation devices outdoors on a large scale.

Stability enhancement of evaporation devices. When solar evaporators are applied to
desalination, the stability and service life of the evaporators need to be considered. In
current research reports, the investigation of the device’s salt resistance/anti-scaling
performance is not sufficient, and the salt resistance of some devices still needs
further improvement. To ensure that the photothermal materials do not detach and
release into the environment during long-term use, it is necessary to develop solar
evaporators with biocompatibility, good corrosion resistance, and structural stability,
and ensure their long-term usability.

Techno-economic analysis and practical application challenges. Research topics on
interfacial solar evaporation typically focus on experimental results, and challenges
still exist in terms of scaling up and practical applications [18]. As a result, economic
analysis is not always conducted. Consequently, the cost-effectiveness of evapora-
tors is not regularly obvious. Economic analysis is fundamental when expanding
interfacial solar evaporation systems, encompassing materials, manufacturing, and
operational costs [107]. Considering factors such as the structure, shape, substrate
type, and salt resistance of interfacial solar evaporation systems, biomass-based evap-
orators, compared to other materials [108], have the lowest cost due to their relatively
lower prices.

In general, for this field, both fundamental research and practical exploration are

indispensable. We look forward to the eventual commercialization of this green, clean, and

sustainable solar evaporation device to serve human life.
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