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Abstract

The rapid expansion of the coal chemical industry has led to a growing demand for effec-
tive treatment of high salinity wastewater, particularly the concentrated brine streams tar-
geted for zero liquid discharge (ZLD) management. Conventional treatment technologies
face significant challenges under such extreme conditions, underscoring the urgency of
developing innovative and energy-efficient alternatives. Interfacial solar steam generation
(ISSG) has emerged as a promising approach for concentrated brine treatment owing to
its rapid evaporation rates, low carbon footprint, and high solar thermal energy utiliza-
tion. Nevertheless, the long-term stability of solar evaporators remains limited by photo-
thermal material degradation, excessive heat loss, and salt accumulation—all of which
constitute major bottlenecks preventing large-scale implementation of ISSG in ZLD sys-
tems. This review first outlines the fundamental principles, advantages, and practical con-
straints of interfacial solar evaporation. It then highlights recent advances in high-perfor-
mance solar evaporators featuring broadband light absorption, efficient solar thermal con-
version, suppressed heat dissipation, robust anti-salt fouling behavior, and sustained op-
erational durability. These emerging designs substantially improve the feasibility of ISSG
and provide promising pathways for the clean, efficient, and sustainable treatment of con-
centrated brine in the coal chemical industry.

Keywords: coal chemical concentrated brine; interfacial solar steam generation; zero
liquid discharge; salt resistance

1. Introduction

In recent years, China’s coal chemical industry has experienced vigorous develop-
ment, driven by abundant coal reserves and growing energy demand [1]. However, this
industry is characterized by high water consumption, high emissions, and high pollution,
and is predominantly located in regions with water scarcity and poor environmental ca-
pacity for pollutants [2—4]. According to statistics, the annual water consumption for coal
fuel production in China reaches as high as 6.177 billion cubic meters [5]. In the coal chem-
ical industry, converting one ton of coal into other chemical products generates
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approximately one cubic meter of high salinity organic wastewater [6]. Although China’s
economic development model is transforming, and its energy consumption and produc-
tion structures are continually being upgraded and transformed, the energy mix domi-
nated by coal will remain a fundamental characteristic of China’s energy and chemical
sector [7-9]. To alleviate the conflict between environmental protection and energy de-
mand, the Ministry of Ecology and Environment has imposed stringent requirements for
near-zero discharge of wastewater from the coal chemical industry [10].

Coal chemical wastewater can be broadly categorized into organic wastewater and
saline wastewater [11]. The salts in saline wastewater primarily originate from source wa-
ter, raw coal, and chemical agents added during production processes (e.g., flocculants,
acid-base neutralizers, biocides) [12]. This category mainly includes coal gasification
scrubbing wastewater, reverse osmosis (RO) concentrate, ion exchange regenerant waste,
discharges from demineralized water stations, circulating water blowdown, boiler blow-
down, and saline wastewater generated after the biological treatment of organic
wastewater [13,14]. Typically, the Total Dissolved Solids (TDS) in saline water from
sources like demineralized water station discharges, circulating water blowdown, and
boiler blowdown range from 3000 to 10,000 mg/L, while the TDS of RO concentrate gen-
erally reaches 10,000 to 20,000 mg/L, and often far exceeds this range [15]. As shown in
Figure 1(a), water consumption varies significantly across different coal chemical pro-
cesses, which directly influences the magnitude of wastewater generated by each pro-
cess. Wastewater with TDS reaching or exceeding the range of 1% to 3.5% (10,000-35,000
mg/L) is typically classified as high salinity wastewater. Its composition is complex, typi-
cally featuring cations such as Na* and K*, and anions such as CI- and SO+~. Among these,
the concentrations of Na*, Cl, and SO« ions are significantly higher than those of other
ions, accounting for over 90% of the total inorganic ion content [16], as illustrated in Figure
1b. Furthermore, this type of wastewater often exhibits low organic concentration, poor
biodegradability, and high treatment difficulty, which constrains the achievement of zero
liquid discharge in the coal chemical industry [1].
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Figure 1. Water usage and brine composition in the coal chemical industry: (a) Water consumption
across various coal chemical processes. Notes: CM: coal mining; CWP: coal washing and processing;
CTSNG: coal-to-natural gas; CTO: coal-to-olefins; CTEG: coal-to-ethylene glycol; CDL: coal direct
liquefaction; CIL: coal indirect liquefaction; CC: coal coking; CSC: coal based blue carbon [17]. (b)

Ionic composition of concentrated brine from the coal chemical industry [18].

In this review, we first outline the limitations of current commercial water treatment
technologies. Then we explore the emerging Interfacial Solar Steam Generation (ISSG)
strategy for desalination and water purification, detailing its fundamental principles, pre-
vailing challenges, and the material and structural design principles key to enhancing
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solar evaporation rates and energy conversion efficiency. Finally, we summarize its po-
tential applications and provide a future perspective to guide subsequent research.

2. Current Technologies for Brine Treatment

Achieving Zero Liquid Discharge (ZLD) in treating coal chemical concentrated brine
remains a formidable challenge for conventional technologies. Mainstream pressure-
driven membrane processes, such as RO, are fundamentally limited for direct treatment
of hypersaline streams due to exponentially increasing energy demands and a lack of
membranes capable of withstanding the requisite pressures [19,20]. For instance, while
seawater desalination (~35 g/L TDS) requires an applied pressure of approximately 59 bar
with a thermodynamic minimum energy consumption of 2.5 kWh/m?, desalination of
hypersaline brine (e.g., 70 g/L NaCl) demands a pressure upwards of 125 bar and a mini-
mum energy of 6.24 kWh/m?. Even with advanced high pressure RO (HPRO) membranes,
achieving potable water standards in a single pass remains challenging, often necessitat-
ing additional polishing steps [21]. Other desalination technologies like membrane distil-
lation (MD) and electrodialysis (ED) cannot achieve ZLD directly [22-26]. Both are con-
strained by high capital costs, substantial energy consumption, and operational instability
at high salinities, frequently leading to membrane scaling and fouling [27,28]. The extreme
salinity and complex composition of such brine further undermine biological and ad-
vanced oxidation processes for organic contaminants [29,30]. While hybrid systems cou-
pling membrane concentration with evaporative crystallization represent the conven-
tional ZLD pathway, they incur prohibitive costs, yield low-purity mixed salts that risk
secondary pollution, and face technical hurdles in efficient salt fractionation [12,31]. Con-
sequently, developing cost-effective and sustainable ZLD strategies is imperative [32,33].

3. Solar-Driven Desalination Technologies

Solar energy is a promising primary energy source due to its safety, cleanliness, re-
newability, and widespread availability [34,35]. Leveraging this abundant and sustainable
resource to drive seawater desalination presents an ideal strategy to address clean water
shortages while mitigating environmental impacts [36]. Direct solar desalination technol-
ogies, which utilize solar energy to thermally produce vapour, can be functionally classi-
fied into two main categories: bulk water heating and ISSG [37].

3.1. Bulk Heating Solar Technology

Solar-driven evaporation offers a promising and sustainable alternative to conventional
thermal processes [38]. The most traditional implementation, the solar still, employs a bulk
heating method: solar energy is absorbed by a basin, which then heats the entire water vol-
ume. This leads to substantial heat loss to both the water body and the environment, resulting
in low energy efficiency (typically below 40%) [39]. Consequently, this limited productivity
restricts the utility of conventional solar stills for large scale applications.

3.2. ISSG Technology
3.2.1. Basic Principle

ISSG concentrates photothermal conversion and heat generation at the gas liquid in-
terface, which is fundamentally different from traditional integral heating methods [40].
As shown in Figure 2, a typical ISSG structure mainly consists of a photothermal layer,
water paths, and a thermal insulation substrate. The photothermal layer converts ab-
sorbed sunlight into heat [41,42]. The water paths, composed of porous structures,
transport water to the photothermal layer via capillary action [43]. The thermal insulation
substrate separates the photothermal conversion zone from the bulk water, ensuring that
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heat is used only to vaporize the water pumped to the surface, thereby avoiding unneces-
sary heat loss to the entire water body [44].

Vapour

————— = Thermal insulation
substrate
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Water paths
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Figure 2. Schematic diagram of interface solar vapour generation system [43].

From a fundamental energy perspective, the performance of solar evaporators is ul-
timately bounded by the incident solar energy. For conventional two-dimensional (2D)
interfacial evaporators under standard 1-sun illumination, the widely accepted theoretical
upper limit for the evaporation rate is 1.47 kg m=2 h! [45]. This benchmark is derived from
the ideal scenario of 100% photothermal conversion efficiency on a flat surface. However,
this limit is specific to the simplified 2D model and often falls short in critically evaluating
modern evaporators with complex three-dimensional (3D) architectures.

Therefore, comparing performance data requires clarifying whether the rates are
based on the projected area or the actual evaporation area [46]. On this basis, the evapo-
ration efficiency (1) should serve as the primary thermodynamic benchmark, as it intrin-
sically accounts for the total incident energy and enables fair comparison across different
designs [47].

Recent studies report that the evaporation rates for many advanced evaporators, par-
ticularly those with 3D porous structures, significantly exceed the traditional 2D limit of
1.47 kg m2 h1. This enhancement primarily stems from the area gain and environmental
energy gain inherent to their structural design: Firstly, the 3D porous structure effectively
increases the optical path and the effective absorption area through internal light trapping
effects, thereby enhancing energy capture per unit of projected area [48]. Secondly, opti-
mized thermal localization design reduces heat loss while potentially drawing additional
thermal energy from the surrounding environment [48,49]. Furthermore, the nanoscale
structure and hydrophilicity of the material surface may influence the state of water mol-
ecules and the enthalpy of evaporation [50,51].

However, it must be clearly recognized that the area gain and environmental thermal
gain provided by such 3D structures, along with edge effects present at small scales, can
diminish significantly or even vanish when the device is scaled up—a phenomenon
known as the scale effect [52]. Therefore, when evaluating such high-performance data, it
is essential to specify the corresponding energy input boundaries and testing scales to
avoid overestimating their actual performance in real large-scale applications.
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3.2.2. Key Advantages over Bulk Heating

Compared to traditional overall heating methods, ISSG has multiple advantages due
to its unique heating strategy. Its core lies in concentrating heat for evaporation on the
water surface, rather than heating the entire body of water, which greatly reduces heat
loss and significantly improves the efficiency of converting solar energy into steam [53,54].
At the same time, this design achieves zero liquid discharge: the evaporation process oc-
curs at the water surface interface, separating from the main saltwater, so that salt and
other involatile substances do not deposit on the evaporation surface, but remain in the
original solution or concentrate in specific areas for easy separation and recovery. In ad-
dition, the ISSG system structure is usually simpler and does not require complex equip-
ment and pipelines like traditional thermal desalination. It mainly relies on solar power
to drive, reducing construction and operating costs while also reducing the carbon foot-
print during operation [55].

3.2.3. Current Challenges

Despite its promise, the transition of ISSG technology to practical, large-scale ZLD
applications faces challenges. These include ensuring the long-term stability and durabil-
ity of photothermal materials, managing salt accumulation to maintain evaporation per-
formance, and further optimizing systems to achieve reliable and cost-effective ZLD for
highly complex industrial brines [44,56,57].

Among these, effective salt management is a particularly critical and foundational
issue. In systems reliant on passive water supply (via capillary action and convection),
continuous evaporation inevitably leads to the accumulation and concentration of salt
ions at the evaporation interface. This can cause supersaturation and crystallization,
which can cover the photothermal surface, block water transport pathways, and thus se-
verely compromise both system stability and evaporation performance [58].

Early solutions typically relied on physical flushing after operation cycles, which
could hardly meet the practical requirements for long-term autonomous operation [59].
Therefore, more fundamental strategies have been developed. One approach aims at spa-
tially isolating salt crystallization by designing special channels or wettability gradients
to confine crystallization to predefined, non evaporative zones, thus preventing interfer-
ence with the photothermal interface [60,61]. Another strategy actively prevents salt dep-
osition on functional surfaces by tuning interfacial properties or constructing internal mi-
crostructures. These approaches aim to either transform salt crystallization into a control-
lable process or fundamentally suppress its adverse effects [62]. Their specific design prin-
ciples and implementation methods will be systematically discussed in Sections 6.1 and
6.2 of this article.

4. Application and Performance Analysis of High-Performance
Photothermal Materials in ISSG

Efficient photothermal conversion is the core driving ISSG technology [63]. To maxim-
ize the capture and utilization of solar energy, developing photothermal materials with
broad-spectrum strong absorption, low thermal loss, and excellent stability is crucial. Com-
pared to traditional bulk materials, nanomaterials, due to their unique size effects (e.g., sur-
face plasmon resonance, local field enhancement effect, tunable band gap, and high specific
surface area), enable precise regulation and efficient absorption conversion of sunlight at
the nanoscale, significantly enhancing photothermal performance [64,65]. These nanoscale
physicochemical phenomena are key to their superiority over conventional materials [66].
Currently, widely studied nanoscale photothermal materials primarily include plasmonic
metal nanoparticles, semiconductor nanomaterials, carbon nanomaterials, and emerging
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polymeric nanomaterials [67,68]. Given the important role of nanomaterials in advancing
ISSG technology, this review will focus on representative solar absorber nanomaterials, spe-
cifically elucidating the intrinsic relationship between their nanostructure and photothermal
performance.

4.1. Metallic Nanomaterials

Metallic nanomaterials can significantly enhance the photothermal effect through the
nanoscale Localized Surface Plasmon Resonance (LSPR) mechanism [69,70]. When illumi-
nated by sunlight at specific wavelengths, the free electrons on the surface of nanoparticles
undergo collective oscillations, strongly absorbing light energy and efficiently converting
it into thermal energy. This process rapidly heats the water at the interface and generates
steam. Constructing micro/nanostructures for photon trapping can enhance solar absorp-
tion efficiency and promote photothermal conversion. For instance, a multiscale struc-
tured black gold membrane exhibits an absorption rate as high as 91% and a total reflec-
tance of less than 10% across a broad spectral range of 400-2500 nm. This performance is
attributed to the plasmonic nanofocusing effect induced by self-aggregated gold-coated
nanowire bundle arrays [71]. Plasmonic metal nanoparticles (NPs), such as silver (Ag),
gold (Au), and platinum (Pt), are widely utilized to enhance photothermal performance
under low light intensity [72].

Fang et al. developed an efficient solar steam generator based on silver nanoparticles
(Ag NPs) (Figure 3a) [73]. The Ag NPs served as efficient photothermal units via the lo-
calized surface plasmon resonance (LSPR) effect. A porous diatomite substrate was em-
ployed to support and disperse the nanoparticles, maximizing their surface effects while
its structure helped confine heat dissipation and promote water transport, thereby fully
unlocking the photothermal potential of the Ag NPs. The evaporator demonstrated out-
standing steam generation performance, achieving an evaporation efficiency of 92.2%.
Zhu et al. designed a novel plasmonic material by uniformly decorating fine metal nano-
particles into the 3D mesoporous matrix of natural wood (plasmonic wood) (Figure 3b—d)
[74]. Owing to the plasmonic effect of the metal nanoparticles and the waveguiding effect
of the microchannels in the wood matrix, the plasmonic wood exhibited high optical ab-
sorption (¥99%) across a broad wavelength range of 200 to 2500 nm.

(a) (b) (c) (d)

Light irradiation Vapor

[I - Lightirradiation = =>Vapor = Water supply ][ Light - Vapor = Water supply NPs: nanoparticles NFC: nanofibrous ullulm}

Figure 3. Utilization of Metallic Nanomaterials in ISSG: (a) Schematic of the solar vapour generation
experiment using Ag/D-P-F and Ag/S-P-F. Reproduced with permission from Ref [73]. Copyright
2017, Royal Society of Chemistry (b—d); Design of plasmonic wood: (b) A tree transports water from
the bottom upward and absorbs sunlight for photosynthesis. (¢) After nanoparticle decoration, the
natural wood is cut perpendicular to the growth direction of the tree and turns black due to the
plasmonic effect of the metal nanoparticles. (d) After metal nanoparticle decoration, light can be
guided into the wood lumen and be fully absorbed for water vapour generation. Reproduced with
permission from Ref [74]. Copyright 2018 John Wiley and Sons.
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4.2. Semiconductor Materials

The photothermal performance of semiconductor nanomaterials is not a simple ex-
tension of their bulk counterparts. Nanosizing introduces the quantum confinement effect,
which renders their optical properties (e.g., bandgap) tunable [75]. More importantly, pre-
cise engineering of their nanostructure —through strategies such as doping [76], alloying
[75], or organic conjugate design [77] —enables the intentional creation or significant en-
hancement of internal defects and intermediate bands. These bands act as efficient non-
radiative recombination centers, directly converting the energy of photogenerated carriers
into lattice thermal energy [76]. This fundamental mechanism is the reason they achieve
photothermal conversion efficiencies far surpassing those of traditional bulk materials.

Metal oxide semiconductors, extensively studied for photocatalytic reactions, are
now thriving in ISSG applications. Xiong et al. reported CoCr204 nanocrystals rich in ox-
ygen vacancies [78]. These vacancies were introduced via a solvothermal reduction com-
bined with an annealing strategy, which induces a strong localized surface plasmon reso-
nance effect (LSPR), thereby endowing the material with excellent photothermal conver-
sion capability. The inherent hydrophilicity and the interparticle channels of the material
also facilitate efficient water transport. Benefiting from this synergistic effect, the material
achieved a high evaporation efficiency of 93.2%. After 30 cycles of testing in seawater, the
evaporation rate exhibited a decay of less than 10%, while the crystal structure and the
concentration of oxygen vacancies, the key active sites for photothermal conversion, re-
mained stable, proving its excellent stability for practical applications. Hu's team, for in-
stance, developed rare earth ion (e.g., Eu®)-doped SnSe nanosheets via cation exchange
and liquid phase exfoliation [79]. The doping induced defect states and intermediate
bands serve as efficient non-radiative recombination centers, leading to significantly en-
hanced light absorption and photothermal conversion. The optimized Eu*-doped SnSe
nanosheets (SNU) exhibit a high photothermal conversion efficiency of 82.11%. When in-
tegrated into a composite evaporator, this material enabled an evaporation rate of 2.17 kg
m=2h with 96.5% efficiency under 1-sun illumination, alongside good cycling stability.

4.3. Carbon-Based Materials

The exceptional photothermal conversion performance of carbon nanomaterials orig-
inates from their intrinsic nanoscale sp? hybridized carbon network. This structure enables
broad-spectrum absorption from ultraviolet to infrared light [80,81]. Excited 7 electrons
convert light energy into heat through efficient non-radiative relaxation, forming the
physical basis for their high conversion efficiency. Beyond these inherent properties, de-
liberate nanostructure engineering, such as constructing hierarchical pores, rough sur-
faces, or 3D arrays, introduces lightNtrapping effects [82]. This pushes the macroscopic
light absorption rate close to the theoretical limit. Meanwhile, their excellent nanoscale
thermal conductivity, combined with rational structural design, allows for localized and
efficient heat management, minimizing thermal loss [83]. Furthermore, performance can
be precisely tuned at the nanoscale by means of heteroatom doping and defect engineer-
ing, enabling targeted optimization of light absorption, heat conversion, and water
transport. These characteristics, governed by nanoscale structure, establish carbon nano-
materials as a superior photothermal conversion platform compared to traditional bulk
carbon materials [84,85]. Representative carbon-based nanomaterials include graphene
[86], graphene oxide [87], and carbon nanotubes [88].

The work by Yu et al. used nanostructure engineering to develop biomimetic hierar-
chical porous graphene (BHPG) for ISSG [82]. Inspired by nature, the team employed la-
ser-induced graphene (LIG) technology to directly write porous graphene with a CO:zlaser
on a polyimide film spin coated with NaOH solution. The laser-treated sample surface
exhibited microporous structures; the increased surface roughness caused multiple
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reflections and scattering of incident light, dually trapping the light and thereby further
enhancing the light trapping capability of the graphene layer [89]. Concurrently, the
NaOH activation modified the graphene surface, forming a dense porous structure and
introducing hydrophilic groups, which significantly improved the material’s hydrophilic-
ity and capillary performance. This material achieved a high evaporation rate of 2.41 kg
m2 h™! with an efficiency of 86.6% under 1-sun illumination and demonstrated excellent
salt-rejection stability. Zhao et al. further enhanced photothermal conversion efficiency by
fabricating a textile evaporator via twisting carbon nanotube (CNT) fibers with cotton
yarns [90]. This unique structure leveraged the nanoscale/microscale thermal conductivity
difference between CNT and cotton. Their simple twisted integration created a periodic
photothermal difference of approximately 5 °C at the interface. This temperature gradient
induces intense Marangoni convection vapor flows around the twisted gas liquid interface,
thereby enhancing water vaporization. Furthermore, the CNT material significantly dis-
rupts the water molecule clusters within the cotton yarn, reducing the energy required for
evaporation. Consequently, this textile evaporator achieved a superior evaporation rate
of 2.83 kg m= h-1, which ranks among the highest values reported for 2D textile evapora-
tors.

4.4. Polymeric Nanomaterials

The effectiveness of polymeric materials as photothermal agents is fundamentally
rooted in their nanoscale design. The photothermal conversion mechanism in polymeric
nanomaterials also originates from the non-radiative relaxation of delocalized m-electrons
[91]. The close stacking of monomer units enhances intermolecular collisions within the
polymer chains. The structure of conjugated polymers can suppress partial molecular flu-
orescence and augment non-radiative relaxation, thereby enabling efficient photothermal
conversion [91]. Such nanostructuring endows these materials with a combination of
broad-spectrum absorption, high flexibility, and tunable chemical functionality [92,93].
However, their practical application faces challenges primarily due to limited stability [94].
Currently, representative polymeric materials, including polythiophene (PT), polypyrrole
(PPy), polyaniline (PAn), and polydopamine (PDA) as typical conjugated polymers, are
undergoing continuous optimization of their structures and synthesis methods to over-
come the stability bottleneck, thereby promoting their innovative applications in environ-
mental protection and energy conversion.

Wang et al. designed a bilayered solar-driven water evaporator (SDWE) (Figure 4),
where the upper polydopamine (PDA) layer serves as a key functional layer of polymeric
nanomaterial [95]. Acting as the photothermal interface, the PDA layer combines its low
thermal diffusivity with a porous nanostructure to effectively enhance light absorption,
while simultaneously providing photothermal conversion functionality and nano/micro
scale water transport channels. The lower layer consists of engineered sporopollenin, which
functions as a thermally responsive water gate in synergy with the upper layer. This struc-
ture ensures the stable supply of a thin water film at the evaporation interface and enhances
efficiency by minimizing latent heat loss. Consequently, the optimized evaporator achieved
a remarkable solar utilization efficiency of 93.9% under 1-sun illumination.
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Figure 4. Structural diagram of bilayer evaporator SDWE. Reproduced with permission from Ref
[95]. Copyright 2024 Springer Nature.
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4.5. Composite Materials

With the progression of research, investigators have begun exploring the integration
of advantages from different materials to further enhance photothermal conversion effi-
ciency and stability, leading to the emergence of composite photothermal materials [96—
98]. Compared to single-component photothermal materials, composites leverage multi-
component synergistic effects to effectively improve light absorption capacity and evapo-
ration efficiency [99].

Wei et al. proposed a hydrophilic composite graphene-based material incorporating
CuO (Figure 5a) [100]. The fabrication process involved coating a PI film with a CuCl
solution (optimal concentration: 200 g- L), followed by exposure to continuous wave CO:
laser treatment. The intense local heating from the laser irradiation caused the PI film to
convert into amorphous carbon. The heat generated by repeated laser scanning subse-
quently rearranged the carbon atoms, ultimately forming a thin layer of graphene. The
CuClz served to enhance the material’s hydrophilicity by promoting the uniform distribu-
tion of CuO nanoparticles. Owing to the rapid capillary performance endowed by its hi-
erarchical structure and enhanced hydrophilicity, the laser-induced graphene evaporator
achieved an evaporation rate of 2.54 kg m2 h™! under 1-sun illumination with an evapo-
ration efficiency of 91.1%, while also demonstrating excellent desalination capability. Xi
et al. introduced functional lignin-based polyurethane foam (LPUF) prepared from biore-
finery lignin possessing efficient photothermal properties and strong water transport ca-
pabilities (Figure 5b) [101]. Polyurethane foam (PUF) is recognized as an ideal substrate
material for efficient solar water evaporation due to its low thermal conductivity, afford-
ability, and efficient continuous water transport. However, PUF lacks inherent photother-
mal conversion capability and exhibits poor mechanical performance after water absorp-
tion and swelling. The incorporation of lignin effectively enhanced the mechanical prop-
erties of LPUF after swelling and endowed the foam with photothermal conversion func-
tionality. The LPUF achieved a high moisture evaporation rate of 2.58 kg m=2 h-'. After
further loading polyaniline (PANI) onto the LPUF surface, the LPUF-PANI composite
maintained a stable evaporation rate above 3.0 kg m2h™ across salt concentrations rang-
ing from 3 wt% to 15 wt%, with an average evaporation rate of 3.11 kg m= h! over ten
cycles. The LPUF-PANI evaporator demonstrates highly efficient evaporation and excel-
lent stability. Furthermore, the concentrations of the four primary metal ions (Na*, K*,
Mg?, and Ca?) in the concentrated brine were significantly lower than the World Health
Organization drinking water standards both before and after the evaporation process.
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(a) Crystallization
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i
o

Figure 5. Utilization of Composite Materials in ISSG: (a) Fabrication process of laser-induced gra-
phene/CuO composite on PI films coated with varying concentrations of CuClz solution using a
continuous wave CO: laser. Reproduced with permission from [100]. Copyright 2024, John Wiley
and Sons]; (b) Schematic diagram of the synthesis process of LPUF-PANI. Reproduced with per-
mission from [101]. Copyright 2024 American Chemical Society. The arrows in (a) and (b) indicate
the sequence of the fabrication/synthesis process.

The previous sections have discussed the research progress of various photothermal
materials for interfacial solar evaporation. To provide a clearer overview, Figure 6 sum-
marizes the main categories of photothermal materials used in ISSG. Based on this, Table
1 further summarizes the evaporation performance, key advantages, and current chal-
lenges of representative materials, offering readers a quick reference for understanding
the material landscape in this field. As shown in Figure 6 and Table 1, different material
systems have their own characteristics in terms of photothermal conversion efficiency,
stability, and fabrication complexity, allowing researchers to make informed choices
based on their specific needs.
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Table 1. Summary of Photothermal Materials: Performance, Merits, and Challenges.

Category Evaporation ef- Evaporation Advantages Challenges Refs
ficiency (%)  rate*
[kg m2h-]
Metallic Ag NPs [73] 92.2% 1.39 High photothermal Insufficient [69,70,
efficiency chemical stability 72,99]
Metal nanoparti-99% ~1.18 Tunable spectrum Limitation of
cles [74] Design flexibility narrowband ab-
sorption
Semiconductors SNU [79] 96.5% 217 Tunable properties Limited absorp- [91,103]
Broadband absorption tion efficiency
High stability Complex synthe-
sis
Carbon-based  LIG [82] 86.6% 241 Broadband absorption Nanoparticle ag- [86,88,
Abundant & low cost  gregation 104]
CNT fiber [90] 2.83 Excellent stability Complex prepa-
ration or high
cost
Polymers PPy nanowirear- 91.6% 2.32 Efficient photothermal Moderate photo- [90,92,
ray fabric [105] conversion stability 93,106]
Tailorable structure Limited thermal
Good flexibility stability
Broadband absorption Limited conduc-
tivity
Composites Graphene-based 91.1% 2.54 Performance comple-  Complex fabrica- [88]
with CuO [100] mentarity tion
LPUF-PANI foam ~3.11 Integrated function Long-term stabil-

[101]

ity concerns

* Measured under 1-sun illumination (1 kW m72).
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5. Energy Regulation and Management in ISSG
5.1. Regulating Water Supply to Minimize Heat Loss

The matching between the system’s water supply and the solar energy input is crucial
for the efficient operation of interfacial solar evaporation [107]. An imbalance betweeCCn wa-
ter supply and evaporation can lead to significant heat loss. In practical applications, solar
irradiance fluctuates constantly, whereas the water transferred to the interface is typically con-
stant, meaning traditional water supply systems exhibit low adaptability to changes in solar
radiation density. During water supply to an interfacial solar evaporator, excessive accumu-
lation of water at the interface can lead to bulk water heating, causing the system to revert to
thin film evaporation or degrading its performance. This reduces the photothermal conversion
efficiency and results in unnecessary heat loss [108].

Bu et al. fabricated a bionic 3D interfacial solar vapour generator (STHE) with a unidirec-
tional water supply mechanism to further optimize water regulation and minimize heat loss
(Figure 7a) [109]. Inspired by the unidirectional water transport characteristic of seabird beaks,
an innovative STHEwas prepared. The STHE, aligned with centripetally tapered channels,
ensures unidirectional water flow and effectively suppresses downward heat transfer, thereby
enhancing energy efficiency. In addition, the integration of unidirectional water supply in ta-
pered channels with the interfacial evaporation of STHE, which mimics plant transpiration,
collaboratively promotes upward water transport, achieving a reliable solar-driven water
evaporation rate of about 2.26 kg m2h! under one sun irradiation. The 3D CFC Cone evapo-
rator demonstrated excellent performance in treating wastewater (containing acid, alkali, or
organic dyes) and in brine desalination. Liu et al. proposed an injection water supply system
to enhance interfacial evaporation in a carbon-based sponge evaporator (CBCS) (Figure 7b)
[110]. By supplying water via injection rather than absorption from a bulk water body, contact
between the system and the bulk water was severed, almost entirely preventing energy dissi-
pation into the water. Furthermore, the injected water volume could be rationally adjusted
according to the incident light intensity, reducing energy loss and increasing the evaporation
efficiency to approximately 91.5%, which is about 10% higher than that of traditional evapo-
rators.

(a)

541 : Sodium Alginate [/]: Tannic Acid ) Maetal lon W Water Molecule | Water Transfer Direction
Sy Vapor

S
/g Regulat —
Freshwater
collection

bottle
Figure 7. Schematic Diagrams of Interfacial Solar Evaporators with Regulated Water Supply: (a)

Biomimetic design of STHE showcasing the detailed mechanism of water transportation in tapered
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channels. Reproduced with permission from [109]. Copyright 2025 John Wiley and Sons; (b) The
CBCS structure of the enhanced carbon sponge evaporator interface evaporation system. Repro-

duced with permission from [110]. Copyright 2019 Royal Society of Chemistry.

5.2. Reducing Enthalpy of Vaporization to Enhance Evaporation Efficiency

In recent years, the evaporation efficiency of interfacial solar evaporation has contin-
uously improved through material upgrades and system optimization. However, limited
by the enthalpy of vaporization, the evaporation efficiency of such evaporators under 1-
sun illumination has long been below the thermodynamic evaporation limit: 1.47 kg m
h-1[45]. Breaking free from the enthalpy limitation to achieve higher evaporation rates has
become a pressing issue [111,112].

Reducing the water vaporization enthalpy through carefully designed hydrogels can
unprecedentedly enhance evaporation performance under the same solar input. Hydro-
philic functional groups within hydrogels can capture water molecules via hydrogen
bonding to regulate water state and phase change behavior [113]. By tailoring building
blocks within the hydrogel, such as functional groups/additives, polymer/monomer back-
bones, and crosslinkers, intermediate water can be generated within the free water and
bound water gel network, leading to faster evaporation under natural sunlight [69].

Inspired by the Hofmeister effect, Wang et al. constructed a composite evaporator
(CCS) consisting of a carbonized layer (photothermal layer) and a chitosan hydrogel (hy-
dratable matrix) [114]. The core finding of this work is that Cl-ions in a saline environment
can specifically interact with polymer chains, disrupting their internal hydrogen bonding
network, thereby significantly enhancing the hydration capacity of the hydrogel. This en-
hanced hydration directly increases the proportion of intermediate water in the system.
Since the hydrogen bonding between intermediate water molecules is weaker than that of
bulk water, the energy barrier required for evaporation is reduced. Experimental meas-
urements confirmed that the evaporation enthalpy of the hydrogel in seawater was sig-
nificantly reduced to 1397 J g, much lower than the intrinsic evaporation enthalpy of
pure water (2444 ] g-1). Thanks to this “evaporation enthalpy reduction” mechanism based
on ion molecule interactions, the evaporation rate of the evaporator in saline water (3.5
wt% NaCl) under one sun’s illumination was about 25% higher than that in pure water.

Table 2 summarizes representative recent studies on energy regulation and management.
The table presents key information including the material systems used in different studies,
along with their evaporation efficiency and evaporation rate under 1-sun illumination.

Table 2. Summary of recent studies on energy regulation and management.

- - "
Materials Emporaion Braporstion ate’ g

Bionic 3D solar vapour generator (STHE) 2.26 [109]
Carbon-based sponge evaporator (CBCS) 91.5% [110]
Hydrophilic/Hydrophobic Janus Aerogel 93.7% 2.14 [115]
TiO2@C/PAM/SA Bifunctional Hydrogel 92.13% 2.97 [116]
Bio-inspired Sandwich Evaporator 89.5% 2.67 [117]
Modified polyethylene foam evaporators (M-EPEs) 93.8% 1.497 [118]
Anisotropic porous cellulose hydrogel (APC) 90.69% 231 [119]

* Measured under 1-sun illumination (1 kW m™2).
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6. Novel Interfacial Solar Evaporators with High Efficiency and Salt
Rejection

For practical ISSG applications, particularly in achieving ZLD, managing salt depo-
sition is a critical challenge that goes beyond merely enhancing evaporation rate and en-
ergy efficiency [69,120]. During the evaporation process, salts naturally concentrate and,
without effective intervention, will form an obstructive crust on the photothermal layer.
This salt crust severely impairs light absorption, blocks vapour escape, and ultimately
degrades performance, hindering the transition from laboratory research to large-scale
application [121-123]. Therefore, developing advanced salt management strategies is par-
amount for stable, long-term operation with concentrated brines. For high salinity streams
targeted by ZLD, salt crystallization is not merely a problem to avoid but a process that
can be actively managed. Recent advances have evolved two complementary strategic ap-
proaches: guiding crystallization for direct salt recovery and robustly resisting fouling to
enable continuous concentration.

6.1. Salt Collection Strategy via Spatial Crystallization Guidance

This strategy explicitly designs systems to spatially separate salt precipitation from
the evaporation zone, facilitating solid salt collection.

Shi et al. fabricated 3D cup shaped solar evaporator (Figure 8a) [124]. In this design,
salt accumulation occurs exclusively on the exterior wall, thereby spatially separating the
light-absorbing base from the salt precipitation surface. This prevents the evaporative sur-
face from being blocked, allowing continuous operation with concentrated brine. Li et al.
constructed 3D porous graphene spiral roll (3GSR) [125]. Its unique spiral structure in-
duces radial capillary forces that drive brine outward, actively localizing salt crystalliza-
tion to the outer regions. This design not only keeps the primary zone clear but also ena-
bles the growing salt crust to contribute to energy harvesting. The system achieved stable
operation in 25 wt% brine under 1-sun illumination for 48 h, demonstrating a direct path-
way toward simultaneous freshwater recovery and solid salt production.

6.2. Anti-Fouling Strategy via Interface and Material Design

These designs focus on preventing salt crystal deposition on the functional surface
through various physicochemical mechanisms, ensuring stable long-term operation as sa-
linity increases toward saturation.

In addition to strategies for guiding salt crystallization and recovery, a complementary
design approach focuses on preventing salt deposition at the evaporation interface through
innovations in materials and structure. This ensures long-term stability as brine concentra-
tion increases. For example, Wen et al. designed a zwitterionic sulfobetaine (ZSB) hydrogel
evaporator, where strongly charged groups bind water molecules to form a superhydro-
philic hydration layer [54]. This dynamic layer dissolves salts and carries them away, pre-
venting surface deposition and enabling stable operation in simulated wastewater. Simi-
larly, structural designs can actively flush salts away. Xu’s water lily inspired hierarchical
structure (WHS) uses confined water channels to supply a thin layer beneath a hydrophobic
absorber (Figure 8b) [126]. As vapour escapes, salts are flushed downward through the
channels, maintaining a clean surface and stable evaporation efficiency even with 10 wt%
brine or 30 wt% wastewater containing heavy metal ions. He et al. designed a wood evapo-
rator with embedded artificial channel arrays (Figure 8c) [127]. By leveraging a concentra-
tion gradient, this design drives salt exchange to prevent accumulation and enable self-re-
generation. A concentration gradient between natural microchannels and larger drilled
channels drives rapid salt exchange through pits in the cell walls. This continuous dilution
enables real-time self-regeneration, allowing stable operation for 100 h in NaCl solutions up
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to 20 wt%. Another effective strategy is retaining salt ions within a functional layer. Xu et al.
developed a flexible Janus absorber (CB/PMMA-PAN) via electrospinning [102]. In this de-
sign, salt ions are retained in the hydrophilic PAN layer, preventing crystallization on the
photothermal CB/PMMA surface. This maintains open pathways for vapour escape, provid-
ing long-term stability even in nearly saturated 20 wt% NaCl solution.

In conclusion, these advanced evaporators demonstrate that through ingenious ma-
terial and structural design, salt crystallization in concentrated brines can be effectively
managed —either by productively harvesting solid salt or by maintaining unobstructed
evaporation. This fundamentally addresses the concern and underscores the suitability of
interfacial solar evaporation for ZLD applications.

However, current research on anti-salt fouling for ISSG is predominantly focused on
seawater, low salinity brine, or simplified synthetic brine (e.g., NaCl solution) [128]. While
the aforementioned technologies have demonstrated promising potential in managing so-
dium chloride crystallization, real industrial saline wastewater (e.g., coal chemical brine)
features a far more complex composition. Such streams typically contain high concentra-
tions of scaling ions such as calcium (Ca?*), magnesium (Mg?), and sulfate (SO+"), along
with organic contaminants [129]. During evaporation, these can form tenacious composite
scales (e.g., CaSOs, CaCOs, or silica-based deposits) that are more difficult to remove, pos-
ing risks of irreversible clogging and damage to the evaporator’s photothermal surface,
water transport pathways, and structural integrity [130]. Consequently, despite providing
a foundational anti-salt framework, existing designs face significant challenges in directly
adapting to complex real brines. Future work should prioritize developing materials and
structures resistant to multi-component scaling and organic fouling, validated through
long-term testing with authentic wastewater, to advance this technology toward practical
industrial application.
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Figure 8. Schematic of High-Efficiency, Salt-Rejecting Interfacial Solar Evaporators. (a) Comparison
of salt accumulation phenomena between 2D disk structure and 3D cup structure [124] Reproduced
with permission from [124]. Copyright 2018 American Chemical Society; (b) Water lily inspired de-
sign for solar vapor generation [126] Reproduced with permission from [126]. Copyright 2019 Amer-
ican Association for the Advancement of Science; (c) Schematic of the bimodal porous balsa wood
as evaporator for high salinity brine desalination. Reproduced with permission from [127]. Copy-

right 2019 Royal Society of Chemistry.
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Table 3 summarizes representative recent studies on the performance and stability of
anti-salt fouling evaporators. The table presents key information including the material
systems used in different studies, with a focus on their evaporation performance and long-
term stability in concentrated brine.

Table 3. Summary of Recent Studies on the Performance and Stability of Anti-Salt Fouling Evaporators.

Materials

Performance and Stability in Concentrated Brine Ref

3D cup shaped solar evaporator 25 wt % without noticeable water evaporation rate decay in at least 120 h [124]

3D porous graphene spiral roll (3GSR) Stable 48 h in 25 wt% brine; zero liquid discharge with salt harvesting [125]

Water lily inspired hierarchical struc- Evaporation efficiency of ~80% out of highsalinity brine (10 wt %) and

ture (WHS)

PDMS/balsa evaporator

The engineered Ti2AISnC nanofiber ~ Continuous 30 days operation in concentrated

membrane evaporator

12
wastewater containing heavy metal ions (30 wt %) [126]

Outstanding stability and durability in a high salinity (15 wt%) brine [127]

acids (pH < 1) while maintaining a stable evaporation rate of 2.8 kg m2 h-! [128]

7. Challenges and Progress in Long-Term Stability of ISSG Systems
7.1. Main Challenges to Long-Term Stability

The insufficient long-term stability of the system is a key bottleneck that restricts the
practical application of ISSG technology from the laboratory, especially in the treatment
of complex industrial wastewater such as coal chemical concentrated salt water. The main
challenges stem from three levels: materials, interfaces, and environment. Firstly, intrinsic
degradation of materials refers to the susceptibility of photothermal materials to photo
corrosion, thermal aging, and chemical erosion under the synergistic effects of continous
high-intensity light, local high temperatures, and complex chemical media, leading to a
decline in their light absorption capacity and structural integrity. Secondly, the interface
performance deteriorates. During the evaporation process, salt crystals and organic pol-
lutants accumulate continuously at the gas liquid solid three-phase interface, forming a
cover layer that seriously hinders light absorption and blocks the micro-nano channels for
water supply and vapour escape. In addition, the impact of environmental fluctuations
cannot be ignored. In practical application scenarios, dynamic changes in solar irradiance,
fluctuations in environmental temperature and humidity, and unsteady state changes in
feed brine concentration and ion composition pose continuous challenges to the system’s
thermal management, water transport, and salt control capabilities, affecting its output
stability and durability [130].

7.2. Material and Structural Design Strategies to Enhance Stability

To address the above challenges, current research is committed to achieving long-
term stable operation of ISSG systems through the synergy of material design and struc-
tural innovation. At the material design level, intelligent materials that can respond to
external stimuli such as light and heat can be designed to construct adaptive interfaces to
cope with dynamic environments. The photocontrol dynamic water gate evaporator (PGE)
developed by Wu et al. has shown significant advantages in long-term stable operation
[130]. The weight of the AOA-SP coating remained unchanged, and the evaporation per-
formance showed no significant degradation after 12 cycles (Figure 9a). The PGE main-
tained a stable evaporation rate throughout a 30-day outdoor experiment. In terms of anti-
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salt deposition and self-cleaning, the PGE achieves dynamic salt rejection through photo-
control reversible wettability transition. Even after 8 h of continuous operation in 20 wt%
high-concentration brine, no significant salt crystal accumulation was observed on its sur-
face (Figure 9b,c). This salt rejection mechanism relies not only on the hydrophilic/hydro-
phobic switching via SP/MC isomerization but also benefits from enhanced Marangoni
flow (Figure 9d), thereby maintaining a clean evaporation interface and efficient mass
transfer during long-term operation. Furthermore, the PGE exhibits strong resistance to
various contaminants such as oils, acids, alkalis, and dyes, further ensuring its long-term
applicability under complex water quality conditions. Deng et al. were inspired by the
electromagnetic “skin effect” and designed a 3D solar evaporator with gradient porosity
(SEISE) [131]. This design achieves water transport constraint through a low porosity sur-
face layer and precisely matches the thermal constraint effect with a high porosity inner
layer. This structure not only achieves a high evaporation rate, but more importantly, the
rapid water transport within its surface enhances ion diffusion and convection, enabling
it to operate continuously for 48 h without salt crystallization in ultra-high salinity brine
(25 wt%), providing new ideas for long-term stability under extreme conditions.
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Figure 9. Long-term operational performance of the PGE (a); Evaporation rate, where the insets
show the 1st and 12th mass changes, respectively; (b,c); Salt-tolerance photographs and evaporation
rates of CWE and PGE2 during 8 h (d). Comparison of Marangoni flow between PGE2 and CWE
Reproduced with permission from [130]. Copyright 2025 Springer Nature.

8. Conclusions and Perspective

Interfacial solar evaporation technology has emerged as a promising, energy saving,
and low-carbon strategy for managing concentrated brine, presenting a novel pathway
toward achieving ZLD in the coal chemical industry. This review provides a comprehen-
sive overview of the fundamental principles underlying this technology, surveys the latest
advancements in key photothermal materials—spanning metal-based, semiconductor,
carbon-based, polymeric, and composite systems—and delves into the critical roles of en-
ergy management strategies and innovative anti-salt deposition architectures in enhanc-
ing overall system performance.

Substantial progress has been made through material innovations and system engineer-
ing, exemplified by the construction of micro/nanostructures for broadband light absorption,
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the utilization of hydrogels to reduce water evaporation enthalpy, and the design of three-
dimensional and Janus structures for directional salt rejection and self-cleaning. However, the
transition of this technology from laboratory scale demonstrations to large-scale, practical im-
plementation faces several formidable challenges that must be addressed.

A primary concern is the sustainable management of crystallized salts. While efficient
water evaporation is often the central focus, the subsequent handling of residual mixed
salts—including their separation, recycling, and disposal —remains largely overlooked.
The development of integrated salt fractionation and crystallization processes coupled
with the evaporation unit is crucial for true resource recovery and ZLD. Furthermore, the
gap between idealized laboratory conditions and actual operational environments poses
significant hurdles. The long-term stability, anti-fouling performance, and adaptability of
these systems under fluctuating solar irradiation and complex, variable brine chemistries
require rigorous validation. Another critical bottleneck lies in the efficient collection of
generated vapours and the system level integration of components. Advanced condensa-
tion structures that minimize optical interference and operational resistance are essential
to prevent efficiency losses and ensure high water recovery. The field would also benefit
from a unified and scientifically rigorous framework for evaluating energy efficiency. Re-
ports of “over 100%” efficiency for certain 3D evaporators highlight the need for stand-
ardized metrics to ensure comparability and credibility across studies. Finally, the inher-
ent intermittency of sunlight necessitates the exploration of hybrid systems incorporating
energy storage or complementary auxiliary power sources (e.g., industrial waste heat) to
enable continuous, around-the-clock operation.

In conclusion, while interfacial solar evaporation holds immense promise for sustainable
brine management in the coal chemical sector, its successful industrialization hinges on future
research that systematically addresses material durability, system-level integration, economic
viability, and environmental compatibility. Overcoming these barriers will require concerted
multidisciplinary efforts to translate this compelling laboratory technology into practical en-
gineering solutions that support the green transformation of the coal industry.

Author Contributions: Q.W. wrote the manuscript. P.S. supervised the overall project. H.X., C.Z.,
Y.Y. and H.Y. enhanced the figures and revised the manuscript. All authors have read and agreed

to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
52300184), the Fundamental Research Funds for the Central Universities (2023ZKPYHHO4,
2024ZKPYHHO8), the Basic Research Business Expense Project for New Teachers at China Univer-
sity of Mining and Technology (Beijing) (2023XJHHO02), and the 2025 Undergraduate Education
Teaching Reform and Research Project (1250302).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: This research was funded by the National Natural Science Foundation of China
(No. 52300184), the Fundamental Research Funds for the Central Universities (2023ZKPYHHO04,
2024ZKPYHHO08), the Basic Research Business Expense Project for New Teachers at China Univer-
sity of Mining and Technology (Beijing) (2023XJHHO02), and the 2025 Undergraduate Education
Teaching Reform and Research Project (1250302).

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/nano16040274



Nanomaterials 2026, 16, 274 19 of 24

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Li, K. Study on the Efficiency of Nanofiltration Separation of Concentrated Brine from Coal Chemical Industry and the Mecha-
nism of Membrane Fouling. Ph.D. Thesis, Harbin Institute of Technology, Harbin, China, 2020.

Liu, B.; Liu, T.; Wang, C. Advanced Treatment Technology and Engineering Application of Concentrated Brine in Modern Coal
Chemical Industry for Near-Zero Emission. In Proceedings of the 2022 Annual Conference of Science and Technology of the
Chinese Society for Environmental Sciences —Session on Innovation and Application of Environmental Engineering Technol-
ogy, Nanchang, China, 20 August 2022.

Chen, B. Research on Zero Liquid Discharge Technology of Coal Chemical Wastewater and Development of High-Concentra-
tion Phenol-Ammonia Wastewater Treatment Process. Ph.D. Thesis, South China University of Technology, Guangzhou, China,
2020.

Fang, F.; Han, H.; Cui, L.; Zhu, H.; Ma, M. Analysis of technical difficulties in ‘near-zero discharge’ of coal chemical wastewater.
Environ. Impact Assess. 2017, 39, 9-13.

Wang, B; Li, H,; Jiang, Y.; Kong, X.; Xue, |.; Qiao, Y.; Liu, B.; Cheng, D.; Gao, Y; Jiang, Q. Solid-liquid phase equilibrium rela-
tionship of high salt wastewater of coal chemical industry and mechanism of crystallization and scaling process. ]. Environ.
Chem. Eng. 2023, 11, 110631.

Chen, F.; Zhang, Z.; Zeng, F.; Yang, Y.; Li, X. Pilot-scale treatment of hypersaline coal chemical wastewater with zero liquid
discharge. Desalination 2021, 518, 115303.

Wu, D. Research on Supply-Side Reform and Development Path of China’s Coal Industry. Ph.D Thesis, China University of
Geosciences Beijing, Beijing, China, 2016.

Wei, Z.; Wang, J.; Guo, S.; Tan, S.C. Towards highly salt-rejecting solar interfacial evaporation: Photothermal materials selection,
structural designs, and energy management. Nano Res. Energy 2022, 1, 9120014.

Liu, X,; Liu, Y.; Yang, Z. Research progresses on phenols and ammonia nitrogen recovery and treatment methods in coal chem-
ical wastewater (CCW). Environ. Technol. Rev. 2022, 11, 226-242.

Aghapour, A.A.; Moussavi, G.; Yaghmaeian, K. Degradation and COD removal of catechol in wastewater using the catalytic
ozonation process combined with the cyclic rotating-bed biological reactor. ]. Environ. Manag. 2015, 157, 262-266.

Liu, W. Application of near-zero discharge technology for saline wastewater from coal to olefins process. Chem. Ind. Eng. Prog.
2020, 39, 4643-4650.

Sun, Z. Experimental Study on Resource Utilization of Concentrated Brine from Coal Chemical Industry by Bipolar Membrane
Electrodialysis. Ph.D. Thesis, Harbin Institute of Technology, Harbin, China, 2020.

Shi, J.; Huang, W.; Han, H.; Xu, C. Review on treatment technology of salt wastewater in coal chemical industry of China.
Desalination 2020, 493, 114640.

Kim, N.; Jeong, S.; Kim, S.; Park, J.; Kim, Y.; Kim, Y. Economic evaluation of a brine upcycling system for resource recovery
from seawater desalination brine. Sep. Purif. Technol. 2025, 371, 133259.

Wu, X. Research on Problems and Technical Optimization of Coal Chemical Wastewater Treatment Technology. Ph.D. Thesis,
Harbin Institute of Technology, Harbin, China, 2016.

Zhang, W; Lin, C.; and Peng, Y. Technology integration and optimization suggestions for near-zero liquid discharge of modern
coal chemical wastewater. Environ. Eng. 2021, 39, 41-45.

Duan, N.; Zheng, L.; Zhong, H.; Wang, Y.; Wu, Q.; Wei, Y. Water quality variation characteristics in reverse osmosis process of
coal chemical wastewater zero liquid discharge system. Chin. J. Environ. Eng. 2024, 18, 817-829.

Wang, X. Experimental Study on Separation of Sodium Chloride and Sodium Sulfate from Concentrated Brine of Coal Chemical
Industry. Ph.D. Thesis, Inner Mongolia University, Hohhot, China, 2020.

Salvador Cob, S.; Hofs, B.; Maffezzoni, C.; Adamus, J.; Siegers, W.G.; Cornelissen, E.R.; Genceli Giiner, F.E.; Witkamp, G.]. Silica
removal to prevent silica scaling in reverse osmosis membranes. Desalination 2014, 344, 137-143.

Wang, Z.; Feng, D.; Chen, Y.; He, D.; Elimelech, M. Comparison of Energy Consumption of Osmotically Assisted Reverse Os-
mosis and Low-Salt-Rejection Reverse Osmosis for Brine Management. Environ. Sci. Technol. 2021, 55, 10714-10723.

Lim, Y.J.; Nadzri, N.; Xue, Q.; Li, C,; Liang, Y.; Wang, R. Quantifying the potential of high-performance RO membranes for
seawater and hypersaline brine desalination: From module-scale modelling to experimental evaluation. Desalination 2025, 616,
119394.

Zaragoza, G.; Andrés-Manas, J.A.; Ruiz-Aguirre, A. Commercial scale membrane distillation for solar desalination. npj Clean
Water 2018, 1, 20.

https://doi.org/10.3390/nano16040274



Nanomaterials 2026, 16, 274 20 of 24

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Chen, Y.; Yang, S.; Wang, Z.; Elimelech, M. Transforming membrane distillation to a membraneless fabric distillation for desal-
ination. Nat. Water 2024, 2, 52-61.

Liu, Z; Li, X. Application status of high salinity mine water treatment technology. Clean Coal Technol. 2024, 29, 436—441.

Zhu, M.; He, F; Feng, L.; Chi, Y.; Li, Y.Y.; Tian, B. Comparison of bipolar membrane electrodialysis, electrodialysis metathesis,
and bipolar membrane electrodialysis multifunction for the conversion of waste Na:SOu: Process performance and economic
analysis. ]. Environ. Manag. 2024, 370, 122513.

Lin, Y.H.; Chou, Y.C.; Chen, ].J; Liu, C.L.; Luo, S.C.; Kang, D.Y. High-performance interfacial solar water vapor generation
enabled by synergistic integration of MXene, bentonite, and MOF-303. Sep. Purif. Technol. 2025, 378, 134490.

Wei, H.; Wu, X,; Guan, J.; Chen, Y.; Guo, J.; Liu, L.; Ren, X. Research status and development trends of ion exchange membrane
modification. Inorg. Chem. Ind. 2016, 48, 1-4.

Alvarez, P.J.].; Chan, CK,; Elimelech, M.; Halas, N.J.; Villagran, D. Emerging opportunities for nanotechnology to enhance
water security. Nat. Nanotechnol. 2018, 13, 634—-641.

Zhu, H.; Han, Y.; Xu, C,; Han, H.; Ma, W. Overview of the state of the art of processes and technical bottlenecks for coal gasifi-
cation wastewater treatment. Sci. Total Environ. 2018, 637-638, 1108-1126.

Fang, F.; Han, H. Effect of Catalytic Ozonation Coupling with Activated Carbon Adsorption on Organic Compounds Removal
Treating RO Concentrate from Coal Gasification Wastewater. Ozone Sci. Eng. 2018, 40, 275-283.

Cui, C.; Liang, R.; Luo, M,; Liu, Z; Ding, S.; Fan, Z. Technology advances and countermeasures for treatment of saline
wastewater in modern coal chemical industry. Clean Coal Technol. 2016, 22, 95-100.

Boo, C;; Billinge, .H.; Chen, X.; Shah, K.M.; Yip, N.Y. Zero Liquid Discharge of Ultrahigh-Salinity Brines with Temperature
Swing Solvent Extraction. Environ. Sci. Technol. 2020, 54, 9124-9131.

Zhou, X.; Zhao, F.; Guo, Y.; Zhang, Y.; Yu, G. A hydrogel-based antifouling solar evaporator for highly efficient water desalina-
tion. Energy Environ. Sci. 2018, 11, 1985-1992.

Cai, X. Multifunctional Application and Development of Solar-driven Interfacial Evaporation Technology. J. Ludong Univ. Nat.
Sci. Ed. 2023, 39, 366-376.

Shang, W.; Deng, T. Solar steam generation: Steam by thermal concentration. Nat. Energy 2016, 1, 16133.

Xu, H,; Han, P.; Qin, A_; Tang, B. Development status and application prospects of photothermal materials. Acta Chim. Sin. 2023,
81, 1420-1437.

Chen, C.; Kuang, Y.; Hu, L. Challenges and Opportunities for Solar Evaporation. Joule 2019, 3, 683-718.

Caceres Gonzalez, R.A.; Hatzell, M.C. Electrified Solar Zero Liquid Discharge: Exploring the Potential of PV-ZLD in the US.
Environ. Sci. Technol. 2024, 58, 15562-15574.

Tao, P.; Ni, G.; Song, C.; Shang, W.; W, J.; Zhu, J.; Chen, G.; Deng, T. Solar-driven interfacial evaporation. Nat. Energy 2018, 3,
1031-1041.

Han, X.; Ding, S.; Fan, L.; Zhou, Y.; Wang, S. Janus biocomposite aerogels constituted of cellulose nanofibrils and MXenes for
application as single-module solar-driven interfacial evaporators. . Mater. Chem. A 2021, 9, 18614-18622.

Fan, S.; He, K,; Xiang, J.; Gao, D.; Jiang, C.; Quan, H.; Zhang, S.; Zhu, H.; Liu, G. Advances in the preparation and application
of photothermal carbon materials for water treatment. J. Funct. Mater. 2023, 54, 1070-1078.

Ge, C.; Xu, D.;Du, H,; Chen, Z; Chen, J.; Shen, Z.; Xu, W.; Zhang, Q.; Fang, ]. Recent Advances in Fibrous Materials for Interfacial
Solar Steam Generation. Adv. Fiber Mater. 2023, 5, 791-818.

Du, H,; Fang, J.; Ge, C.; Chen, J.; Wu, T.; Shen, Z. Research progress in carbon-based fiber materials for interfacial solar steam
generation. Acta Mater. Compos. Sin. 2023, 40, 3115-3124.

Ivan, M.N.A.S,; Saha, S.; Saleque, A.M.; Ahmed, S.; Thakur, A.K.; Bai, G.; Miao, Z; Saidur, R.; Tsang, Y.H. Progress in interfacial
solar Steam generation using low-dimensional and biomass-derived materials. Nano Energy 2024, 120, 109176.

Yu, Z.; Gu, R;; Tian, Y.; Xie, P.; Jin, B.; Cheng, S. Enhanced Interfacial Solar Evaporation through Formation of Micro-Meniscuses
and Microdroplets to Reduce Evaporation Enthalpy. Adv. Funct. Mater. 2022, 32, 2108581.

Tahzibi, H.; Azizian, S. Considering Micro/nanostructures at the Surface of Photothermal Materials: A Game Changer in Correct
Estimation of Evaporation Rate and Energy Conversion Efficiency in Interfacial Solar Vapor Generation Systems. Langmuir 2025,
41, 999-1004.

Juybari, H.F.; Parmar, H.B.; Rezaei, M.; Nejati, S.; Oh, J.; Alsaati, A.A.; Camacho, L.M.; Warsinger, D.M. Unifying Efficiency
Metrics for Solar Evaporation and Thermal Desalination. ACS Energy Lett. 2024, 9, 4959-4975.

Tau, O.; Henley, A.; Boichenko, A.N.; Kleshchina, N.N.; Riley, R.; Wang, B.; Winning, D.; Lewin, R.; Parkin, L.P.; Ward, ].M.; et

al. Liquid-microjet photoelectron spectroscopy of the green fluorescent protein chromophore. Nat. Commun. 2022, 13, 507.

https://doi.org/10.3390/nano16040274



Nanomaterials 2026, 16, 274 21 of 24

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ma, J.; Sun, X; Liu, Y.; Wang, L.; An, M.; Kim, M.; Yamauchi, Y.; Khaorapapong, N.; Yuan, Z. Bio-inspired 3D architectured
aerogel evaporator for highly efficient solar seawater desalination. Nano Energy 2025, 137, 110781.

Zhao, F.; Zhou, X; Shi, Y.; Qian, X.; Alexander, M.; Zhao, X.; Mendez, S.; Yang, R.; Qu, L.; Yu, G. Highly efficient solar vapour
generation via hierarchically nanostructured gels. Nat. Nanotechnol. 2018, *13%, 489—495.

Han, M.; Bai, ].; Zhang, R.; Wang, Z.; Ma, L.; Lin, K. Molecular dynamics simulations of water molecules on smooth surfaces
and nano-groove structures of CaF2 (111). Appl. Surf. 5ci.2026, 716, 164620.

Chen, X,; Liu, C.; Aftab, W. Advanced solid—solid phase change thermal storage material. Nano Res. Energy 2024, 3, €9120103.
Gnanasekaran, A.; Rajaram, K. Rational design of different interfacial evaporators for solar steam generation: Recent develop-
ment, fabrication, challenges and applications. Renew. Sust. Energ. Rev. 2024, 192, 114202.

Wen, C.; Guo, H,; Zhu, Y.; Bai, H.; Zhao, W.; Wang, X.; Yang, J.; Cao, M.; Zhang, L. Fully superhydrophilic, self-floatable, and
multi-contamination-resistant solar steam generator inspired by seaweed. Engineering 2023, 20, 153-161.

Magsood, G.; Asghar, M.S.; Shakoor, B.; Alomar, M.; Ali, M.A; E, Y.; Mei, T.; Irshad, M.S.; Wang, X. NiMn-LDH/polypyrrole
photothermal structures for interfacial solar steam generation. Chem. Eng. J. 2025, 524, 168954.

Wang, Y.; Yang, J.; Wang, J.; Yao, L.; Li, G. Progress in evaporation treatment process of high concentration saline wastewater
from coal chemical industry. Inorg. Chem. Ind. 2017, 49, 10-14.

Chen, Y. Blackbody-Inspired Array Structural Polypyrrole-Sunflower Disc with Extremely High Light Absorption for Efficient
Photothermal Evaporation. ACS Appl. Mater. Interfaces 2020, 12, 46885-46894.

Ling, T.; Duan, H.L,; Yan, Y.J.; Wang, Y.D. Review on Application of Solar Interfacial Evaporation. Distrib. Energy 2021, 6, 1-9.
Liu, S.; Yang, Q.J.; Li, S.T.; Lin, M. A comprehensive review of salt rejection and mitigation strategies in solar interfacial evapo-
ration systems. Desalination 2024, 600, 118507.

Yu, J; Xu, Z.Y.; Wang, R.Z. Self-assembled porous salt crystals for solar-powered crystallization. Energy Environ. Sci. 2024, 17,
2583-2595.

Li, J.; Zhao, J.; Sun, Y.; Li, Z,; Murto, P.; Wang, Z.; Xu, X. Tailor-Made Solar Desalination and Salt Harvesting from Diverse
Saline Water Enabled by Multi-Material Printing. Adv. Mater. 2025, 38, e17244.

Liu, K; Chen, B.; Zhang, X.; Yu, Z.; Zhang, Y.; Xu, W.L.; Xu, D.; Ge, C.; Guo, S.; Tan, S.C. Controlling Thermal Management for
Accelerating High-Salinity Desalination and Electricity Generation. Device 2025, 5, 100902.

Yu, X,; Fan, S.; Zhu, B.; El-Hout, S.I; Zhang, J.; Chen, C. Recent progress on photothermal nanomaterials: Design, mechanism,
and applications. Green Energy Environ. 2025, 10, 1377-1436.

Liu, G.; Xu, J.; Chen, T.; Wang, K. Progress in thermoplasmonics for solar energy applications. Phys. Rep. 2022, 981, 1-50.

Wu, S.; Sheldon, M. Mechanisms of Photothermalization in Plasmonic Nanostructures: Insights into the Steady State. Annu.
Rev. Phys. Chem. 2023, 74, 521-545.

Guo, C; Zhang, X.; Wang, L.; Tang, Y.; Wang, H.; Zhao, T.; Xiao, S.; Yang, Z.; Zhou, B.; Jiang, Y.; et al. Densely-neighbored-Ru
nanoparticles confined in porous-SiO: shell for efficient CO2 methanation via plasmon-coupling-enhanced photo-thermal catal-
ysis. Sci. Bull. 2025, 70, 3534-3543.

Fang, Y.; Gao, H.; Cheng, K; Bai, L.; Li, Z.; Zhao, Y.; Xu, X. An overview of photothermal materials for solar-driven interfacial
evaporation. Chin. Chem. Lett. 2025, 36, 109925.

Li, S.; Xiao, P.; Chen, T. Superhydrophobic Solar-to-Thermal Materials toward Cutting-Edge Applications. Adv. Mater. 2024, 36,
€2311453.

Wu, X; Lu, Y.; Ren, X.; Wu, P.; Chu, D.; Yang, X.; Xu, H. Interfacial Solar Evaporation: From Fundamental Research to Appli-
cations. Adv. Mater. 2024, 36, 2313090.

Liu, J.; Liu, Y.; Sun, J.; Yu, B,; Fei, X.; Guo, Z,; Tan, F.; Cheng, G.; Zhang, Z. Flexible nanoporous copper film for efficient inter-
facial solar steam generation and water purification. Chem. Eng. J. 2025, 511, 161840.

Hou, L; Li, S;; Qi, Y.; Liu, J.; Cui, Z,; Liu, X,; Zhang, Y.; Wang, N.; Zhao, Y. Advancing Efficiency in Solar-Driven Interfacial
Evaporation: Strategies and Applications. ACS Nano 2025, 19, 9636-9683.

Luo, S; Liu, Z; Yin, X.; Zhang, S.; Guo, M. Ag/CoFex0s@Biochar for Interfacial Solar Steam Generation and Heavy Metal Re-
moval. Adv. Funct. Mater. 2025, 36, 101692.

Fang, J.; Liu, Q.; Zhang, W.; Gu, J.; Su, Y.; Su, H.; Guo, C.; Zhang, D. Ag/Diatomite for highly efficient solar vapor generation
under one-sun irradiation. |. Mater. Chem. A 2017, 5, 17817-17821.

Zhu, M,; Li, Y.; Chen, F.; Zhu, X,; Dai, J.; Li, Y.; Yang, Z.; Yan, X,; Song, ].; Wang, Y.; et al. Plasmonic Wood for High-Efficiency
Solar Steam Generation. Adv. Energy Mater. 2018, 8, 1701028.

https://doi.org/10.3390/nano16040274



Nanomaterials 2026, 16, 274 22 of 24

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Gurbatov, S.O.; Shevlyagin, A.V.; Zhizhchenko, A.Y.; Modin, E.B.; Kuchmizhak, A.A.; Kudryashov, S.I. Photothermal Conver-
sion and Laser-Induced Transformations in Silicon-Germanium Alloy Nanoparticles. JETP Lett. 2024, 119, 910-916.

Hu, X.; Wang, S.; Duan, R; Li, A,; Li, J.; Feng, Z.; Zhai, M.; Wang, E.; Li, C. Structure regulation of TiO2 with transition metal
nitride units towards efficient solar energy harvesting. Chem. Eng. J. 2025, 519, 165325.

Zhen, X.; Pu, K;; Jiang, X. Photoacoustic Imaging and Photothermal Therapy of Semiconducting Polymer Nanoparticles: Signal
Amplification and Second Near-Infrared Construction. Small 2021, 17, 2004723.

Xiong, R.Z.; Zhong, L.S,; Song, Y.J.; Xu, J.; Xiao, Y.H.; Cheng, B.C.; Lei, S.J]. CoCr204 Nanoparticles with Abundant Oxygen
Vacancies: A New Photothermal Platform for Efficient Solar Evaporation. ACS Mater. Lett. 2023, 5, 1992-2001.

Hu, J; Yao, X.; Han, K; Ge, Y.; Xu, S.; Bai, G. Boosted Near-Infrared Photothermal Conversion in Rare Earth Ions-Doped 2D
SnSe Nanosheets for Solar-Powered Water Evaporation Systems. Small 2024, 20, 2405742.

Wu, S.L.; Chen, H.; Wang, H.-L.; Chen, X; Yang, H.-C.; Darling, S.B. Solar-driven evaporators for water treatment: Challenges
and opportunities. Environ. Sci. Water Res. Technol. 2021, 7, 24-39.

Saeed, H.AM.; Xu, W.; Yang, H. The application of cellulosic-based materials on interfacial solar steam generation for highly
efficient wastewater purification: A review. Carbon Energy 2024, 6, 249-286.

Yu, S.; Wei, Y.; Fang, D.; Li, W.; Yu, J.; Tang, Y.; Bai, J.; Wu, J. Enhancing efficiency of interfacial solar steam generation with
biomimetic hierarchical porous graphene activated by NaOH. Desalination 2024, 586, 117909.

Spiece, J.; Lulla, K.; de Crombrugghe de Picquendaele, P.; Divay, L.; Bezencenet, O.; Hackens, B.; Gehring, P.; Robson, A.].;
Evangeli, C.; Kolosov, O.V. Nanoscale Heat Transport of Vertically Aligned Carbon Nanotube Bundles for Thermal Manage-
ment Applications. ACS Appl. Mater. Interfaces 2024, 16, 45671-45677.

Biktagirov, T.; Gerstmann, U.; Schmidt, W.G. Topological defects in semiconducting carbon nanotubes as triplet exciton traps
and single-photon emitters. Nanoscale 2025, 17, 6884-6891.

Qu, H;; Wu, X,; Fortner, J.; Kim, M.; Wang, P.; Wang, Y. Reconfiguring Organic Color Centers on the sp? Carbon Lat-tice of
Single-Walled Carbon Nanotubes. ACS Nano 2022, 16, 2077-2087.

Liu, K;; Jiang, Q.; Tadepalli, S.; Raliya, R.; Biswas, P.; Naik, R.R.; Singamaneni, S. Wood-Graphene Oxide Composite for Highly
Efficient Solar Steam Generation and Desalination. ACS Appl. Mater. Interfaces 2017, 9, 7675-7681.

Finnerty, C.; Zhang, L.; Sedlak, D.L.; Nelson, K.L.; Mi, B. Synthetic Graphene Oxide Leaf for Solar Desalination with Zero Liquid
Discharge. Environ. Sci. Technol. 2017, 51, 11701-11709.

Wu, Y,; Ma, |; Zang, S.; Zhou, W.; Wang, Z.; Han, M.; Osman, S.M.; Wang, C.; Yamauchi, Y.; You, J.; et al. Multifunctional
composite membranes for interfacial solar steam and electricity generation. Chem. Eng. ]. 2023, 472, 144600.

Onggowarsito, C.; Mao, S.; Zhang, X.S.; Feng, A.; Xu, H.; Fu, Q. Updated perspective on solar steam generation application.
Energy Environ. Sci. 2024, 17, 2088-2099.

Zhao, L.; Zhang, L.; Yang, Z.; Zhou, T.; Cao, P.; Chen, L.; Zhang, Y.; Qin, T.; Yong, Z.; Wu, K,; et al. Twisted integration of high-
efficiency photothermal/water-transported yarns for boosting solar-powered fabric evaporator. Chem. Eng. |. 2024, 490, 151605.
Li, J. Preparation and Application of Micro/Nano Materials Based on Photothermal Conversion Effect. Ph.D Thesis, Changchun
University of Technology, Changchun, China, 2023.

Kong, X,; Liang, J.; Lu, M.; Zhang, K.; Zhao, E.; Kang, X.; Wang, G.; Yu, Q.; Gan, Z.; Gu, X. A NIR-II Organic Dendrimer with
Superb Photothermal Performance Based on Electron-Donor Iteration for Photothermal Immunotherapy. Adv. Mater. 2024, 36,
€2409041.

Dong, Z.Y.; Han, J.Y.; Chen, Y.T.; Su, Y.; Cao, Y.M.; Wu, B.; Yu, SM,; Li, M.D.; Wang, Z.S.; Zheng, M.; et al. Organic Charge-
Transfer Cocrystals toward Large-Area Nanofiber Membrane for Photothermal Conversion and Imaging. ACS Nano 2022, 16,
15000-15007.

Zhang, R.; Jin, N,; Jia, T.; Wang, L.; Liu, J.; Nan, M.; Qi, S;; Liu, S.; Pan, Y. A narrow-bandgap photothermal material based on a
donor-acceptor structure for the solar—thermal conversion application. J. Mater. Chem. A 2023, 11, 15380-15388.

Wang, Y.; Zhao, W.; Lee, Y.; Li, Y.; Wang, Z.; Tam, K.C. Thermo-adaptive interfacial solar evaporation enhanced by dynamic
water gating. Nat. Commun. 2024, 15, 6157.

Wang, F.; Zhao, S.; Jiang, Y.; Zhang, X.; Zhang, K.; Su, Z. Bacterial cellulose-based porous Janus aerogels for efficient interfacial
solar steam generation. Desalination 2024, 579, 117506.

Huang, Z.; Wei, Y.; Zhang, J.; Chen, P.; Zeng, H.; Chen, S.; Rao, L.; Wu, J.; Yu, S. Laser-Induced Graphene on Gelatin-Function-
alized Cellulose Paper for Efficient Interfacial Solar Steam Generation. Small 2025, 21, e05931.

Yang, Z.; Wei, N.; Xue, N.; Xu, R,; Yang, E.; Wang, F.; Zhu, H.; Cui, H. Highly efficient MoS2/MXene aerogel for interfacial solar
steam generation and wastewater treatment. J. Colloid Interface Sci. 2023, 656, 189-199.

https://doi.org/10.3390/nano16040274



Nanomaterials 2026, 16, 274 23 of 24

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Jing, X.; Wang, W.; Mo, H.; Tan, P.; Chen, Z.; Wu, Z.; Sun, L. Research Progress on Application of Photothermal Materials in
Solar Seawater Desalination. Chin. J. Inorg. Chem. 2024, 40, 1033-1064.

Wei, Y.; Li, W.; Zhang, S.; Yu, J.; Tang, Y.; Wu, J.; Yu, S. Laser-Induced Porous Graphene/CuO Composite for Efficient Interfacial
Solar Steam Generation. Adv. Funct. Mater. 2024, 34, 2401149.

Xi, Y.; Guo, W.; Wang, X,; Lin, X.; Lyu, G. Photothermal Properties and Solar Water Evaporation Performance of Lig-nin-Based
Polyurethane Foam Composites. Langmuir 2024, 40, 7205-7214.

Xu, W.; Hu, X,; Zhuang, S.; Wang, Y.; Li, X.; Zhou, L.; Zhu, S.; Zhu, J. Flexible and Salt Resistant Janus Absorbers by Electro-
spinning for Stable and Efficient Solar Desalination. Adv. Energy Mater. 2018, 8, 1702885.

Liu, Q.; Xiao, W.; Luo, Y. Research progress on high-efficiency solar interfacial evaporator for seawater desalination. Acta Energ.
Sol. Sin. 2024, 45, 591-602.

Pang, H.; Liu, F.; Ning, Y.; Wu, W.; Zhao, B. A scalable green plasmon graphene composites for interfacial solar steam genera-
tion. Chem. Eng. . 2025, 525, 170165.

Zhu, X. Study on Preparation of Polypyrrole Nanowire Array Based Photothermal Fabric and Its Performance for Solar Inter-
facial Evaporation. Master’s Thesis, Donghua University, Shanghai, China, 2022.

Cui, X,; Ruan, Q.; Zhuo, X;; Xia, X.; Hu, J.; Fu, R.; Li, Y.; Wang, ]J.; Xu, H. Photothermal Nanomaterials: A Powerful Light-to-
Heat Converter. Chem. Rev. 2023, 123, 6891-6952.

Wang, Y.; Wu, X,; Yang, X.; Owens, G.; Xu, H. Reversing heat conduction loss: Extracting energy from bulk water to enhance
solar steam generation. Nano Energy 2020, 78, 105269.

Gao, C.; Zhou, B.; Li, J.; Chen, Y.; Wang, Q.; Mao, J.; Guo, J. Reversed vapor generation with Janus fabric evaporator and com-
prehensive thermal management for efficient interfacial solar distillation. Chem. Eng. J. 2023, 463, 142002.

Bu, Y.; Li, X; Lei, W.; Yang, H.; Xu, W.; Han, Q.; Li, J. Advanced Bionic 3D Interfacial Solar Steam Generator with One-way
Water Supply for Highly Efficient Desalination and Oil-Fouling Prevention. Adv. Sci. 2025, 12, 2412545.

Liu, S.; Huang, C.; Huang, Q.; Wang, F.; Guo, C. A new carbon-black/cellulose-sponge system with water supplied by injection
for enhancing solar vapor generation. ]. Mater. Chem. A 2019, 7, 17954-17965.

Cui, Y.; Liang, X.; Wang, Y.; Wang, ]J.; Lohwacharin, ]J.; Lichtfouse, E.; Wang, C. Advances in Hydrogel-Based Photothermal
Interfacial Solar Steam Generation: Classifications, Mechanisms, and Applications. Adv. Funct. Mater. 2025, 2509130. DOI:
10.1002/adfm.202509130.

Geng, X.; Yang, P.; Wan, Y. How to reduce enthalpy in the interfacial solar water generation system for enhancing efficiency?
Nano Energy 2024, 122, 109434.

Wen, Y.; Deng, S.; Xie, Q.; Guo, F.; Huang, H.; Sun, C.; Ren, Z,; Yang, Y.; Liu, J.; Cheng, S. Nanofibrous Hydrogel with Highly
Salt-Resistant Radial/Vertical-Combined Structure for Efficient Solar Interfacial Evaporation. Small 2025, 21, €2411780.

Wang, X.; Ma, Z.; Xu, S.; Zheng, D.; Bai, B.; Zong, S. Hofmeister effect induced water activation of hydrogel and its applications
for the accelerated solar evaporation in brine. Water Res. 2025, 268, 122709.

Wei, D.; Wang, C.; Shi, G.; Zhang, J.; Wang, F.; Tan, P.; Zhao, Z.; Xie, Y. Enabling Self-Adaptive Water-Energy-Balance of Pho-
tothermal Water Diode Evaporator: Dynamically Maximizing Energy Utilization Under the Ever-Changing Sunlight. Adv. Ma-
ter. 2024, 36, 2309507.

Xu, X.Y,; Qiu, J.X,; Li, Z,; Fu, AN,; Yuan, S.T.; Li, H;; Lu, B.Y. A bifunctional polyacrylamide-alginate-TiO2 hydrogel solar evap-
orator for integrated high-efficiency desalination and photocatalytic degradation. Desalination 2025, 611, 118920.

Niu, R; Ren, J.; Koh, J.J.; Chen, L.; Gong, J.; Qu, J.; Xu, X.; Azadmanjiri, J.; Min, J. Bio-Inspired Sandwich-Structured All-Day-
Round Solar Evaporator for Synergistic Clean Water and Electricity Generation. Adv. Energy Mater. 2023, 13, 2302451.

He, J.; Liu, J.; Gou, H.; Zhen, X,; Li, S.; Kang, Y.; Li, A. Cost-Effective and Scalable Solar Interface Evaporators Derived from
Industry Waste for Efficient Solar Steam Generation. Langmuir 2024, 40, 5545-5555.

Shen, K.; Zhang, M.; Cheng, X.; Du, X.; Wang, Y.; Lu, A. Bioinspired anisotropic cellulose evaporator for high-efficiency solar
interfacial desalination. Chem. Eng. |. 2025, 518, 164862.

Li, H.,; Zhang, W.; Liu, J.; Sun, M.; Wang, L.; Xu, L. Self-Assembled Nanofibrous Hydrogels with Tunable Porous Network for
Highly Efficient Solar Desalination in Strong Brine. Adv. Funct. Mater. 2023, 33, 2308492.

Wu, X;; Wang, Y.; Wu, P.; Zhao, J.; Lu, Y.; Yang, X.,; Xu, H. Dual-Zone Photothermal Evaporator for Antisalt Accumulation and
Highly Efficient Solar Steam Generation. Adv. Funct. Mater. 2021, 31, 2102618.

Shi, Y.; Zhang, X.S.; Zhang, J.; Mao, S.; Onggowarsito, C.; Feng, A.; Wei, W.; Huang, Y.; Fu, Q. Decoupling Transport of Salt
Ions and Water in Hierarchically Structured Hydrogel for High Salinity Desalination. Adv. Mater. 2025, 37, 2505139.

https://doi.org/10.3390/nano16040274



Nanomaterials 2026, 16, 274 24 of 24

123.

124.

125.

126.

127.

128.

129.

130.

131.

Dang, C.; Wang, H.; Cao, Y.; Shen, J.; Zhang, J.; Lv, L.; Xu, G.; Zhu, M. Ultra salt-resistant solar desalination system via large-
scale easy assembly of microstructural units. Energy Environ. Sci. 2022, 15, 4562-4573.

Shi, Y.; Zhang, C.; Li, R;; Zhuo, S;; Jin, Y.; Shi, L.; Hong, S.; Chang, J.; Ong, C.; Wang, P. Solar Evaporator with Controlled Salt
Precipitation for Zero Liquid Discharge Desalination. Environ. Sci. Technol. 2018, 52, 11822-11830.

Ding, M.C,; Zhao, D.M.; Feng, P.P.; Wang, B.L.; Duan, Z.Y.; Wei, R.; Zhao, Y.X,; Liu, C.Y.; Li, C.W. Highly efficient three-dimen-
sional solar evaporator for zero liquid discharge desalination of high-salinity brine. Carbon Energy. 2024, 6, e548.

Xu, N.; Li, J.; Wang, Y.; Fang, C.; Li, X.; Wang, Y.; Zhou, L.; Zhu, B.; Wu, Z.; Zhu, S; et al. A water lily—inspired hierarchical
design for stable and efficient solar evaporation of high-salinity brine. Sci. Adv. 2019, 5, eaaw7013.

He, S.; Chen, C; Kuang, Y.; Mi, R; Liu, Y.; Pei, Y.; Kong, W.; Gan, W.; Xie, H.; Hitz, E.; et al. Nature-inspired salt resistant
bimodal porous solar evaporator for efficient and stable water desalination. Energy Environ. Sci. 2019, 12, 1558-1567.

Li, Y.; Wang, Y,; Liu, J.; Zhang, H.; Chen, X.; Wang, Y.; Wang, C.; Wang, ].; Wang, Y.; Wang, Y.; Wang, Y.; Wang, Y.; Wang, Y.
Nanofiber Membranes Comprising Mn+1AXn Phases as the Basis of Durable Photothermal Evaporators in Extreme Environ-
ments. ACS Nano 2025, 19, 16995-17005.

Sun, H.; Wang, J.; Zong, Y.; An, |; Jing, Y.; Wang, F.; Li, J.; Li, A. Hofmeister effect-inspired attapulgite-based monoliths for
stable solar-driven interfacial vapor generation with salt and acid resistance. Desalination 2025, 602, 118651.

Wu, J.; Cui, Z,; Wu, D.; Cao, Z.; Zhang, J.; Qu, J.; Hu, J.; Li, J.; Tian, D.; Cai, Y. Light-adaptive interfacial solar steam evaporation
enhanced by dynamic water gating. Nat. Commun. 2025, 16, 9622.

Deng, R; Li, Y.; Li, Q.; Qiu, Y.; Feng, H.; Liu, Y. A skin-effect-inspired 3D solar evaporator for simultaneously achieving highly
efficient steam generation and ultra-high salt resistance. J. Mater. Chem. A 2024, 12, 31914-31924.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nano16040274



